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We demonstrate that, even when employing above band gap excitation, photons emitted from semiconductor
quantum dots can have linewidths that approach their transform-limited values. This is accomplished by using
quantum dots embedded within bottom-up photonic nanowires, an approach which mitigates several potential
mechanisms that can result in linewidth broadening: (i) Only a single quantum dot is present in each device,
(ii) dot nucleation proceeds without the formation of a wetting layer, and (iii) the sidewalls of the photonic
nanowire are comprised not of etched facets, but of epitaxially grown crystal planes. Using these structures
we achieve linewidths of 2x the transform limit for above band gap excitation. We also demonstrate a highly
nonlinear dependence of the linewidth on both excitation power and temperature which can be described by an
independent boson model that considers both deformation and piezoelectric exciton-phonon coupling. We find
that for sufficiently low excitation powers and temperatures, the observed excess broadening is not dominated
by phonon dephasing, a surprising result considering the high phonon occupation that occurs with above band

gap excitation.
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I. INTRODUCTION

Quantum interference between two or more indistinguish-
able photons lies at the heart of most photonic quantum
technologies [1] and high visibilities require highly coher-
ent photons. Solid-state two-level emitters [2], e.g., epitaxial
semiconductor quantum dots [3], can provide single photons
with high efficiency provided they are incorporated within
appropriate photonic structures supporting a single optical
mode into which all photons are emitted. Within this solid-
state environment, however, fluctuations in charge and spin or
interactions with phonons can lead to broadening of the emit-
ted photon linewidth compared to the Fourier transform limit
and, consequently, a reduction of the two-photon interference
visibility vrpr [4].

Excess broadening can be limited through the use of optical
cavities [5,6] and resonant excitation [7], resulting in the ob-
servation of vrp; > 90% between sequential photons emitted
from the same source over timescales >1 us [8,9]. Linewidths
measured over longer timescales are, however, broadened
compared to the transform limit [8,10], a broadening typically
attributed to a slowly varying charge environment. One can
therefore expect a reduction of vrp; for timescales longer
than a few microseconds and, in the case of remote emitters
[11-17] for which noise correlations are absent, the reduction
may be particularly severe.

It is therefore essential to address the persistent broadening
that arises from a time-dependent occupation of traps close
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to the dot, producing a wandering of the exciton energy via
the Stark effect [18]. These traps can be defects or impurities
located in the bulk semiconductor material [19], at surfaces
(e.g., the growth surface [20] or the etched sidewall surface
[21]) or at epitaxial interfaces [22]. Additionally, quantum
dots themselves are, by design, carrier traps and the impact on
the linewidth, at least of crystal phase dots [23] (i.e., stacking
faults), is well established [24].

In this paper we investigate a quantum dot system [25] dis-
tinct from the more conventional GaAs-based self-assembled
dots [26] in several aspects that impact excess broadening.
The dots are segments of InAsP within [0001] wurtzite-phase
InP nanowires and are fabricated using a bottom-up technique.
Here, the only surfaces in close proximity to the dot are
the crystal lattice growth facets that make up the sidewalls
of the nanowire, surfaces which have a lower defect density
compared to the dry-etched sidewalls present in top-down
structures [27]. Using the InP material system, we can also
expect an order of magnitude reduction in the surface recom-
bination velocity compared to GaAs [28]. The quantum dots
are nucleated via a vapor-liquid-solid (VLS) growth process
[29] in which no two-dimensional (2D) wetting layer forms,
a layer associated with several broadening mechanisms in
other dots [30]. The VLS growth mode is also unique in
that the number of dots in each device is controlled [31] and
by using devices that contain only a single emitter, potential
charge fluctuations associated with carriers trapped in nearby
quantum dots are eliminated.

We observe a significant reduction of excess broadening
compared to conventional quantum dot emitters operated un-
der the same conditions, with measured linewidths as low
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as 2x the transform limit. Remarkably, these narrow lines
are observed using above band gap excitation, i.e., conditions
expected to promote fluctuations in the charge environment.
We also find that, at sufficiently low temperatures, broadening
due to phonon dephasing is insignificant with an onset for
strong broadening observed for 7 > 8 K. This is similar to
that observed using resonant excitation [30] and four-wave
mixing techniques [32] and consistent with a significant re-
duction in vrp; observed in Ref. [33]. This behavior can be
fully described by an independent boson model [34] that
considers phonons propagating along the nanowire growth
direction and which takes into account both deformation
and piezoelectric exciton-phonon coupling. Importantly, to
explain the nonlinearity we do not need to invoke virtual
transitions between ground and excited states [33,35], for
which the energy scales are inconsistent with our dot level
structure. Instead, the nonlinearity is traced to the interplay of
deformation and piezoelectric coupling mechanisms and their
distinct dependence on phonon energy.

