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Abstract

Solid-state emitters such as epitaxial quantum dots have emerged as a leading platform for
efficient, on-demand sources of indistinguishable photons, a key resource for many optical
quantum technologies. To maximise performance, these sources normally operate at liquid helium
temperatures (~4 K), introducing significant size, weight and power requirements that can be
impractical for proposed applications. Here we experimentally resolve the two distinct
temperature-dependent phonon interactions that degrade indistinguishability, allowing us to
demonstrate that coupling to a photonic nanocavity can greatly improve photon coherence at
elevated temperatures up to 30 K that are compatible with compact cryocoolers. We derive a
polaron model that fully captures the temperature-dependent influence of phonons observed in
our experiments, providing predictive power to further increase the indistinguishability and
operating temperature of future devices through optimised cavity parameters.

1. Introduction

Single, indistinguishable photons are a vital building block for many proposed optical quantum technologies
such as optical quantum computing [1-3], long range secure quantum networks [4—6] and optical quantum
metrology [7]. Devices based upon epitaxially grown III-V semiconductor quantum dots (QDs) coupled to
micro-/nano-photonic structures have emerged as a leading single photon source (SPS), owing to their
potential to generate single photons ‘on-demand’ with high efficiency, purity and indistinguishability [8—11].
Indistinguishable photons from such sources have facilitated important quantum technology
demonstrations, including linear optical quantum computing [12, 13] and entanglement swapping for
quantum communications and networking [14, 15]. Furthermore, similar methods can be extended to
produce more complex resource states for optical quantum technologies, such as recent demonstrations of
entangled graph states [16—18] where high fidelities are enabled by indistinguishable photons. Beyond QDs,
the cavity-emitter concept has also been applied to realise photon sources using quantum emitters in other
solid-state hosts such as diamond [19], silicon [20] and 2D materials [21]. At present, III-V QDs offer the
most attractive platform due to their large dipole moment and relatively weak phonon coupling at low
temperatures, enabling high brightness and indistinguishabilities.

Owing to a desire to minimise potentially detrimental interactions with phonons, studies of
indistinguishable photon emission from QD-based SPSs have generally focused on temperatures around 4 K
in either open- or closed-cycle helium cryostat systems. Whilst significantly smaller and less complex than
the mK dilution refrigerator systems that house superconducting circuits for quantum computing research,
these systems still have considerable associated size, weight and power (SWAP) costs. The importance of
SWAP requirements becomes particularly clear when contemplating potential usage cases for optical
quantum technologies, for instance the tight space and thermal constraints of data centres, or the
SWAP-critical environment of satellite communications. An alternative approach is to use a device such as a
compact Stirling cryocooler, which are often specified for satellite instruments due to SWAP and

© 2023 The Author(s). Published by IOP Publishing Ltd
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maintenance considerations. In a proof-of-concept demonstration with a QD sample, the mean base
temperature of such a cryocooler was found to be 28.8 K [22]. Whilst single photon emission has been
observed from various types of epitaxial [II-V QDs at temperatures reaching as high as 350 K [23-26],
increased contributions from phonon processes cause a rapid loss of indistinguishability for even small
increases above 4 K [27-30]. As such, for future quantum technology applications, a major outstanding
challenge is to generate indistinguishable photons at temperatures compatible with compact cryocoolers.

1.1. Real and virtual phonon processes

For self-assembled III-V semiconductor QDs, the dominant influence of phonons on the spectrum of a QD
two level system (TLS) comprising a ground state and the lowest-energy exciton state (s-shell) is
electron-phonon coupling through the deformation potential [31, 32]. This interaction occurs between
QD-confined electrons and longitudinal acoustic (LA) phonons of the bulk semiconductor material,
exhibiting a continuum of phonon states up to a cut-off energy governed by the QD size [33-35], typically
on the order of a few meV [30, 32, 36—38]. A detailed theoretical treatment of this coupling is described in
section 2.1, however the key result is the emergence of virtual and real phonon-mediated transitions [27, 35],
which are illustrated in figure 1. In the case of the real transitions (linear in phonon operators), the system
decays from excited to ground state, with the emitted photon energy (red arrow in figure 1(a)) reduced or
increased by the corresponding emission or absorption of a phonon (purple curly arrow in figure 1(a)). At
4 X, there are very few phonons to absorb and therefore phonon emission processes dominate, giving rise to
a broad, asymmetric phonon sideband (PSB). With increasing temperature, both phonon emission and
absorption become more probable, but the difference between the two probabilities reduces, leading to a
sideband whose area increases and asymmetry decreases with temperature [34, 35], as shown in figure 1(b).
In the absence of a photonic structure, the fraction of light emitted through the PSB is given by (1 — B?),
where B? is termed the Frank-Condon factor.

