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Emitter dephasing is one of the key issues in the performance of solid-state single-photon sources.
Among the various sources of dephasing, acoustic phonons play a central role in adding decoherence to
the single-photon emission. Here, we demonstrate that it is possible to tune and engineer the coherence
of photons emitted from a single WSe, monolayer quantum dot via selectively coupling it to a spectral
cavity resonance. We utilize an open cavity to demonstrate spectral enhancement, leveling, and
suppression of the highly asymmetric phonon sideband, finding excellent agreement with a microscopic
description of the exciton-phonon dephasing in a truly two-dimensional system. Moreover, the impact
of cavity tuning on the dephasing is directly assessed via optical interferometry, which points out the
capability to utilize light-matter coupling to steer and design dephasing and coherence of quantum

emitters in atomically thin crystals.
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In contrast to excitations in isolated atoms, an appro-
priate understanding of the light-matter coupling of exci-
tons in solid-state quantum emitters cannot be developed
without considering the crucial impact of the lattice
environment. In the context of emission of quantum light,
it is the coupling of excitons to acoustic phonons in most
semiconductors that manifests itself via the formation of
spectral sidebands and replica modes [1-3].

While such phenomena can be directly employed in
quantum-optomechanic experiments [4—10], they typically
impede the coherence of the emitted light in material-
specific manners. Atomically thin crystals belong to the
most intriguing class of quantum materials utilized in
modern photonic research [11]. Because of their ultimate
thinness, the correlations of carriers are strongly enhanced
and dominate their optical response. In the presence of
random or engineered local strain, the formation of
luminescent hot spots has been verified [12,13], displaying
nonclassical light emission. Such quantum dots (QDs) can
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be found in the majority of thin-layer transition metal
dichalcogenide (TMDC) crystals. However, they are par-
ticularly pronounced in WSe, mono- and bilayers, which
have been extensively studied in this regard [12,14-17].
QDs in TMDCs have recently shifted into the spotlight of
quantum photonic research. In contrast to conventional
quantum emitters in bulk material, two-dimensional QDs
are highly tunable without the need for demanding semi-
conductor processing [15,18]. They can be conveniently
integrated into photonic architectures without the restric-
tions of lattice matching [19], which can be realized via
simple low-cost pick-and-place methods [20].

Despite this ease of integrating TMDC QDs into
photonic devices, the enhancement of spontaneous emis-
sion from monolayer QDs has been demonstrated in a
limited number of reports. The Purcell regime has been
verified using TMDC Bragg gratings [21], plasmonic
structures [22-24], and most recently in tunable open
optical cavities [25].

© 2024 American Physical Society
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While it is clear that dephasing channels compromise
and dictate the coherence of the emitted photons, they are
yet to be exhaustively studied. It is possible to engineer
crystal superlattices on the nanoscale to suppress coupling
to phonons in specific frequency bands, however, such
approaches are typically technologically too demanding to
be routinely implemented with single quantum emitters
[26-31]. Up to now, spectral wandering has been identified
as one of the main sources of decoherence in the emission
of 2D crystal QDs [32-34]. In addition, it was shown that
due to the large Huang-Rhys factor of WSe,, the coupling
to phonons is extraordinarily strong and induces a very rich
phonon-sideband spectrum [35].

Here, we demonstrate that the unique shape of the
phonon sideband in WSe, QDs can be exploited to
engineer its coherence properties via emitter-cavity cou-
pling. Specifically, by tuning the optical resonance of our
cavity system to match either the zero-phonon emission
line (ZPL) or the phonon sideband (PSB), we control the
individual contributions of these two features to the overall
emission spectrum. As a result, the temporal coherence of
the single-photon emission can be manipulated, changing
from a slowly decaying single exponential trace to a
biexponential trace as the cavity resonance is tuned across
the emission spectrum.

The WSe, monolayer is placed on the surface of a mirror
that is part of an asymmetric plano-concave open cavity
[depicted in Fig. 1(a)]. The cavity consists of two mirrors
that are freely movable. The monolayer hosts QDs arising
from crystalline defects. The emission from one of the QDs
is investigated. The QD is driven by a pulsed Ti:sapphire

laser operating at a central energy of 1.722 eV. Further
details of the cavity system can be accessed in
Supplemental Material [36].