II. EXPERIMENTS

The nanowire-based devices were grown using chemical
beam epitaxy on patterned substrates consisting of 20-nm gold
catalysts centered in circular openings of a SiO, mask on
an InP substrate using a two-step growth process [36]. First,
a 20-nm-diameter InP nanowire core is grown using growth
conditions that promote axial growth (e.g., low group V flux)
and in this core we incorporate a ~5-nm-thick InAsg 5P 25
quantum dot. Second, the core is clad with a shell using
growth conditions that promote radial growth (high group V
flux). The resulting photonic nanowire has a base diameter
of 250 nm that tapers to ~100 nm over a length of ~15 um
[Fig. 1(a)]. Photoluminescence (PL) spectra typically show
emission from both the neutral exciton X and the negatively
charged exciton X'~ at wavelengths of A ~ 970 nm [see the
inset in Fig. 1(b)].

Previously, we have used growth temperatures of 420°C
for both the core and shell growths, which produced quantum
dots emitting exciton photons with linewidths of 880 MHz, of
which the inhomogeneous contribution was 730 MHz [37] and
was associated with a high defect density in the InP causing
charge fluctuations discussed above. In order to improve the
material quality, in this study we increase the nanowire core
growth temperature to 435 °C. This temperature was thought
to be an upper limit above which reasonable axial growth rates
could not be maintained [38] and is discussed further below.
For the shell growth we can access higher temperatures and
here we study samples where the shell is grown at tempera-
tures of Ty, = 450°C to T; = 495 °C.

Photoluminescence (PL) measurements were performed in
a closed-cycle helium cryostat. The nanowire quantum dots
were excited through a 100x objective (numerical aperture
of 0.81) and the emission was collected through the same
objective and directed to a grating spectrometer equipped
with a liquid nitrogen cooled charged-coupled device (CCD).
For time-integrated PL. measurements, the excitation was a
continuous-wave laser operating at 780 nm, while for time-
resolved measurements a pulsed laser operating at 670 nm was
used. To measure linewidths, the dot emission was coupled
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FIG. 1. (a) Scanning electron microscope images of linear arrays
of nanowires pitched at 400 nm, each nanowire in an array having
a different core diameter and each array grown at a different 7}; see
Ref. [36] for details. (b) High-resolution PL spectrum measured at
4 K and P = 0.1P,; (black open circles) of the X!~ line emission
highlighted in the left inset. Also plotted are a Lorentzian fit to the
data (black curve), the spectrum after deconvolution with the etalon
response (blue curve), and the predicted transform-limited spectrum
(solid red curve) calculated using the transition lifetime 7; extracted
from the PL decay curve shown in the right inset.

to a single-mode fiber and a single peak was selected using
a fiber-based tunable filter with a 0.1 nm bandwidth. The
spectral width of the filtered peak was resolved using a fiber-
based, piezo-driven, scanning Fabry-Pérot etalon (bandwidth
of 250 MHz, free-spectral range of 40 GHz) and detected with
an avalanche photodiode.

We first look at the linewidth of an excitonic photon at low
temperature (4 K) and low excitation power (P = 0.1Ps) ina
device where the shell is deposited at 7y = 450 °C. Figure 1(b)
shows the high-resolution PL spectrum of an X'~ photon
emitting at Exi- = 1.276 eV. The emission peak was fit with
a Lorentzian function to extract the homogeneous linewidth
which, after deconvolution with the etalon response, is §, =
322 MHz. We note that fitting with a Voigt profile produced a
negligible Gaussian contribution (i.e., we did not observe any
significant inhomogeneous broadening). Using the radiative
recombination lifetime of 77 = 1.02 ns from the PL decay
curve (see the inset in Fig. 1), we calculate the width of the
transform-limited spectrum from §, = 1/2x 7. From these
two widths we obtain the ratio 277 /7, = 2, i.e., 2x the trans-
form limit. This value is significantly improved compared to
previous measurements of quantum dots using above band
gap excitation [39-44], including our own nanowire devices
grown at a lower temperature [37]. It is also an improvement
compared to measurements made using p-shell excitation
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FIG. 2. Excitation power dependence of the homogeneous
linewidth extracted from the PL spectra after deconvolution with
the etalon response function. The inset shows the high-resolution
PL spectra of the X'~ emission measured at T = 4 K for selected
excitation powers. Solid lines correspond to Lorentzian fits to the
data.