Meanwhile, virtual processes correspond to virtual transitions (quadratic in phonon operators) between
the QD excited state and higher energy electronic states (e.g. p-shell—dashed green arrow in figure 1(a)) [27,
30, 35]. The effect of these transitions is to produce a temperature-dependent pure dephasing effect, leading
to homogeneous broadening of the zero phonon line (ZPL), the well-known Lorentzian spectrum associated
with a TLS shown in figure 1(c). The width of the ZPL is governed by its coherence time T:

111 |
T T W
where T is the transition radiative lifetime and T is the dephasing time associated with the pure dephasing
rate. From equation (1) it can be seen that in the absence of any pure dephasing, the coherence time reaches a
maximum value T, = 277, often termed radiatively limited. In this limit, photons emitted through the ZPL
are perfectly indistinguishable, highlighting the importance of achieving radiatively limited coherence. Since
photons emitted into the phonon sideband are completely distinguishable in frequency, the contributions of
both types of phonon process can be combined into a general expression for the visibility of two photon
interference for photons emitted from a single QD [39]:

T
V=B (2)
2T,
where V=1 and V =0 correspond to completely indistinguishable and distinguishable photons respectively.
A spectral filter whose width and centre frequency matches the ZPL can remove the PSB, increasing to
V = T,/2T, at the cost of a minimum reduction in efficiency of (1 — B?) [39].

1.2. Phonon processes in QDs

The influence of phonon processes on the emission properties of III-V QDs is well studied. Whilst it was
established that phonon broadening of the ZPL is essentially negligible at ~4 K, it rapidly becomes
significant as T increases, leading to a broadening which exceeds the radiative limit by more than a factor of
10 by 50 K [27]. However, studies mainly focused on achieving the radiative limit in the low temperature
regime where phonon broadening could be neglected, with this ultimately being successful through material
quality improvements removing other unwanted environmental effects such as charge noise [40]. With
essentially radiatively limited ZPL emission in the low temperature limit, attention turned to PSB processes
as the limit to photon indistinguishability [39, 41]. For InGaAs QDs, a typical value of B? is around 0.9,
limiting unfiltered V to 0.81. To overcome this, QDs were integrated with optical micro-/nano-cavities
[8—11], where the combination of Purcell enhancement and spectral filtering can remove some of the
sideband photons with lower losses than simple spectral filtering [39, 41, 42]. It is important to note however
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Figure 1. Influence of phonons on the optical transitions of a QD TLS: (a) Energy level diagram of the QD TLS comprising
ground |0) and exciton |X) states. Direct decay of the exciton to the ground state results in the familiar zero phonon line with a
probability given by the Frank-Condon factor B2. Real transitions corresponding to emission/absorption of a phonon during
exciton relaxation lead to emission of a photon with distinguishable frequency, forming a phonon sideband with relative area

(1 — B?). Meanwhile, virtual transitions to higher energy states |p) occur through scattering of thermal phonons, broadening the
ZPL. (b) Log-linear theoretical spectrum of the QD, showing the narrow ZPL and broad PSB. The PSB area and symmetry both
increase noticeably at 30 K (red line) compared to 4 K (blue line). Spectra are produced using the experimental parameters found
in this work. (c) Linear-linear close-up of the ZPL, showing thermal broadening at 30 K (red line) compared to 4 K (blue line).
The ZPL at 4 K is already significantly radiatively broadened by the inclusion of a Purcell factor of 43.

that even with such cavity coupling, there remains a fundamental trade-off between efficiency and
indistinguishability, even for ideal cavity parameters [39].

Moving beyond the low temperature limit, several studies have considered the temperature-dependent
coherence of photons emitted by QDs in the absence of any significant Purcell enhancement, with all studies
observing a rapid decrease in indistinguishability as temperature is increased [27-29, 43]. Theoretical
modelling has revealed that both real and virtual phonon processes contribute to this trend [30, 35]. A
potential strategy to reduce these temperature-dependent effects is again to couple the QD to an optical
cavity. In addition to the aforementioned filtering of the PSB photons, for appropriate parameters, the cavity
also induces a Purcell enhancement (Fp) of the QD emission rate (Fp/T;). From equation (1), it can be seen
that this enhancement reduces the degredation of the coherence time (T,) for a given pure dephasing rate
(1/T3), offering the potential to suppress the influence of the virtual phonon transitions. Measurements of a
QD-micropillar device with a Purcell factor of 20 exhibited significantly weaker degradation of the emitted
photon coherence in the 9—18 K range [42], supporting this prediction. However, the maximum
temperature reached in this study (18 K) is still well below the base temperature of a compact cryocooler
(28.8 K [22]), limited by the electrical tuning range required to maintain QD-cavity resonance as the QD
redshift grows non-linearly with temperature [44, 45]. Furthermore, the maximum Purcell factor attainable
in a micropillar cavity is restricted by the increased mode volume compared to nanocavity structures such as
photonic crystal cavities (PhCCs) [9, 10].