Prior to the studies of photoluminescence (PL) from the
QD inside the cavity, the QD emission without a cavity is
investigated [see Fig. 1(b)]. A PL spectrum of the QD
features a pronounced ZPL and a lower-energy PSB.
Figure 1(b) shows the ZPL spectrum located at approxi-
mately 1.596 eV, with a linewidth of 110 & 3 peV (spec-
trometer resolution limited). The linewidth of the PSB is
0.7£0.1 meV. The ZPL and PSB are separated by
0.6 meV resulting in an asymmetric shape of the emission
spectrum [see the inset of Fig. 1(b) plotted in logarith-
mic scale].

To verify the quantum character of the PL emission, we
implement a second-order correlation measurement [see
Fig. 1(c)] resulting in ¢g?>(0) = 0.105 £ 0.007. The meas-
urement is carried out in a resonant cavity-QD configura-
tion profiting from the significant signal enhancement.

The resonant enhancement of photon flux is a direct
consequence of the modification of the emitter decay
rate and light distribution in the cavity via the Purcell
effect [49]. The modification of the luminescence while
sweeping the cavity resonance through the QD ZPL is
shown in Fig. 1(d). These PL spectra are plotted vs the
cavity-emitter detuning 6 = Aw.,, — hw,, where Aw,, is
the energy of the cavity resonance and Aw, is the ZPL
energy [at 1.596 eV; see Fig. 1(d), and extracted PL spectra
for several detunings in Fig. 2(a)]. When the ZPL is
in resonance with the cavity, the intensity of the emission
is enhanced by more than a factor of 6 compared to the

™ n 10
(a) £ st m 40
=] 4 r \H‘ 8
Glass Gold g 3L “M‘ \ -30 6
— g L I RN
— 2z 2r psB || 15066 | 20 -
<> 2 1 )\ PL Energy (eV) > =
_.q_,') 0 b=—= S i N N GEJ -10 4 g
£ 1595 1596 1.597 1.598 1.599 Z ¥e}
hBN/WSe, PL Energy hw (eV) o ‘e B S &
T c
DBR @ r (c) g%(0)=0.105:0.007 € 10 %
Q
BS b ‘ B 2 &
NG a 20 £
=3 =
5E 05 30
=z [e]
) '
b AL At i A 40
oL AR L | | | | 1
-39 -26 -13 0 13 26 39 1585 1.59 1.595 1.6 1.605 1.61
Delay (ns) PL Energy hw (eV)
FIG. 1. (a) Schematics of the open cavity device under optical excitation. A beam is focused through the top concave mirror onto the

monolayer and exciting the QD, thus triggering the emission of single photons. The generated single photons escape the cavity through
the top mirror. (b) Low-resolution PL spectrum of the QD at 3.2 K recorded without the cavity top mirror. (c) Second-order correlation
function. The separation of the peaks is inversely proportional to the laser repetition rate. The peaks have been fitted with an ensemble of
double exponential functions Ae~*=%l/*_(d) PL spectra as a function of relative detuning of a cavity resonance from the emission energy
at approximately 1.596 eV (labeled ZPL). The intensity (color coded) is plotted in log;, scale. The inclined dashed white lines indicate
the cavity modes. As a cavity mode sweeps through emission energies, the emission is gradually enhanced making both the ZPL and

PSB (the tail to the left of the ZPL) more pronounced.

