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1. Introduction

Achieving efficient optical coupling between the emission from perovskite

quantum dots (PQDs) and photonic integrated elements requires

ultranarrow linewidths and highly directional emission. These are challenging
goals at room temperature due to the broad and isotropic nature of perovskite
emission. Here, we demonstrate ultranarrow-linewidth emission from CsPbBr;
PQDs at room temperature, in both spontaneous and stimulated regimes,

by coupling to state-of-the-art open-access curved dielectric cavities under
continuous wave excitation. The emission is confined to a single transverse
electromagnetic mode of the cavity, achieving a remarkably narrow linewidth
of 0.2 nm, &100x narrower than free-space emission in both the emission
regime. Single-mode lasing from a small number of PQDs is observed,
yielding a quality factor of ~2590, among the highest reported for single-mode
lasing. The open-access design enables precise tuning of cavity length and
selective coupling of emitters in their native state, overcoming the limitations
associated with closed and fixed-length vertical-cavity surface emitting

laser geometries. The geometry’s low divergence and tunability provide

an efficient route for integrating perovskite emitters with on-chip photonic
circuits, advancing their use in quantum and optoelectronic technologies.
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Narrow linewidth emission is essential
for advancing on-chip nanophotonics
and nano-optics, where precise control
over light-matter interactions plays a
critical role in integrated photonic cir-
cuits, light-emitting diodes (LEDs), and
quantum technologies.['?] High spectral
purity and directional emissionl?] are
key requirements for these applications,
particularly in quantum communication
and computing systems that rely on the
efficient generation and manipulation of
photons.**l One compelling route for
achieving these characteristics is through
lasing,[*°)  where stimulated emission
produces coherent, narrowband light with
high intensity and directionality. How-
ever, achieving room-temperature lasing
with high spectral purity remains a chal-
lenge due to the broad and isotropic
nature of spontaneous emission.[?]

Emitters such as semiconductor
quantum dots suffer from multiexciton
emission,!'12] while nitrogen vacancy centres in diamond are
limited by phonon sidebands that degrade photon coherence.'’]
Perovskite quantum dots (PQDs), by contrast, are low-cost,
bright,!'*] highly tunable in size and emission wavelengthl!>16]
chemically!'”8] to achieve single photon superradiance with a
single emitter,' and bright excitonic lasing.?%! Although las-
ing from pristine PQDs has been demonstrated,’?% it typi-
cally requires expensive cryogenic temperatures and often results
in multimode, non-directional emission, as the geometry itself
forms the cavity and the emission wavevectors are broadly dis-
tributed. One approach to achieve efficient lasing is by coupling
PQDs emission to optical cavities, such as whispering gallery
modes (WGMs) and dielectric distributed Bragg reflector (DBR)
based cavities to form vertical cavity surface emitting lasers (VC-
SELs). On one hand, WGMs cavities,?!] can improve PL emis-
sion but are challenging to use due to the difficulty in posi-
tioning the emitters precisely at the intensity maxima. However,
large supraparticles formed from small semiconductor quan-
tum dots (CdSe/CdS) can simultaneously act as both the lasing
gain medium and the cavity, providing wavelength-tunable las-
ing emission simply by changing the excitation wavelength.[2223]
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Figure 1. Experimental configuration. a) Schematic of the experimental configuration. Chemically synthesised CsPbBr; PQDs were spin-coated on a
planar DBR mirror, which are coated with a reflectivity maximum at 510 nm. A small cluster of the PQDs was excited using a laser source, and emission
was coupled to the Hermite-Gaussian modes of the open-access tunable dielectric optical cavity formed using a planar and a curved mirror. Spontaneous
and stimulated emission coupled to a single TEMy, mode of the cavity was collected using the same objective lens. b) Transmission electron microscopy
image of the monodispersed PQDs with a dimension of 10 nm edge size. c) Absorption (blue curve) and photoluminescence (green curve) spectra of the
PQDs, and measured reflectivity (black curve) of the DBR mirrors. Room temperature out of cavity PL emission of the PQDs showing a broad linewidth
with a FWHM of 19.0 + 2.0 nm. d) Time-resolved photoluminescence measurement of the PQDs emission (cyan dots) and fitted curve (blue curve)

showing a lifetime of 2.48 + 0.26 ns.