In this work, to overcome these limitations and improve the indistinguishability of photons emitted at
temperatures compatible with compact cryocoolers, we employ low mode volume H1 PhCCs, fabricated on a
QD wafer that achieves >2 meV QD tuning range using thick AlGaAs tunnelling barriers. Exploiting these
favourable properties, we study the photon coherence of a QD-PhCC device with large Purcell enhancement
(Fp = 43) over the range 4-30 K. By using a novel technique based on time-domain measurement of the
first-order correlation function under weak resonant excitation, we simultaneously resolve the real and
virtual phonon contributions in a single experiment, unlike previous experiments based on two-photon
interference that cannot separate these processes. Owing to the large Purcell enhancement, T, /2T at 25 K is
only 7.5% lower than at 4 K, whilst at a temperature of 30 K that is compatible with compact cryocoolers,
T,/2T) is doubled compared to previous measurements of a QD without an optical cavity [28]. A theoretical
model based upon the polaron master equation (ME) formalism fully reproduces the experimental results
and provides predictive power for the performance of a future optimised cavity-QD system.
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2. Methods

2.1. Theoretical model

In this section we will outline the theoretical models used in the analysis of the coherence properties of the
QD sample. We start by considering a TLS, with ground and single exciton states |0) and | X) respectively, and
exciton energy fiwx. The system is driven by a monochromatic continuous wave laser, with frequency w; and
Rabi frequency (2, which in the dipole and rotating wave approximation can be described by the
time-dependent system Hamiltonian [46]:

J719] . .
Hs(t) ~ hUJXUTO' + 7 (O_ezth+ O.Te—let) , (3)

where o = |0) (X] is the system dipole operator, and o, = o' + 0.

The QD optical properties are strongly influenced by interactions with two environments: a low-Q cavity
mode, which induces strongly Purcell enhanced emission, and a phonon environment which describes the
lattice vibrations of the surrounding material. In both cases, we can describe the environments as collection
of bosonic modes, with Hamiltonian of the system and environment of the form:

H(t) = Ho() + Hi™ + H", (4)
Ho(t) = Hs(t) + Y _hndlbe+ > hwialaj, (5)
k j
HM :Z(j;crfaﬂrﬁ*aaj), (6)
j
H" =00 " a(bl+b1) + o'oY g (b +bo) (b, + b_r), 7)
k k

where we have introduced the bosonic annihillation operators a; and by associated with the normal modes of
the electromagnetic and vibrational environments respectively. The coupling to the optical environment is
assumed to be of rotating-wave form, and is fully characterised by the spectral density

J(w) =2l fi|*6 (w — wj), which for the low-Q cavity studied here takes the form:

1 28k

T = o w i

(8)

where g is the light-matter coupling strength,  is cavity linewidth, and w, is its resonance.

The electron-phonon interaction, Hfh, contains two contributions. The first is linear in phonon
operators, and corresponds to real phonon processes [27], that is, the processes that involve the exchange of
energy between the electronic states and the phonon environment. The strength of this interaction is
determined by the matrix elements [47] gk = M, + M, for electrons (e) and holes (1), where for
deformation potential coupling we have [48]:

M, = /29%’% / b ()i (1) dr, (9)

which is the matrix element corresponding to the phonon induced transition between the ith- and
jth-electronic state. Here, g is the mass density, ¢ is the speed of sound in the material, and V is the phonon
normalization volume. The matrix element depends on the wave function 1); . /,(r) of the confined
electron/hole and the corresponding deformation potential D,.

The second term, which is quadratic in phonon operators, describes virtual phonon transitions between
the first exciton state (s-shell) and higher lying excited states (p-shell) of the QD [27]. Intuitively, we may
understand this term as a virtual scattering of a phonon with wavevector k into k’. This scattering process
imparts a random phase kick to the exciton, the cumulative effect of which is a temperature dependent
broadening of the ZPL [27] and consequently a loss of photon coherence [30, 49]. This is governed by the
effective coupling strength gikr = >-,_, ,2_is M:IJ kM];w wf —wf] ™!, where w;/ " is the energy of the
jth-electron/hole state. For a detailed derivation and discussion of the quadratic coupling term, we refer the
reader to references [27, 30, 49].

It is important to note that while historically the linear electron-phonon coupling has been referred to as
a pure-dephasing interaction [50], it does not lead to a temperature-dependent homogeneous broadening of
the ZPL in the limit of weak driving [51]. For such processes, one must include the virtual phonon processes
governed by the quadratic interaction.



10P Publishing

Mater. Quantum Technol. 3 (2023) 045001 A ] Brash and J Iles-Smith

2.1.1. Polaron transformation and ME

In order to accurately describe the optical properties of a QD, we use the polaron framework [39], where a
unitary transformation i = exp(cfo®S), with S =3>", l/l:lgk(blt —b_y), is applied to the
system-environment Hamiltonian [52-54]. This leads to a displaced representation of the phonon
environment, providing an optimized basis for a perturbative description of the QD dynamics [54].
Importantly, this transformation naturally captures the non-Markovian relaxation behaviour of the phonon
environment during exciton recombination [37, 39, 55]. In the polaron frame, we obtain the second-order
ME for the time evolution of the reduced state of the QD:

O — i | Soapo)] + Klpl0] + 2o pt0] + 3,100, (10
where Lo[p] = 20pO0" — {010, p} is the Lindblad dissipator. In equation (10), we have transformed the
system into a rotating frame with respect to the laser frequency wy,, which is assumed to be resonant with the
polaron shifted transition frequency @x = wx — >, %4 '|gk|*- The Rabi frequency, Qr = 0B, is renormalised
by the Frank-Condon factor, which may be written as

B 1 [, J) v
B—exp<—2/0 dVI/ZCOth(szT>>’ (11)

where T is the temperature and kg Boltzmann’s constant. Note we have taken the continuum limit of the
phonon modes by introducing the phonon spectral density, J(v) = av’ exp(—v?/v?), where « is the
electron-phonon coupling strength and v, is the phonon cut-off frequency [48].