[40,44]. Instead, the values here are typically observed only
when the emitter is excited resonantly [22,43,45,46] and are
not significantly greater than those observed in state-of-the-art
devices [8,44,47].

To verify if further reduction of the excess broadening
is possible through improvement of the quality of the shell
material, we have measured samples grown using higher shell
growth temperatures. Increasing shell growth temperatures
up to 495 °C did not result in any further reductions of the
linewidth, suggesting that the excess broadening is not related
to defects in the shell material. Interestingly, we observed an
increase in the axial growth rate with increasing temperature
[see Fig. 1(a)] in contrast to previous experiments [38] where
the axial growth was quenched at 450 °C. This is likely due
to a higher group V flux used for the shell growth in these
experiments and raises the possibility of improving the ma-
terial quality of the nanowire core by growing it at higher
temperatures.

To rule out broadening associated with phonon dephas-
ing, we performed both power- and temperature-dependent
measurements. In Fig. 2 we show the linewidth dependence
on excitation power for powers up to P = 4P,. All power-
dependent spectra show Lorentzian line shapes (see inset)
from which the homogeneous linewidths plotted in the fig-
ure are extracted. The dependence is highly nonlinear with
the linewidth independent of excitation power for P < 0.4Pgy
above which strong broadening is observed.

In Fig. 3 we show temperature-dependent measurements
under weak pumping conditions (P < 0.2P,). With increas-
ing temperature the emission peak redshifts due to lattice
dilation [48] and broadens. For temperatures up to 7 = 14 K
the line shape remains Lorentzian while for 7 > 14 K a
slight asymmetry develops. We focus on the spectra measured
for T < 14 K from which we can extract the homogeneous
linewidths plotted in the figure. Significant broadening is
observed for T > 8 K while for T < 8 K, linewidths show
only a small temperature dependence. We conclude that for
sufficiently low temperatures (T < 8 K) and excitation pow-
ers (P < 0.4Py), phonon dephasing, notwithstanding above
band gap excitation, is not the source of the remaining ex-
cess broadening. Instead, it likely arises from some residual
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FIG. 3. (a) Deconvolved linewidth as a function of temperature
in the low excitation power regime. The inset shows PL spectra, nor-
malized to the integrated intensity, as a function of relative emission
energy for selected temperatures. (b) Predicted broadening based on
the model described in the text.

inhomogeneous broadening, that either does not sufficiently
alter Lorentzian line shapes such that it can be revealed by
a simple line-shape fitting procedure or that manifests as a
homogeneous broadening [42].

III. THEORETICAL MODEL

We next consider the nonlinear behavior observed with
temperature which is in stark contrast to the linear dependence
seen in earlier studies [49] that also employed nonresonant
excitation [39-41,50-52]. To date, the existence of the linear
broadening is accounted for in InAs/GaAs zinc-blende dots
by considering the independent boson model [34], in which
the exciton causes a renormalization of phonon modes without
itself being excited by the lattice vibrations. The origin of the
quadratic term, on the other hand, is traced to the virtual tran-
sitions between the ground and excited exciton states caused
by the absorption and reemission of the phonons [33,35].
In each of these approximations, only longitudinal phonon
modes are accounted for, and the main exciton-phonon cou-
pling mechanism is taken to be the deformation potential.
In addition, the virtual transitions appear to be thermally
activated only above a threshold temperature (of order of
10 K), below which only the linear broadening is expected
[35]. Within this general approach, it is straightforward to
understand the similarity between the linewidth broadening
as a function of excitation power (Fig. 2) and as a function
of temperature (Fig. 3). Indeed, above band gap excitation
creates electron-hole pairs in the InP continuum with energy
higher than the bare band gap. As the carriers have to ther-
malize before their capture by the quantum dot, phonons are
necessarily generated, leading to an increase in the phonon
mode population.