Additionally, WGM cavities typically out-couple in a multimode
regime,!?* which lacks the required directionality!?>-?’! for practi-
cal applications. On the other hand, most VCSEL geometries are
closed structures,!?®3% which restrict tunability and reuse at dif-
ferent lasing wavelengths, and require high-power pulsed lasers
to overcome the lasing threshold. These designs often have large
cavity lengths,[?#3% which results in multimode outcoupling.
Submicron length VCSELs!?! require embedding the emitters
in polymer matrices to control the cavity thickness. More criti-
cally, the closed-cavity designs exhibit broad spontaneous emis-
sion spectra, necessitating threshold crossing to achieve narrow-
linewidth emission, thus limiting their use for single-photon
sources and cavity quantum electrodynamics at room temper-
ature. Recently, small sized perovskite quantum dots have en-
abled the observation of polariton condensation in DBR based
microcavities under pulsed excitation regimes.?!! To move be-
yond the limitations of pulsed excitation, there have been re-
ports of continuous-wave (CW) lasing in solid-state perovskite
microcavities.’?33] However, these demonstrations typically rely
on large micron scale perovskite structures or extended 2D films
integrated with distributed feedback gratings,*** which are less
suitable for scalable single emitter integration or for realizing
compact, wavelength tunable coherent light sources at room tem-
perature.

To address these challenges, we use open-access dielectric
cavities**37] with concave-plano mirror geometry,?#3%1 which
offer spectral tunability, straightforward alignment, and high-
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quality-factor single-mode emission with small mode volume.
This architecture enables precise spatial positioning of the PQDs
in their native state at the cavity mode to get ultra-narrow
linewidth (0.2 nm) emission in both spontaneous and lasing
regimes under CW pumping at room temperature. As a result,
this platform provides a versatile solution that simultaneously
supports fundamental studies, such as single-photon genera-
tion and coherent light-matter interaction, in the spontaneous
regime, and enables practical applications like integrated nano-
micro lasers and energy-efficient coherent sources in the stimu-
lated regime.

2. Results and Discussion

Figure 1a shows the schematic of the experimental configura-
tion. Chemically synthesised CsPbBr; PQDs!“’! were spin-coated
on a planar DBR mirror forming a distribution of single and
small clusters of PQDs (see methods for details on prepara-
tion of PQDs, sample, and DBR mirrors). The concave mirror
of the cavity was fabricated by milling a smooth micron-sized
curved features using focused ion-beam (FIB) milling, which fa-
cilitates large Q values as well as ultra-small mode volume cavity
resonances.’®3%41l The DBR mirrors were created by coating 11
pairs of SiO, and Ta,Os to get a reflectivity of >99.5% at a target
wavelength of 510 nm, which is near the emission maxima of the
PQDs. A small cluster of PQDs was excited using 405 nm CW,
or pulsed laser source, and the PQD emission was coupled to the
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Figure 2. Experimental configuration: a) Schematic of the optical setup used to perform the imaging and spectroscopy. b) Confocal scan of the PL
emission to locate a small cluster of PQDs. The emission from this small cluster of PQDs was coupled to the optical cavity for measurements. c) Bright
field image of the curved features showing a bright fringe band that denotes mirror alignment. d) Curved features formed using FIB milling on a plinth
of lateral dimensions 300 x 300 um and a height of 100 um. The emission was coupled to a curved feature with a radius of curvature 12 ym and depth

300 nm, which is shown in a black square box.

cavity modes by precisely moving the curved mirror toward the
planar mirror using piezoelectric motion stages. At shorter cav-
ity lengths (= 1.2um), the mirrors were aligned to out-couple the
cavity emission into a single TEM,, mode.