There are three dissipative mechanisms to consider in equation (10). The second term in equation (10), is
the polaron frame dissipator, Klp( )] (Q/Z) (T [ox, oxp(t)] + [cry, (FyO'z +T%0,)p(t)] +h.c.), where the
terms 1§ = [7 Ao (7)d7, T = [7 Aga(7) cos(n7)dr, T = [ Ago(7) sin(n7)d7 may be understood as the
rates at which transitions occur between the eigenstates of the system (1 e. the dressed states) induced by
phonons [54]. These rates are set by the energy splitting of the system, and the correlation functions
of the phonon environment in the polaron frame, Aux(1) = B (97 +¢7%(1) —2) and A, (1) =
B (e#(7) — e=#(7)), where (T fo v)(cos(v7)coth(v/2kgT) — isin(v7)). The overall contribution
of these phonon assisted transmons is scaled by the driving strength Q* [54].

The third term in equation (10) gives the pure dephasing due to virtual phonon processes with

rate [30, 49],
_op > 10 ,—v2/v? 2 v .
v(T) = o /0 dvv’e (coth <2kBT> 1) , (12)

where /1 depends on the deformation potential coupling strength and spacing of the QD energy levels. This
dephasing rate is strongly temperature dependent and decays rapidly to zero for low temperatures. Physically
this corresponds to an absence of phonons present to drive virtual transitions.

The final term in equation (10) describes the optical emission through the cavity mode. Though in
principle this emission rate I" will be temperature-dependent [56, 57], for typical QD phonon parameters
and for the cavity parameters of the current sample, this change is ~3 ps between 0-30 K, which is
comparable to the uncertainty in the lifetime measurements. We therefore neglect this effect, such that the
spontaneous emission rate is I' &~ Fp['y, where we have assumed the QD transition is on resonance with the
cavity mode resulting in a Purcell factor Fp = 4¢* /k, and we have introduced the bulk emission rate T'.

2.1.2. Coherent and incoherent scattering in the polaron frame

We are interested in understanding the impact that phonon coupling has on the optical properties of the QD,
and specifically the coherence of scattered photons. The coherence of a field is governed by the first order
correlation function [46] gV (¢,7) = (Ef(t+ 7)E(t)), where E(t) is the time-dependent field operator. This
quantity contains all the information of the coherence of scattered photons and can be used, for example, to
calculate the visibility of Hong Ou Mandel interference effects and thus photon indistinguishability [39, 55,
58]. Under CW driving consider here, we focus on the steady-state coherence g(V)(7) = lim,_, o, gV (t,7),
which in the polaron frame can be divided into two contributions:

gD (1) = gn(7) + & (7). (13)

The first contribution is associated to purely optical processes, and takes the form ggp)t( ) = B?lim;_, 0o

(oT(t+ 7)o (1)), which leads to the ZPL in the emission spectrum [55] and can be calculated using the
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quantum regression theorem [46]. Under CW driving, the optical contribution can be further sub-divided
into a coherent and incoherent contribution: the coherent scattering is defined by the steady state

ggﬂl =1lim; 00 g((,;)t( ), with the incoherent scattering naturally following as gl(nc)( )= g((,:,)t( )— gmzl In
addition to direct optical scattering, there are also processes where a phonon is emitted or absorbed during
the photon emission process, which leads to a broad spectral feature termed the phonon sideband [55]. This
is captured by the g%,ls)B( )= (G(r)— Bz)gg;)t(T), where G(7) = B*exp(p(7)) is the phonon correlation
function. The emission spectrum for each contribution can then be obtained by way of the Wiener Khinchin

theorem [46]:
S(w) = H(w)So(w) = H(w)Re [ / - ¢V (r)e ™7 dr|, (14)
0

where H(w) = 87 ¢ /[(w — (wc — wx))* + (k/2)?] is the cavity filter function [39].