206903-2



PHYSICAL REVIEW LETTERS 132, 206903 (2024)

off-resonant case. The PSB is affected by the cavity tuning:
When the cavity is positively detuned, the contribution of
the PSB to the PL spectrum is almost negligible and the
ZPL dominates. For negative detunings, the PSB contri-
bution is notable and manifests itself as a distinct spectral
feature in Fig. 1(d). We study this phenomenon to quantify
the interplay between the ZPL and PSB integral intensities
for cavity-emission tuning by applying a fitting procedure
based on the independent boson model for quantum
emitters interacting with phonons in the two-dimensional
monolayer [37]. We include coupling of the local emitter to
two-dimensional longitudinal acoustic phonons [38] and a
localized phonon mode [39]. The optical susceptibility of
the QD-phonon system is

)((t> _ ig([)e_iwoter)(t)_FiznhomIZ’ (1)

with Ty pom being the inhomogeneous broadening and @(¢)
being the phonon dephasing integral:

D(r) = Z /000 dw J;i)a;) {coth (222)7,) [cos(mt) — 1]

— isin(a)t)}. (2)

Here, J;(w) is the spectral density of phonon branch j as
detailed in the Supplemental Material [36]. The corre-
sponding emission spectrum is obtained by inverting the
absorption spectrum at the ZPL:

Ioppsg (@) = a(20) — o)

= Im{/_: dt;((t)ef<2“’0—“>f}. (3)

The cavity is explicitly accounted for by multiplying the
QD-sideband emission spectrum with a line shape function
L(w) describing the photonic density of states as discussed
in the Supplemental Material [36]. Translating the modeled
emission spectra to experimentally observed intensities
requires an additional scaling factor a:

I(@) = a(lgppsp (@) + Ipg)L(®). 4)

Here, background /g is added accounting for a possible
contribution of a low-energy tail of another emitter and
emission of the free exciton.

We simultaneously fit the datasets for several detunings
with the same emitter-phonon coupling parameters. To
account for experimentally determined fluctuations, only
small variations of the ZPL position, the cavity parameters,
and the scaling factor a are allowed with detuning. The
obtained fit parameters are collected in the Supplemental
Material [36]. The resulting spectral fittings are shown in
Fig. 2(a). For the lowest detuning (top panel), the cavity
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FIG. 2. (a) PL spectra (y axis is in log;o scale) for selected

cavity-emitter detunings [-9.15, —4.66, 0.01, 4.40, 9.03] meV
excited by the Ti:sapphire laser in continuous wave regime at
720 nm wavelength. The position of the cavity is indicated by
the gray shaded region. The solid black lines arise from the
theoretical model. From the fit, we obtain a lattice temperature of
4.6 K. (b) Ratio between the intensities of the ZPL and the PSB
emission as a function of the cavity-ZPL detuning.

spectrally overlaps with the second QD (located at
1.588 eV), which hinders fitting the spectrum. As detailed
in the Supplemental Material [36], our model can be
analytically solved yielding a decomposition of the spec-
trum into phonon-assisted processes of arbitrary order. This
allows us to quantify the ZPL and PSB contribution to the
emission. Because of the two-dimensional nature of acous-
tic phonons, the carrier-phonon coupling efficiency does
not vanish at small momenta, as it is the case in three
dimensions [40]. Hence, the ZPL spectrally overlaps with
low-energy higher-order processes that involve the absorp-
tion and emission of phonons. We sum up the zero-phonon
contributions and the higher-order contributions with ener-
gies smaller than the full width at half maximum of the
inhomogeneous emitter broadening to obtain an effective
ZPL. A weighting of ZPL and PSB with the cavity line
shape at different detunings quantifies the ZPL and PSB
interplay [see Fig. 2(b)]: The resulting extracted ratio of the
ZPL to the PSB is approximately 1.6 for the positively
detuned cavity, indicating a regime that is dominated by
the ZPL. For the negatively detuned case, it approaches 0.7,
suggesting a tremendous impact of the PSB on the
coherence of single photons emitted from the QD-cavity
device under such detuning conditions.