In Figure 1b, images (i) and (ii) are the transmission electron
microscopy of monodispersed PQDs. The absorption spectrum
of the PQDs (Figure 1c) shows a broad absorption range that
allows their excitation with a broad range of wavelengths. The
green shaded area in Figure 1c shows the free-space PL emis-
sion of the PQDs, which was obtained by exciting the spin-coated
PQDs on the DBR as it faced the microscope objective. The DBR
stop band (grey curve in Figure 1c) covered the entire PQD emis-
sion wavelength range. The free-space emission was fitted with
a Lorentzian of full width at half maxima (FWHM) of 19.0 + 2.0
nm. (see Section S1 (Supporting Information) for free-space PL
measurements on multiple samples). This broad linewidth and
isotropic free-space emission of PQDs make it difficult to design
monochromatic LEDs or to couple it to other on-chip elements.
Low temperatures environments reduce the linewidth, but even
at cryogenic temperatures, the emission from clusters and sin-
gle emitters remains relatively broad. Measuring this PQD batch
at 7K, we found that PQDs clusters had an average linewidth of
~5 nm, due to inhomogeneous broadening. See Section S2 (Sup-
porting Information) for the PL measurements at cryogenic tem-
perature in free-space configuration on multiple samples. Time-
resolved photoluminescence measurements of free-space emis-
sion of PQDs shows a monoexponential decay lifetime of 2.48 +
0.26 ns (Figure 1d).

Cavity alignment and photoluminescence measurements were
performed using the setup shown in Figure 2a. CW 405 nm and
pulsed 450 nm lasers were focused through a 0.70 NA air ob-
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jective to confocally scan the sample (Figure 2b). The cavity was
closed*?] using piezoelectric nanopositioning stages, and the cav-
ity emission was directed to a single-photon avalanche detector
(SPAD) and spectrometer. Figure 2c shows the plinth mirror with
curved features during cavity alignment, where the bright fringe
band passing through the centre of the image indicates the angle
between the two cavity mirrors. The cavity length was monitored
using spectral information. See Section S3 (Supporting Informa-
tion) for details on using cavity interference fringes for angular
alignment of two mirrors. The small total size and elevated ge-
ometry of the plinth (Figure 2d) facilitate alighment. Curved fea-
tures with larger diameters increase mode volume, while smaller
diameters that have lower mode volumes, increase the surface
roughness. The optimum parameters we found were 12 ym ROC
and 300 nm depth. This allowed us to achieve stable and low
mode volumes that showed ultra-narrow linewidth single-mode
emission (marked by a black square).

The cavity emission properties are depicted in Figure 3, where
the cavity length was set to ~1.20 ym. to obtain a low order
longitudinal mode. This ensures a large free spectral range of
more than 100 nm, which enables single mode emission from
the cavity (see Section S4, Supporting Information). We mea-
sured emission from planar-planar mirror cavities (Figure 3a)
and found that the cavity reduces the linewidth to 2.2 nm (vs 20
nm free-space linewidth). This reduction is insignificant as a cav-
ity formed between two planar mirrors has large mode volume,
which generates broad emission.*®#*# Practical applications
demand low linewidth monochromatic mode emission, which
can be obtained with concave-planar mirror cavities that pro-
duce sharp resonances. Figure 3b,c shows the emission from a
concave-planar mirror cavity with a cavity length of 1.20 ym. The
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Figure 3. Room temperature single-mode ultra-narrow emission. a) PL emis

sion from a cavity formed between the planar—planar region of the mirrors.

The cavity re-shapes the emission profile and reduces the linewidth to 2.2 nm. b) Multimode emission from the cavity, formed between the concave and
planar mirrors showing multiple HG modes with m and n values. c) Single TEMy, mode emission spectrum (smoothed) obtained after fine tuning the
cavity alignment to couple the PQD emission to only a single mode. d) Single TEMy, mode emission from the cavity showing narrow linewidth emission
as compared to the broad background emission from free-space emission and 5.4 nm linewidth emission from measurements at 7K. e) Time-resolved
PL measurement and IRF deconvoluted fitting of the cavity-coupled emission for the planar—planar region (blue curves) and the TEM, cavity mode
formed between the concave and planar mirror (red curve) giving lifetimes of 2.37 and 0.13 ns, respectively.