To compare with experiment, we are interested in the fractions of light emitted into the ZPL and through
the coherent scattering channel [37]. We therefore consider the partial powers, which are defined as the
integral over the filtered spectrum associated with each emission channel, for example, the power through
the PSB is given by Ppsg = [ H(w)Sss(w) dw, where Spsp(w) = Re[ [~ @b (T)e= ™™ dr]. This allows us to
define the filtered ZPL fraction as, Fzpr. = Popt/ Prot> Where Prog = Pope + Phrsp is the total power emitted. In
the absence of any spectral filtering from the cavity, the ZPL fraction reduces to the Frank-Condon factor
Fzpr = B2, To calculate the fraction of light emitted through coherent scattering processes we consider only
photons emitted through the ZPL, such that Feoh = Peon/Popts where Peon = 7w H(0) ggzl
2.2. Sample characterisation
Figure 2(a) shows a schematic of the experimental setup. The sample comprises of self-assembled InGaAs
QDs embedded within a suspended 170 nm thick GaAs membrane. The membrane incorporates n- and
p-doped GaAs layers, as well as AlGaAs tunnelling barriers, forming a p—i—n diode that can tune the QD
emission by several meV using the quantum-confined Stark effect. Using electron beam lithography and
chemical etching nanofabrication techniques, H1 PhCCs are fabricated, consisting of a single point defect in
a lattice of air holes (see inset in figure 2(a)) . The device under study here comprises the neutral exciton state
(|X)) of a QD, weakly coupled to a resonant H1 PhCC (linewidth 2/ik = 2.51 meV) that induces a significant
Purcell enhancement. Further details of the sample and device under study may be found in [10].

The sample is located within a liquid helium bath cryostat at a base temperature of T = 4.2 K. A feedback
loop incorporating a resistive heater and a calibrated temperature sensor in the sample holder allows the
temperature to be varied up to 50 K. The sample is excited by a tuneable single mode laser, with the emission
separated from the laser by the use of orthogonal polarisers, producing a typical signal-to-background ratio
of 100:1 for resonant excitation. The emission from the sample is then analysed either in the frequency
domain with a grating spectrometer or in the time domain by a Mach-Zehnder interferometer that records
the absolute value of the first-order correlation function (|g(")(7)|). Full details of the time domain
measurement are presented in section 2.3.

Figure 2(b) shows a typical spectrum of the device under study with the heater switched off. The narrow
ZPL and broad asymmetric PSB are both clearly visible when plotted on a logarithmic scale. To verify the
Purcell enhanced lifetime of the QD transition under study, a pump-probe measurement is performed,
plotting the ZPL intensity as a function of the separation of two resonant m-pulses in figure 2(c) according to
the method described in [10]. An exponential fit to this data produces a value of T =22.94+1.2 ps, in
excellent agreement with the value of 22.7 £ 0.9 ps previously measured in [10] that corresponds to a Purcell
enhancement of Fp = 43.

To begin to investigate the behaviour of this device at elevated temperatures, the redshift of the ZPL is
first characterised by fitting temperature-dependent spectra. The results are plotted in figure 2(d) and show
the characteristic non-linear behaviour where the redshift increases exponentially beyond an activation
energy. The data agrees very well with a fit to a Bose—Einstein type model derived in [44, 45]:

E
A(T) = —SEp (coth (2kth> — 1> ; (15)

where S is a dimensionless coupling constant and the coth term describes the coupling of electrons to
phonons of energy Epy,. The fitted values of S= 0.6 and E,;, = 8.0 meV are comparable to those found in
previous studies of InGaAs QDs [45].

To independently study the influence of temperature on the emission properties of the cavity-QD system,
it is necessary to compensate for the redshift of the QD with increasing T, such that the cavity remains
resonant with the QD and maintains a constant Purcell enhancement. To achieve this, figure 2(e) shows a

6
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Figure 2. (a) Schematic of the experiment: BS—beam splitter, CCD—charge-coupled device (camera), LP—linear polarizer
aligned either parallel (||) or perpendicular (L) to input laser polarisation, SM—single mode fibre, SPAD—single photon
avalanche diode, A¢—phase shift, 7—path length difference. (b) Experimental log-linear spectrum of the QD-cavity device
under study at 4 K, showing the zero phonon line and phonon sideband. Narrow features at large detunings correspond to small
detector background fluctuations that are only visible due to the logarithmic scale. (c) Pump-probe measurement of the
cavity-enhanced QD radiative lifetime (green diamonds) fitted with an exponential decay (solid green line). (d) Measurement of
the ZPL energy shift as a function of temperature (red circles) with a fit of a Bose—Einstein model according to equation (15)
(solid red line). (e) Measurement of the ZPL energy shift as a function of the bias voltage applied to the sample diode (blue
triangles) with a quadratic fit (solid blue line).

plot of the ZPL energy as a function of the bias voltage applied to the p—i—n diode. We observe a
characteristic quadratic shift with voltage [59] over a total range of around 2 meV. As the QD-cavity
resonance condition lies close to the centre of this range at the base temperature, we are able to compensate
over 1 meV of redshift by increasing the applied voltage as the temperature increases.