While we do not discount the possibility of a simi-
lar mechanism being present here, we do find that both
the wurtzite lattice type of our system as well as its
one-dimensional geometry suggest an alternative origin of
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the nonlinear linewidth broadening. Indeed, the coupling
between the carriers and the phonons is expressed as MY (k) =
Ay(k) [ Prit ()W) (F)e*”, where the parameter A, (k) de-
pends on the type of coupling (deformation or piezoelectric),
material parameters, and phonon energy, k is the phonon
wave vector, and ; ,(7) is the wave function of the carrier
a (electron or hole) corresponding to the single-particle state i
[33-35]. Owing to the nanowire geometry, the only phonon
modes with sufficiently low energy are those propagating
along the wire, i.e., with k= [0, O, k], while the lattice vibra-
tions in the transverse direction are quantized with energies
equivalent to hundreds of degrees Kelvin. As a result, the
longitudinal phonon modes are unlikely to cause electronic
transitions (even virtual ones) since they would need to strad-
dle the intersubband energy gaps of hundreds of meV brought
about by the small height of the quantum dot. This allows
us to approximate, in the low phonon energy limit, M (k) =
Ak ;.

To date, the theoretical modeling of the linewidth
broadening included the deformation potential as the only
relevant mechanism of exciton-phonon coupling in zinc-
blende materials [33-35] (see also Refs. [53,54] which
include non-Markovian dephasing processes). Within the
deformation-potential electron-phonon interaction, the cou-
pling parameter for the one-dimensional phonon modes is

Ager(k) = 2p7;:f§v D, where the phonon energy hw, = hugk,

u, is the speed of sound, py, is the mass density, V is the
phonon normalization volume, and D = D, — Dy, is the defor-
mation potential constant, expressed as the difference between
the electron-phonon and hole-phonon coupling owing to the
opposite signs of these charges. The piezoelectric coupling
mechanism was found to be negligibly small, as it requires
the shear strain tensor components, which are vanishingly
small for longitudinal phonon modes. This is in contrast to the
wurtzite crystal lattice, in which the piezoelectric effects enter
through diagonal strain tensor element via the piezoelectric
constant c33. The relevant coupling parameter, adapted for the
zinc-blende material from Ref. [34], has the form Apic,, (k) =

2 . .
—16meess,/ 2,3,5—wkv’ where e is the electron charge. Crucially,

the piezoelectric coupling has (i) the opposite sign to that
of the deformation mechanism, and (ii) a different depen-
dence on the phonon energy, Apie,o(k) o (w)~'/? compared
to Ager(k) o (wi)'/?. As a result, the total coupling A(k) =
Ader(k) + Apiezo(k) is expected to depend strongly and nonlin-
early on the phonon energy.

The X'~ emission spectra are calculated typically by con-
sidering the initial state composed of two electrons and a hole,
and the final state composed of one electron, all interacting
with phonons. In our simple model (see Supplemental Mate-
rial [55]), we treat the extra electron as an inert spectator, as its
contribution to particle-phonon interactions in the initial and
final states is identical. This allows us to reduce the focus to
the electron-hole pair. The Hamiltonian of the exciton-phonon
system accounting for the approximations discussed above is

Ay ph = Ex|X)(X| + Y hogataz + Y A(KD(a; + al),
k k

ey

arising because the coupling A(IKD) depends only on the mag-
nitude of the phonon wave vector k= [0, 0, k]. Here, the
operator ag (aa) annihilates (creates) a phonon in mode k.
This 1ndependent boson model is exactly solvable in terms
of displaced phonon operators by = a; + A and bg = a; +
Ay, where the displacement A = A(k)/liw;. Upon this trans-
formation, our Hamiltonian is diagonal both in the excitonic
and phononic degrees of freedom and reads

Hy_pn = Ex|X)(X| + Z hophiby — Z hop(Ap)?. ()
i k

The eigenvectors of our Hamiltonian can be written as the

tensor products |X) [[; |N;), where the phonon Fock states

W(b*)N |0), and the state |0) is the zero-phonon

state for the mode k.

Upon exciton recombination, we deal with the system of
nondisplaced phonons described simply by the Hamiltonian
ﬁph = le hw]zafa,; with eigenstates in the form of nondis-

3
placed phonon Fock states |n;) = T(a, )"10). Working
with the Fock phonon configurations, both in the initial and
final states of the system, and considering only one phonon

mode with energy /iw;, we can now derive the emission spec-
trum in the form of a series of maxima found at energies

E(N, nz, Ap) = Ex — hap(Ap)* + hop(N; —n).— (3)

The radiative transitions can be accompanied by phonon emis-
sion (N; < ng) or phonon absorption (N; > ny), placing the
relevant maxima on the lower or higher side of the zero-
phonon line, respectively. However, owing to the very small
energy scale of the relevant phonon modes, the emission spec-
trum will be seen as a single, broadened peak, whose intensity
will be modulated by an envelope expressed in terms of the
well-known Franck-Condon formula

2
2NN [ N, o
S k—'|:LNk_ ‘(AE)], 4)

— oA
W(N]z,nlz,Alz) =e Z ! A

where n; > N; and L)' (x) is the associated Laguerre polyno-
mial (for n; < N the 1nd1ces are interchanged).