modes supported by this system are Hermite-Gaussian (HG)
modes with higher order solution, transverse modes, with the m
and n as the eigenvalues of the Hermite Polynomials. Coupling
of the emission with optical cavity modes can be seen in the col-
lected PL from the cavity in Figure 3b. For a longitudinal mode,
various transverse modes can be seen. For m = n = 0 the trans-
verse electromagnetic (TEM) is the Gaussian mode profile, which
is the most intense peak and has the lowest divergence.?3*]
Figure 3b shows small peaks corresponding to the outcoupling
of individual transverse modes, each emitting at a different wave-
length depending on the transverse mode indices m and n. Emis-
sion into the higher order eigenvalue modes have higher diver-
gence, which makes it more difficult to couple the out-coupled
emission into external optics. In the inset of Figure 3b, we show
the calculated intensity distribution of the modes out-coupled
from the cavity. See Section S5 (Supporting Information) for the
beam profiles of higher order TEM modes. An in-plane mis-
match between the emitter position and the concave mirror can
force the emission into multiple transverse modes of a single
longitudinal mode. These are the small peaks in Figure 3b. Op-
timum cavity alignment results in TEM;, modes as shown in
Figure 3c. Theoretically, the emission from the emitters can be
out-coupled to this single TEM,, mode with an efficiency of
0.54.38414] Figure 3¢ shows a zoomed-in spectral region of the
TEM,,, mode, depicting a linewidth of only 0.2 nm, which was
limited by the resolution of our spectrometer. The actual emis-
sion linewidth can be <0.2 nm, which demonstrates the capabil-
ity of our open-access optical cavity system. Thus, the cavity cou-
pled emission shows a linewidth reduction of 100x as compared
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to the room temperature emission without any cryogenic cooling.
This makes this system suitable for generating monochromatic
light at room temperature.

To emphasise more on the practical application of our system,
we compare the linewidth of our cavity-coupled emission to a
cluster of PQDs at cryogenic temperature in Figure 3d. A cluster
of PQDs shows a redshifted emission at lower temperatures(*’—°!
and exhibited a linewidth of 5.4 nm at 7K (Figure 3d), which re-
duces to <0.2 nm in the cavity system. Furthermore, we observed
that at higher fluence with pulsed laser (110 m] cm~2) the lifetime
of the emission coupled to the TEM, mode decreases sharply to
0.13 ns showing the characteristics of the stimulated emission. At
a comparable cavity length, the planar—planar section exhibits a
longer lifetime of 2.37 ns, which is close to the off-cavity lifetime
values. This similarity arises because these cavities do not offer
significant Purcell enhancement at room temperature. These re-
sults highlight the potential of our experimental configuration as
a robust scheme for delivering optical gain to emitters precisely
placed at the resonance mode of the cavity.

Finally, to achieve lasing from the system, we pumped the cav-
ity using a 405 nm continuous-wave (CW) laser source, grad-
ually increasing the pump power. Figure 4a displays the vari-
ation in outcoupled emission from the cavity at three differ-
ent input power densities. The gray curve corresponds to emis-
sion in the spontaneous regime at a pump power density of
120 W cm~2, which is well below the lasing threshold. The cyan
coloured curve represents emission near the threshold (157 W
cm™2), while the red curve illustrates stimulated emission above
the threshold (200 W cm~2), indicative of lasing behavior. These
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Figure 4. Continuous wave lasing from the cavity coupled PQDs. a) Intensity vs power curve for three different pump powers. Gray curve: below threshold
(120 W cm~2), Cyan curve: near the threshold (157 W cm~2), and Red curve: above the lasing threshold (200 W cm™2). Inset shows the stability of the
FWHM and peak position of the lasing mode as a function of pumping power. b) Integrated intensity vs input power curve showing the transition of
emission from spontaneous emission to lasing with a threshold of 152 W cm™2. c) Second order correlation measurement of the emission from the
cavity showing the coherence of the emission. d,e) Polarisation resolved emission from the cavity showing unpolarised emission below the threshold
(~30 W cm~2) and polarised emission above the lasing threshold (~200 W cm~2) along the direction of incoming laser polarisation shown with blue
arrow. f) Narrow spontaneous and lasing emission from the cavity showing single mode emission with Q values of 2585 and 2590 respectively. g) Fine

tuning of the lasing mode wavelength by varying the cavity length.