2.3. Experimental method

To investigate the coherence of the emitted photons as a function of temperature, we make a time-domain
measurement of the first order correlation function g!)(7) using a similar method to that described in [37].
This is performed using a Mach-Zehnder interferometer as shown in figure 2(a). At each point in time (7),
the phase between the two arms (A¢) is scanned, producing a set of interference fringes. The contrast (v) of
these fringes is then evaluated according to

_ Imax - Imin (16)
Imax + Irnin ’

by using a generalised peak fitting routine to find the intensity at the local maximas (I;;,,x) and minimas
(Imin)- By repeating this process for a range of 7, the evolution of v over the duration of the photon
wavepacket can be plotted. The maximum resolvable contrast (defined as 1 — ¢€) is limited by factors
including imperfect mode overlap at the second beamsplitter, imperfect polarisation matching between the
interferometer arms, and detector dark counts. As such, this varies depending upon experimental conditions
but is around 0.95. The measured fringe visibility (v) as a function of 7 can then be related to g(!) () by [37]:

_ gV (7)]
V(T>—(1—€)W7 (17)

demonstrating that once the interferometer imperfections are accounted for by the (1 — €) term, v(7)
corresponds to the absolute value of the normalised coarse grained first-order correlation function.
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Significantly, unlike two-photon interference experiments which result in a single indistinguishability value
[28-30, 42], this method allows the influence of real and virtual phonon transitions to be resolved
independently according to their different characteristic timescales within g(!) (7).

3. Results

Figures 3(a) and (b) show example measurements of fringe contrast as a function of time for temperatures of
15K (a) and 30 K (b) respectively. The QD, laser and cavity are all mutually resonant, with this condition
maintained as the temperature is increased by increasing the applied bias according to figures 2(d) and (e).
The measurements are equivalent to a Fourier transform of the spectrum and exhibit 3 stage dynamics, a fast
initial decay associated with the real PSB transitions [37], an exponential decay with time constant T,
corresponding to incoherent radiative decay of the ZPL, and a plateau at long timescales from coherent
scattering. The coherently scattered photons inherit the coherence time of the laser [60, 61], which is
sufficiently long to appear flat on this scale. To extract the phonon parameters required by the polaron
model, we fit the short-time dynamics of the g!) function at T = 30 K to the full correlation function derived
in section 2.1.2. By focusing on times < 10 ps, we can consider only real phonon processes and neglect any
virtual dephasing or optical decay. This allows us to do a two-parameter fit to the g') function, extracting an
electron-phonon coupling strength o = 0.046 ps? and phonon cut-off frequency v, = 1.35 ps—!. These
parameters agree closely with those independently extracted in a previous study on the same device [37] and
are used for all other theoretical curves that follow.

By evaluating the mean values of the plateaus in the data (100-500 fs, 5-10 ps and 200-1000 ps), the
amplitudes of each component (A) can be found as visualised by the arrows in figure 3(b). From this, the
ZPL fraction can be found directly as

Ainc + Acoh
APSB + Ainc + Acoh '

FzpL = (18)

Figure 3(c) compares the theoretical predictions for Fzp;, with the full experimental data-set of fringe
contrast measurements from 4 to 30 K. In this range, Fzp;. varies in an almost linear manner [35], reducing
from 0.94 £ 0.01 at 4 Kto 0.71 £ 0.01 at 30 K due to the increasing probability of the real phonon transitions
at elevated temperatures.

Whilst the ZPL fraction is invariant with excitation conditions [37, 38, 55], the coherent fraction is very
sensitive to both the driving strength (the phonon renormalised Rabi frequency—<2g) and the emitter
coherence [62]:

Acoh _ TZ 1

Feh=7— =2
"7 Ainc +Acn 2Ty 1+ BT T,

(19)

Therefore, equation (19) illustrates that by maintaining constant values of {2g and T, the coherently
scattered fraction can be a sensitive probe of the QD coherence time T. T is kept constant at the value of
22.9 ps measured in figure 2(c) by the aforementioned technique of balancing the QD redshift with
temperature (figure 2(d)) with an equivalent blueshift from an increased applied bias (figure 2(e)), keeping
the QD resonant with the laser and cavity. Meanwhile, the Rabi frequency is calibrated at the beginning of
each measurement by recording a series of Mollow triplet [63] spectra at different excitation powers. Plotting
half of the Mollow side-peak splitting (equal to {2g) vs. the square root of the laser power (P'/2) allows for a
linear fit linking laser power to Rabi frequency. To give high sensitivity through a large coherent fraction, a
Rabi energy of if2g = 5.11 peV is used throughout.

Applying this approach, figure 3(d) shows the coherent fraction as a function of temperature, evaluated
according to equation (19). The dashed horizontal line corresponds to the theoretical maximum coherent
fraction of 0.940 £ 0.007, evaluated from the RHS of equation (19) by taking T, = 2T;. The experimental
values begin at 0.906 £ 0.014 at 4 K, falling to 0.758 = 0.016 at 30 K as dephasing of the ZPL becomes more
significant. Whilst the value at 4 K is not quite transform-limited, we note that our measurement technique
is a particularly stringent test of coherence as it is sensitive to any dephasing within the experiment duration
(seconds). Most previous studies have used two photon interference methods that exclude any processes on
timescales greater than the nanosecond separation between subsequent photons [28, 29, 42, 44]. When the
timescale is extended in such measurements, a small decay in visibility is often observed [8], including in
previous two photon interference measurements on this sample [10]. This effect likely originates from charge
or spin noise [40], phenomena which may also explain the small non-thermal dephasing observed at low
temperatures here.
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Figure 3. (a), (b) Experimental fringe contrast measurement of the first order correlation function (g<1> (7)) for temperatures of
(a) 15 and (b) 30 K. Solid lines are from the Polaron model, using independently measured values aside from fitting to extract the
phonon parameters o = 0.0446 ps?, v, = 1.35 ps—! and p = 0.005293 ps?. (c)—(f) Coherence measures extracted from the
temperature-dependent g(l) (7)) measurements: (c) ZPL fraction, (d) Coherent fraction, (e) T>/2T; and (f) Pure dephasing rate
hry as a function of temperature with results of the Polaron model (solid lines). Dashed lines in (d), (e) indicate the ‘ideal’ values
for T, = 2T, with the grey shading in (d) representing the uncertainty. The dashed line in (f) indicates the small additional
non-thermal pure dephasing implied by the measurements. For all data without visible error bars, errors are comparable to the
symbol size.