The emission spectrum as a function of temperature 7" and
accounting for statistical occupation of the phonon modes
is computed as a weighted superposition of the single-mode
spectra. Upon normalization by the zero-phonon line intensity,
we have

1
1(hw, T) « E =
= Iy(k)

O (N, THW (N, g, Ap)
Ny m

x 8(fiw — E(Ng, ng, Ap)), )

with /iw being the measured photon energy. Here, we
consider all possible initial and final occupations of
each phonon mode k, weighted by the probabilities
p(N;, T) _exp(—thk )/Z(k) where the statistical sum

Z(k) =

stant. The modal zero-phonon line intensity is Io(k) =
ZN,; PN, T)|(ng =N,;|N,;)|2. Our approach takes into ac-
count the fact that, calculated individually, the low

Zn 0 €Xp(— nh wk) and kp is the Boltzmann con-
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occupations of any given phonon mode k are exponentially
more probable than the high occupations, and therefore give
more contribution to the overall emission spectrum.

We propose that the experimentally observed nonlinear-
ity of the emission peak broadening is captured by our
model, even without the virtual excitation scheme, in two
aspects. The first crucial aspect is the dependence of the
displacement parameter A; on the phonon mode energy

def i def _
liw;. We have Ap = A1(¥ ef) _ A;zplezo) = A(() ¢ )(ha),;) 12

AP (hwp) 2, where A and AP are energy-
independent material constants describing the two coupling
mechanisms, respectively. Even if the piezoelectric coupling
constant is smaller than the deformation one, at sufficiently
small phonon energies these two terms will cancel each other
out, giving the overall displacement parameter of zero. As
the material parameters for wurtzite InAs and InP are not
yet known, our experimental data suggest that this cancel-
lation occurs most likely for phonon energies of order of
0.1 peV, resulting in the very small emission peak broadening
for low temperatures. On the other hand, at higher phonon
energies the piezoelectric contribution to the parameter A
decays faster than the deformation one, resulting in an ef-
fective, nonlinear increase of that parameter. As a result, the
higher-energy modes, which become more populated at higher
temperatures, cause the peak broadening visible at higher
temperatures.

The crossover between the two regimes is systematically
accounted for by the second aspect of our model, i.e., the
mode occupation probabilities p(N;, T'). As already men-
tioned, at low temperatures these probabilities strongly favor
low-energy modes occupied with few phonons, for which the
effective exciton-phonon coupling is negligibly small due to
the cancellation discussed above. However, as the temperature
increases, the probabilities are redistributed towards increas-
ing occupations of more energetic phonon modes, which are
more strongly coupled to the exciton. As a result, these higher
modes contribute more to the emission spectrum, resulting in
the nonlinear increase of the peak broadening.

We illustrate the above theoretical model with a calcula-
tion accounting for four phonon modes, with energies fiw; =

0.25, 0.5, 1, and 2 ueV. We chose the following dependence
of the displacement parameter on the mode energy, A(e) =
Ag(e™1/? — 73/2), where & = hwyp/eo, &9 = 0.1 peV, and Ag
was taken as a model value of 0.2. This functional form
follows directly from the subtraction of the deformation and
piezoelectric contributions, and was adjusted to vanish for
hawp = 0.1 ueV. We generated the emission spectra at a grid
of photon energies with steps of 2 ueV on both sides of the
zero-phonon line, but we excluded the zero-phonon line itself,
as its emission peak contains contributions from all phonon
modes present in the system and therefore would be poorly
reproduced by our model. The full width at half maximum
(FWHM) obtained by fitting the resulting emission peak by a
Lorentzian is presented in Fig. 3. Unsurprisingly, the theoreti-
cal approach, accounting only for four modes, underestimates
the line broadening, but reproduces the experimental temper-
ature trend qualitatively.

In summary, we have shown that it is possible to gener-
ate near-transform-limited photons from quantum dots, even
when excited above the band gap, by using structures that
eliminate many potential broadening mechanisms. The drastic
reduction in excess broadening revealed a nonlinear tem-
perature dependence that can be fully described within an
independent boson model that considers both deformation and
piezoelectric coupling mechanisms, the latter expected to be
more important in these wurtzite structures compared to the
more typical zinc-blende quantum dots.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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