regimes were identified by plotting the integrated intensity of
the cavity’s outcoupled emission as a function of input pump
power density, as shown in Figure 4b. At low pump powers, the
emission follows a sublinear trend characteristic of spontaneous
emission. As the pump power increases, the emission exhibits
a superlinear dependence, clearly revealing the threshold asso-
ciated with the onset of lasing with a lasing threshold of 152 W
cm~2. Power-dependent measurements were carried out using
a 300 grooves/mm grating to ensure high throughput, as pro-
longed measurements can cause slight cavity length shifts due to
mechanical vibrations. Second order correlation measurements
(Figure 4c) of the cavity emission above the lasing threshold (280
W cm~?) show g?(0) value close to unity, indicating high coher-
ence of the emission and ensuring the quality of the lasing mode.
Polarisation resolved emission spectra (Figure 4d,e) shows the
unpolarised emission from the cavity below the lasing threshold,
and polarised emission above the lasing threshold along the di-
rection of the incoming lasing polarisation (blue arrow along 0—
180°) respectively. This effect arises because the linearly polarized
pump mainly excites nanocrystal dipoles aligned along the pump
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polarization, initiating lasing in that direction. Above threshold,
spontaneous symmetry breaking together with a small but finite
mirror tilt lifts the cavity symmetry, causing the lasing polariza-
tion to follow the pump polarization, as also observed in similar
microcavity systems.I>"! Unlike other cavity designs where spon-
taneous emission is typically broad, our open-access cavity sys-
tem constrains spontaneous emission to a linewidth limited by
the cavity mode and spectrometer resolution, yielding an ultra-
narrow linewidth of 0.2 nm and a corresponding quality factor of
2590, as shown in Figure 4f. This narrowing of the emission is
solely due to the coupling of the spontaneous emission to the
curved-planar cavity modes, which also have been utilised re-
cently by us to produce narrow linewidth single-photon source
emission.[*”] This demonstrates that the cavity structure not only
narrows the emission linewidth but also defines the emission
profile by coupling to the TEM,,, modes of the cavity.

Upon increasing the pump power into the lasing regime, the
linewidth and peak position remain stable, maintaining the same
narrow spectral characteristics as shown in the inset of Figure 4a.
A 1200 grooves/mm grating, with a resolution of 0.2 nm, was
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used to characterize the emission in both regimes. For these mea-
surements, the cavity was re-stabilized to allow for longer expo-
sure times with the higher-resolution grating, which resulted in
minor adjustments to the cavity length and thus the lasing wave-
length. Switching to the lasing regime, the cavity wavelength
remains stable while maintaining the linewidth of 0.2 nm and
thus the quality factor of 2590 (Figure 4f, red curve), which is
among the best reported values for VCSEL geometries using
quantum dots (see Section S6, Supporting Information). This
on-demand tunability of our open-access cavity design enables
seamless switching between spontaneous and stimulated emis-
sion regimes while preserving ultra-narrow linewidths in both
cases. The lasing emission remains quite stable as a function of
time and decreases to 75% of its initial value in 450 s. This de-
cay was observed to be a cumulative effect of both photodegra-
dation of the emitters and the cavity drift as a function of time
(see Section S7, Supporting Information). Though our cavity ge-
ometry enables coupling of the pristine PQDs emission to the
cavity for modified spontaneous and stimulated emission, incor-
porating the emitters into a polymer matrix such as Polymethyl
Methacrylate (PMMA) could further enhance their stability and
lower the lasing threshold.[*”! Furthermore, by changing the cav-
ity length the lasing wavelength can be tuned precisely as shown
in Figure 4g where the lasing mode was finely tuned from 516
to 520 nm without changing the pump power or the emitters lo-
cation. For reproducibility and flexibility, we also observed lasing
from a 450 nm CW laser, giving a lasing wavelength ~530.1 nm as
shown in Section S8 (Supporting Information). Such adaptabil-
ity not only facilitates precision studies in quantum optics un-
der spontaneous emission but also provides a scalable pathway
for integrating low-threshold coherent light sources into next-
generation nanophotonic and microphotonic devices.