To account for the limitations of conventional spectros-
copy and to directly verify the impact of these phenomena
on photon coherence, we extend our study with interfero-
metric measurements in the time domain. Here, we filtered

206903-3



PHYSICAL REVIEW LETTERS 132, 206903 (2024)

1(0) 1

[@) 5=0.0mev ©) > e 9.0 meV 0.0 mev 9.0 mev
0.5 R 051 " =0 r "
10) F 10 T g ot
- = < 02F . g st
ohomey i 10 5=aeemev] — Gl BoihTag Lt
0.5 N A o 0.5 4 05 . -3-2-10123 -3-2-10123 -3-2-10123
> 10 oy 10| 10) i Delay (ps)
T 05 .{I{}I\; 0.5 [ 05k
> 10 5=asmev] O 1(0) !
05 ] 0.5 fe=v ch bo), fee i ¥ [ I
K . : % 05 wH : }
10 }1{[}{16=9.0mev 10— 10) - — : :
05 e 0.5 prafFaiml | LTl g g Lot RSN S e L : ¥
0 L ﬁ lIL{'I‘L&g;_ 0 TR Y ﬁ P T 0 R I i P I 0 : 1 | 1 i 1 | 1 }
-40 -20 0 20 40 -3-2-101 2 3 -3-2-10 1 2 3 -10 -5 0 5 10
Delay (ps) Delay (ps) Delay (ps) Detuning & (meV)
FIG. 3. Interference visibility: (a) for a large range and (b) for a small range of the time delay between the arms of the interferometer.

Markers indicate the data obtained in the experiment; solid lines indicate fit functions. In panel (a), the fit is based on the tails outside of
the shaded area; see explanation in the text. (c) Solid lines represent the visibility calculated as the modulus of the Fourier transformed fit
functions from Fig. 2(a) including a bandpass filter model. The data are normalized to match the observed visibility of the experiment.
(d) Area of the visibility (from which the slow decaying trace is subtracted) as a function of the cavity-emitter detuning. For the points
corresponding to the detunings —9, 0, and 9 meV, the leftover fragment is plotted in panels on top and represents the contribution of the

PSB to the overall interference visibility.

the QD-cavity emission using a bandpass filter with an
approximate bandwidth of 2.5 meV (which only passes the
QD emission) and conducted a set of first-order correlation
measurements using a Michelson interferometer as we
change the emitter-cavity detuning [Figs. 3(a) and 3(b)].
Scanning the relative phase between the arms of the
interferometer, we obtain interferograms displaying inten-
sity oscillations. Yielding the value of the first-order
correlation function for a given temporal delay in the
interferometer, the interference visibility » of these oscil-
lations is extracted as v = (Iyax — Imin)/ (Imax + Imin)s
where [« min 1S, respectively, the upper and lower
envelope of the interferogram signal.

In Fig. 3(a), we plot the resulting extracted interference
visibility as we coarsely scan our interferometer. The
measurements reveal a significant influence of the emitter-
cavity detuning on the first-order coherence of the system.
While all visibility traces decay with constant coherence
time at longer timescales, at very short timescales, the
interference visibilities for negative detunings are reduced
and deviate from the simple exponential decay. This
phenomenon is further investigated in Fig. 3(b) with
finer time resolution while showing the visibility in the
vicinity of the zero path difference between the two
interferometer arms.

The visibility plots exhibit a pronounced fast decay due
to the PSB (which approximately is of Gaussian shape,
yielding the correct quadratic behavior at small times) and
the slowly decaying background that we attribute to the
ZPL emission [40,41]. It is in agreement with a recent
report on the coherence of a similar WSe,-based QD [50].
Crucially, the impact of the pronounced fast decay clearly
depends on the QD-cavity detuning, whereas the slow
decay remains widely unaffected.

Since the interferograms display the temporal coherence
profile of the emission, they are connected to the spectral
shape of the emission via Fourier transformation (FT).
Hence, we can harness the power of our fully microscopic
model for the QD-phonon system and express the theo-
retically obtained visibilities of photon coherence as

o(f) = N’ /_ : dol(0)H(w)e . (5)

For the emission spectrum /(w), we directly use the fit
functions shown in Fig. 2(a). The function H(®) models a
bandpass filter, and N is a normalization constant;
for details see the Supplemental Material [36]. To adjust
H(w) and N, we simultaneously fit the experimental
visibility for several detunings [except for the —9.15 meV,
for the same reason as for Fig. 2(a)] with the same
bandpass parameters. We assume that the deviation of
detunings used for interferometry and for spectroscopy
are negligible.