With the measurement of coherent fraction, it is now possible to rearrange equation (19) to find

T2 F coh

L __ v 20
2T, 1- 22T Fop (20)

Using this equation with the previously found values of T}, Feon and Qg, figure 3(e) shows T, /2T as a
function of temperature. At 4 K, T,/2T; = 0.961 £ 0.014, decreasing to T, /2T = 0.796 & 0.018 by 30 K. It
is also then possible to extract the pure dephasing rate v = 1/T} from equation (1), with the results plotted
in figure 3(f). To find the prefactor u for the virtual phonon dephasing described by equation (12), we fit to
this experimental data, adding an additional constant value (3.5 yueV—dashed line in figure 3(f)) to describe
the small non-thermal dephasing implied by figures 3(d)/(e). The fitted value is = 0.00529 ps>.

4. Discussion

In the results section, the temperature dependence of the ZPL fraction and ZPL coherence (T,/2T;) were
measured in the range of 4-30 K. In this range, it was found that the ZPL fraction decayed almost linearly
from 0.937 to 0.7, whilst T, /2T, decreases from 0.961 to 0.798 with the gradient increasing at higher T.
Recalling equation (2), we note that T, /2T is equivalent to the indistinguishability of photons emitted
through the ZPL, as would be measured in a two photon interference experiment with a spectral filter that
removes the PSB component. Using this fact, figure 4(a) presents a comparison of ZPL indistinguishability
between our measurements of T, /2T vs. T and equivalent previous two photon interference experiments *.

3 We note that as previously discussed in section 3, such two photon interference measurements are not sensitive to dephasing processes
that can occur on longer timescales. As such, for comparison in figure 4 we have plotted our polaron model both with (light green solid
line) and without (dark green solid line) the small non-thermal pure dephasing that was inferred in figures 3(d)—(f).

9



10P Publishing

Mater. Quantum Technol. 3 (2023) 045001 A ] Brash and J Iles-Smith

>
E
©
<
=) 0.6 A 1
g’ N | Cavity: . A v 1
D 04 | © This work -
g = [ o Grange etal. [42] .. v ]
= 02 |Nocavity: e v 4
o | v Thomaetal [28] tveee .
N A Gerh Loy T
0.0 L Ge: ardt et}a [ 9]: | : | : Y : -
10 )
D S 1
e e o
B 8- eI s T N
2 S S e
“_I‘ [ Polaron Model: el 0 |
o sl Experimental parameters e |
N : Experiment - no additional dephasing e T
| ----- Optimised T 1
---------- No Purcell
0.4 : ' : . : : ' ' '
0 10 20 30 40 50

Temperature (K)

Figure 4. Comparison of (a) ZPL indistinguishability (T>/2T;) and (b) ZPL fraction from this study (green diamonds) with prior
work (red circles, blue triangles and grey inverted triangles) and the Polaron model (lines). For the results from prior studies,

T, /2T, values are equated to two photon interference visibilities measured through a narrow spectral filter that removes the PSB.
The polaron model as shown in figures 3(c)—(f) is the light green solid line, whilst the dark green solid line is the same parameters
but with the additional non-thermal dephasing removed for comparison. The dark green dotted line shows the results of the
Polaron model with the same parameters but without any Purcell enhancement. The dark green dashed line uses the same
phonon parameters but reduces k to increase the Purcell factor to Fp = 200, chosen to be just below the onset of strong
QD-cavity coupling.

Thoma et al [28] and Gerhardt et al [29] (grey triangles and blue inverted triangles respectively in

figure 4(a)) consider QDs without any significant Purcell enhancement, therefore it is unsurprising that their
values for T, /2T, rapidly fall away from those measured here (green diamonds) as T increases. For
comparison, at T = 30 K, Thoma et al [28] measure T, /2T; = 0.39, half the value measured here.