3. Conclusion

To conclude, we have demonstrated ultranarrow spontaneous
and lasing emission in a CW-pumped system by coupling the
emission from PQDs to open-access, tunable dielectric optical
cavities. Emission from the cavity-coupled mode outcoupled into
a single transverse mode of the curved-planar cavities with an
ultranarrow linewidth of 0.2 nm (limited by spectrometer reso-
lution), yielding a quality factor of #2600—among the highest
reported in a VCSEL-type design. The open-access architecture
allows the emitters to remain in their native state without requir-
ing a polymer matrix, while the tunable geometry overcomes the
limitations of traditional VCSELSs, which suffer from poor preci-
sion due to fixed mirror spacing. By precisely placing the emit-
ters at the low-mode-volume regions of the curved-planar cavi-
ties, and pumping with a CW laser, lasing is achieved at a thresh-
old of just 152 W cm™2, without requiring pulsed excitation. Even
at higher pump powers, the peak position and linewidth of the
mode remain stable, indicating robust lasing and emitter stabil-
ity. These results pave the way toward achieving CW polariton
condensation in open cavities with real time tunability of the cav-
ity length and coupling strength. Finally, the geometry can also
be used with single photon emitters to achieve much narrower
linewidths at room temperature, opening new possibilities for
coherent light studies and quantum technological applications.

Adv. Optical Mater. 2025, €01918 €01918 (6 of 8)

www.advopticalmat.de

4. Experimental Section

Chemical Synthesis of CsPbBr; PQDs:  All the chemicals, Cesium car-
bonate (Cs,COj3, 99.9%), lead bromide (PbBr,, 99.9%), oleic acid (OA,
technical grade, 90%), oleylamine (OAm, technical grade 770%), 1-
octadecene (ODE, technical grade 90%), ethyl acetate (EtOAc, 99.5%), cy-
clohexane (anhydrous, 99.5%), and ethylene glycol (anhydrous, 99.8%),
were purchased from Sigma-Aldrich and were used as received with-
out any purification. CsPbBr; PQDs were synthesised using microwave-
assisted preparation for achieving high-quality PQDs of the dimensions of
~10nm. A 100 mL vial was used to prepare a mixture of Cs,CO3 (1 mmol,
free 26 g), oleic acid (OA), and 60 mL of octadecene (ODE), with Cs,CO;
to OA molar ratios varying from 1:1 to 1:6. The solution was heated to
150°C and stirred until the Cs,CO; fully dissolved, then allowed to cool
to room temperature. Similarly, Pb precursors were prepared by combin-
ing PbBr, (1 mmol, 0.367 g) with OA, oleylamine (OAm), and 60 mL of
ODE in another 100 mL vial. The ligands were added in different ratios
(OA:OAm = 0:3, 0.5:2.5, 1:2, 1.5:1.5, 2:1, 2.5:0.5, and 3:0 mmol) with to-
tal loadings of ~30, 34, 40, 45, and 60 mmol. This mixture was heated
to 150°C, stirred for 1 h, and then cooled to room temperature. For the
large-scale synthesis of CsPbBr; quantum dots, the reaction mixture was
heated using a commercially available microwave (MW) oven (MW25B,
LG Co.) in a specially designed quartz bath. The mixture underwent MW
irradiation at 800 W for 5 min before being transferred to a 100 mL vial
and cooled in an ice bath. After cooling, the solution was centrifuged at
8000 rpm for 10 min, and the resulting precipitate was dispersed in cy-
clohexane. This colloidal solution was then mixed with ethyl acetate and
centrifuged at 5000 rpm for 5 min, after which it was re-dispersed in cyclo-
hexane. This method successfully produced over 0.16 g of CsPbBr; quan-
tum dots with excellent luminous properties from each 100 mL of reaction
mixture. The Transmission electron microscopy was performed at 200 kV
using HR-TEM; JEM-2100F, JEOL.