Numerical fits to the experimental visibility data using
Eq. (5) are shown in Fig. 3(c), where the cavity detuning
is varied according to the theoretical spectra shown in
Fig. 2(a). We find an overall good agreement with the
experimentally obtained temporal coherence, which cor-
roborates the consistency of our microscopic model. The
most notable feature that cannot be extracted directly from
the experimental data is the pronounced oscillation of the
signal at negative detuning with a period of about 1 ps.
We attribute it to an interference between the emitter and
the cavity-enhanced PSB.

To extend our quantitative analysis and extract coherence
times, we fit the experimental data with a more phenom-
enological model based on the FT of a typical emission
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spectrum of such QDs. We approximate the intensity of the
signal recorded in the Michelson interferometer as
A, _l Ay 5

I(1) = Iy + =L e cos (w11) + —2e = cos (wat),  (6)
7 (2}

where ¢ is the delay between the two arms of the
interferometer, I is the intensity of the signal at the input
of the interferometer, and A, ,, 71 5, @] , are the amplitudes,
decay times, and the frequencies of the individual compo-
nents, respectively. The extraction of the envelopes is
possible by considering the interference of two plane
waves, resulting in

A% _u A2 25

1 _21_ 2 T

Imax,min(t) = IO + {T_ze ! +T_2€ 2
1 2

2
I -5

%)
+ 2A1A2€_;e rg X COS (|CU1 — CU2|Z)} . (7)

Since the upper and the lower envelopes are symmetric
according to Eq. (7), the visibility trace is expressed
as v o Il

In Fig. 3(a), we perform fitting of the visibility using the
function proposed in Eq. (7) without the Gaussian decay
term and excluding the range of [—10,10] ps (shown
as shaded area), since the double exponential term is
dominant at longer timescales. Our fitting procedure
reveals a coherence time associated with the ZPL of
11.8 + 0.4 ps, which is consistent with the spectral ZPL
linewidth of 110 peV. The value of the coherence time is 2
orders of magnitude smaller than the characteristic radiative
lifetime; see the data presented in the Supplemental
Material [36].

In Fig. 3(b), the data are fitted with a function propor-
tional to Eq. (7) with 7; fixed to 11.8 ps. From the fits for
negative detunings, we extract an average fast component
7, = 0.85 £ 0.15 ps, which we adopt as a fixed value for
the zero and positive detuning fits.

The described procedure allows us to quantify the PSB
contribution to the visibility decay as a function of cavity-
emitter detuning. This contribution is most straightfor-
wardly reflected by its relative area below the visibility
traces. We extract this area by subtracting the slow
decaying (ZPL) trace to obtain the leftover fragments in
the top panel of Fig. 3(d). As shown in the bottom panel,
the area suggests that the phonon impact on the first-order
temporal coherence is of great significance for negative as
well as zero detuning conditions, but can be considerably
suppressed for positive detunings.

In summary, we provide a novel pathway to cavity of
control the optical properties of quantum emitters in
general, and WSe, QDs in particular. While previous
works specifically utilized the coupling of QDs to optical
cavities to enhance the photon flux, as well as to engineer

the spontaneous emission lifetime, here, we verify that the
cavity-emitter detuning directly influences the emitter
coherence time (7). This significant effect is prominently
exposed in the spectral as well in the temporal domain.
The way to gain control of the emitter coherence utilizes
selective enhancement of the emission of the zero-phonon
line versus the rapidly dephasing phonon sideband (which
is unavoidable and material specific). Indeed, this method
does not require high-Q cavities and works particularly
well in the case of WSe, QDs featuring a very asymmetric
PSB. Our QDs still suffer from a rapidly dephased ZPL that
sets limits to the overall temporal coherence. We attribute
this effect to the effective dephasing provided by the
emitter-phonon interaction in a truly two-dimensional
system. Our methodology to engineer the impact of the
phonon collisions on the coherence of the emitted light
beam is universal and highly relevant in the context of
realizing quantum emitters in 2D systems. It will be
possible to apply it to the next-generation WSe, QDs with
reduced dephasing, possibly based on optimized crystals
with advanced charge control as well as excited using
resonant driving schemes, which will pave the way toward
coherent TMDC single-photon sources.
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