Meanwhile, Grange et al [42] (red circles) measured values ranging between 0.99 and 0.96 in the range
9-18 K for a QD micropillar system with a Purcell factor of 20, compared to a Purcell factor of 43 and
temperature range of 4-30 K for the device studied here. Whilst direct comparisons are difficult due to the
much smaller temperature range, the local gradient in T, /2T) appears lower despite the lower Purcell factor,
suggesting that the underlying thermal ZPL broadening of the sample used in [42] may be lower than the QD
studied here. Considering other prior studies on different QD samples, we also note that the dephasing value
of 11.8 peV at T = 25 K in figure 3(f) is significantly larger than the ~4 peV measured in a previous
four-wave mixing study at the same temperature [27], whilst our extracted value of 4 is an order of
magnitude larger than that found from two photon interference experiments in [30]. These comparisons
suggest significant variations in the thermal dephasing rates of different QDs. A possible explanation lies in
the theoretical thermal dephasing rate y(T) given by equation (12), this expression contains both the cut-off
frequency v, and the prefactor p that varies with the QD energy level spacing. As both of these quantities
depend upon the QD size and shape, significant variation in the thermal dephasing could be explained by
variations in QD geometry between different samples. Whilst detailed consideration of QD structure is
beyond the scope of this work, it may provide an interesting direction for further study.

Exploiting the excellent agreement between the polaron model (solid green lines in figure 4) and
experimental results, we now model two additional scenarios; an optimised QD-cavity device with Fp
increased to 200 by reducing « and a bare QD without any Purcell enhancement. These models use the QD
and phonon parameters found from fitting the experimental data, varying only the cavity parameters and
setting any non-thermal dephasing to zero. Considering first the case without Purcell enhancement (dotted

10
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green lines in 4), we note that in figure 4(a) the ZPL coherence falls rapidly, reaching T, /2T; = 0.11 at

T = 30 K. This illustrates the importance of the Purcell enhancement—our QD-cavity device improves on
this value by more than a factor of 7. In addition, it is noticeable that without Purcell enhancement, T, /2T
falls much faster with increasing temperature than the cavity-free measurements of [28, 29], providing
further evidence that the underlying thermal dephasing rate of this QD appears significantly greater than
previous studies.

Meanwhile, the dashed line in figure 4 shows the same model but for an optimised cavity with Fp = 200
by reducing . This value is chosen to maximise the Purcell factor whilst ensuring that the cavity-QD system
does not enter the strong coupling regime where photon coherence begins to decrease again [39]. For these
parameters, the increased Purcell enhancement significantly improves T, /2T from 0.83 to 0.92 at T =30 K
when compared to the model for the sample cavity parameters. The magnitude of this difference continues
to increase with temperature. When considering the fraction of light emitted into the ZPL (figure 4(b)), a
small difference (~0.04 at 30 K) is observed between the sample parameters and the ‘no Purcell’ model. This
is due to the photonic spectral density of the cavity (equation (8)) removing some of the PSB contribution
according to equation (14). The effect is relatively small as the half-width of the cavity (k) is comparable to
the phonon cut-off frequency v.. For the optimised system with reduced &, the ZPL fraction at 30 K increases
significantly from 0.70 to 0.83 due to the five-fold reduction in cavity linewidth. Whilst it seems intuitive that
further reducing « will continue to be advantageous in this way, the onset of strong QD-cavity coupling
ultimately degrades the photon coherence, leading to a fundamental trade-off between indistinguishability
and efficiency [39]. Unlike figure 4(a), it is not possible to easily compare ZPL fraction with previous studies
as two photon interference measurements cannot easily isolate the PSB contribution.

5. Conclusion

In conclusion, we have demonstrated a QD-nanocavity device that exploits a large Purcell enhancement to
achieve a high degree of photon coherence at elevated temperatures. Our novel experimental approach
based upon time-domain measurement first-order correlation function is able to distinguish between
contributions from real and virtual phonon-mediated transitions in a single measurement. Exploiting this, at
a temperature of 30 K that is compatible with the operational temperature of compact cryocoolers, we
measure a ZPL coherence of T, /2T = 0.80 with a ZPL fraction of 0.71, compared to the T,/2T; = 0.11
predicted by our model in absence of the Purcell enhancement. These experimental results are achieved
despite the studied QD device exhibiting significantly stronger thermal dephasing than was observed in
previous QD studies, a result that indicates that the QD size/shape may play a role in determining the
magnitude of phonon dephasing. We have also developed a theoretical model based upon the polaron
framework that fully captures the temperature-dependent phonon processes in order to reproduce our
experimental results. The excellent agreement between theory and experiment provides predictive power,
allowing us to simulate an optimised cavity-QD device that can achieve T,/2T; = 0.92 with a ZPL fraction
of 0.83, while fully accounting for electron-phonon processes using experimentally measured parameters.

Whilst indistinguishability requirements are application specific, experiments have successfully
demonstrated the quantum interference phenomenon of boson sampling with a QD source exhibiting
indistinguishabilities in the range 0.5-0.7 [64], suggesting that even our current device could perform such
experiments at 30 K when combined with a spectral filter to remove some of the PSB. We believe that the
theoretical and experimental methods developed here can support the development of a new generation of
cavity-QD quantum light sources, meeting both the photon coherence and SWAP requirements of emerging
optical quantum technologies. Furthermore, with some adaptations to the specifics of phonon interactions
in different materials, our methods can readily be applied to other emerging solid-state quantum emitter
systems in materials such as diamond [19], silicon [20] and 2D materials [21].
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