DBR and Curved Cavity Preparation: The DBRs were deposited on
fused silica coverslips for fabricating planar and curved mirrors to mini-
mize the autofluorescence of the glass. 11 pairs of SiO, and Ta, O layers,
each with a thickness of a quarter wavelength, were deposited using the
sputtering method. The reflectivity of the DBR were centered at a wave-
length of 510 nm, which is near the emission maxima of the CsPbBr;
PQDs. The thickness and the reflectivity of the SiO, layer and Ta,Os layer
are 86.1 and 58.5 nm, and 1.48 + 0.01 and 2.18 + 0.01, respectively. The
curved mirrors were fabricated using FIB focused ion beam milling tech-
nique. A UV Fused Silica glass slide (Spectrosil 2000) was diced to make
a plinth of lateral dimensions 300 x 300 ym and height of 100 ym. Var-
jous curved mirrors of radius of curvature (ROC) ranging from 5-25 um
and depth 300 and 600 nm were milled using FIB. For our experiments, a
curved feature with ROC 12 ym and a depth of 300 nm was used to get
low mode volume and high finesse.

Sample Preparation for the Optical Measurements: ~ As prepared PQDs
were diluted 100x and filtered through a 100 nm mesh to remove larger
clusters. The filtered PQDs were then spin-coated onto a 10 mm diameter
DBR-coated planar mirror at 1600 rpm for 60 s, followed by an increase
to 2000 rpm for an additional 60 s to expedite drying. Afterward, the spin-
coated mirror was mounted onto a sample holder, and a small emitter
cluster was selected for cavity coupling using confocal scanning.

Experimental Setup: The imaging and spectroscopy of the cavity cou-
pled PQDs were performed on a home-built confocal setup. The PQDs
deposited on the planar mirror were excited either using a 405 CW or, us-
ing a 450 nm CW, or 450 nm pulsed laser (PicoQuant PDL-800D) with a 70
ps pulsed width and a repetition rate of 40 MHz. See Section S9 (Support-
ing Information) for the instrument response function (IRF). Both the pla-
nar, and curved mirror on plinths were placed on a custom-made sample
holder attached to 3-axis Nanomax 300 piezoelectric stages. The curved
mirror was placed on a Goniometric stage to fine tune the tilt for cavity
alignment. The PQDs were excited using an infinity corrected 60x 0.70 NA
objective lens (Olympus LUCPlanFLN) with a correction collar (0.1-1.3
mm) to account for the thickness of the DBR mirrors deposited on a cov-
erslip. The laser was focused to a spot size of 2 pm on the front side of
the planar mirror. The laser power was measured on the sample plane
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after the objective lens. The emission from the cavity was collected us-
ing the same objective lens in the epi-fluorescence configuration. For the
free-space measurements, the planar mirror with the dropcast PQDs was
flipped such that the reflective side of the DBR mirror faced the objec-
tive lens. The beam was directed to the objective lens using a dichroic
mirror (490 nm cut-off). The back reflected Rayleigh emission and the PL
emission were transmitted through the dichroic mirror and were passed
subsequently through long pass 480 and long pass 470 filters to remove
the laser light completely. A 30:70 beam splitter (Thorlabs BSS10) was
then used to direct the emission to the imaging camera and spectrom-
eter. For second order correlation measurements, the signal was passed
through additional filters (500 nm longpass and 550 nm shortpass), and
was collected with a 50 #m 0.22 NA with 50:50 splitter optical fiber and
subsequently analysed using two SPADs. For cavity alignment, the long
pass filters were removed and a band pass filter 547/15 (Semrock TBP-01-
547/15) was placed in front of the camera for better visibility of the fringes.
Optical fibers of diameter 25 ym and 0.10 NA were used to perform the
spectroscopy and TRPL measurements. A 0.3 m spectrometer with 10 ym
slit width and 300 and 1200 grooves per mm gratings was used to per-
form the spectroscopy, with the light collected by a cooled CCD detector.
TRPL measurements were performed using Micro Photon Devices SPADs
and Time Tagger Ultra from Swabian Instruments. For low temperature
measurements, the sample was cooled using a Janis ST-500 continuous
flow liquid helium cryostat. The sample was excited at a wavelength of 405
nm with a Pulsed laser source (PicoQuant) at a repetition rate of 10 MHz
using a 0.50 NA 100x objective lens (Mitutoyo).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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