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Abstract

Colloidal semiconductor nanocrystals constitute materials of choice to realize microlasers, thanks to the
fine control of their optical and electronic properties, and to their solution processability. However so far,
lasing has mostly been obtained under high excitation, in the biexciton regime. Here, we demonstrate
instead that, in high-quality cavities, lasing naturally occurs in the single exciton regime. We describe the
facile fabrication of nanocrystal-coated polymeric microcavities and study their lasing characteristics. We
show that the lasing threshold lies in the sub-monoexcitonic excitation regime for CdS/CdSe/CdS quantum
shells in particular, thanks to the high quality factor of the cavities and high transition cross sections of the
guantum shells. We explain these results using a comprehensive model of nanocrystal optical properties.
The model correctly reproduces lasing characteristics near and above the threshold. In this regime, in
contrast to previous studies, the performance of the microlasers relies mostly on the transition cross
section and the Stokes shift, not on biexciton recombination or exciton-biexciton splitting. This improved

understanding will enable rational design of colloidal nanocrystals for low-threshold lasing applications.

Keywords: semiconductor nanocrystals, quantum dots, quantum shells, nanoplatelets, laser, optical gain,

microcavities



Colloidal semiconductor nanocrystals are attractive materials for optical gain, thanks to their brightness,
photostability and low lasing thresholds, their inexpensive colloidal synthesis and easy solution
processability. In particular, they could facilitate miniaturization and integration into microphotonic
devices thanks to the realization of microlasers.Y™ Their electronic and optical properties can be tuned
easily by varying their size and shape, thanks to quantum confinement, and by forming heterostructures
such as core-shell nanocrystals. The synthesis of 1I-VI colloidal heterostructures based on CdSe is
particularly well developed, including quantum dots (QD), nanoplatelets (NPL) and quantum shells (QS),
all of which have demonstrated optical gain.®’>%'% Band edge properties of QDs and QSs are usually
represented with three electronic levels, with a ground state 0, a mono-excitonic state X, and a bi-excitonic
state XX. In terms of optical gain, a simple atomic-like model predicts that 0 is absorbing, X is optically
transparent and XX enables stimulated emission and optical gain.? In this description, lasing therefore
relies on the biexcitonic state. This suffers from the rapid Auger relaxation in core-only QDs. However,
Auger recombination is slowed down in CdSe/CdS core/shell nanocrystals thanks to the electron
delocalization in the whole heterostructure. This has enabled demonstrations of low threshold biexcitonic

stimulated emission and lasing using optical pumping or more recently using electrical pumping. 3

Monoexcitonic lasing is more difficult to achieve due to the degeneracy of the system in this description.
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It has been demonstrated in special cases,'* including charged QDs, where this degeneracy is lifted by
populating the first conduction band level with one extra electron, and type Il QDs where it is lifted by
large exciton-biexciton splitting due to Coulomb interactions.'®*° Despite these realizations, there is a lack

of general framework to describe optical gain in semiconductor nanocrystals and optimize their design.

Here, we compared QDs, QSs and NPLs and their ability to perform amplified spontaneous emission (ASE)

in solution. We rationalize the effect of nanocrystal concentration and absorption cross-section on the ASE



threshold with a simple model. We then fabricated high quality factor polymeric microcavities by a simple
photolithography technique and coated them with the different nanocrystals to study their lasing
characteristics. We show that, in optimized systems, lasing originates from monoexcitons, not biexcitons,
and start well below XX-X or X-O population inversion. We propose a refined photophysical model to
explain these and previous observations, introducing the Stokes shift between absorption and emission

spectra as a crucial parameter for mono-excitonic lasing.

Results and discussion

Amplified stimulated emission in solution. We prepared different heterostructured nanocrystals based
on CdSe and CdS. In these systems, valence band holes are confined in CdSe while the conduction band
electrons are delocalized in both CdSe and CdS. This slows down Auger recombination, and thus favors
radiative recombination of the biexciton and facilitates lasing. We prepared seven CdSe/CdS nano-
heterostructures with three different geometries and different sizes: CdSe/CdS QDs%2%23 (QD-1, 2),
CdS/CdSe/CdS QSs'*1224-26 (QS-1, 2, 3) and CdSe/CdZnS NPLs®%?7 (NPL-1,2; in these NPLs the shell is
composed of an CdS-ZnS gradient alloy ranging from Cd-rich for the inner layers to Zn-rich in the outer
layers). Dimensions, emission wavelengths, absorption cross sections, monoexciton and biexciton
photoluminescence quantum yields of each nanocrystal type are presented in Tables S1-S3 in the
Supporting Information. Average emission quantum yields are all in the 45-60% range for monoexcitons

and in the 17-29% range for biexcitons.

These nanocrystals are often considered separately, and rarely compared under identical preparation and
optical conditions. We have compared the ability of these different types of nanocrystals to perform
amplified stimulated emission (ASE) under identical preparation and optical conditions.? In order to
eliminate extrinsic factors which play key roles in ASE measured in close-packed films, such as variation of

film thicknesses and scattering by surface rugosity, we measure ASE in solution for each sample, and



systematically vary the concentration of nanocrystals. We excited solutions of nanocrystals with a pulsed
532 nm laser line and collected the emission spectra in the direction of the line. As shown in Figure 1a,b,
at low excitation intensity, the emission spectrum shows the Gaussian shape typical of monoexcitonic
spontaneous emission. Above a threshold, a sharper emission line appears in the spectrum at wavelengths
that are systematically blue-shifted with respect to monoexcitonic emission. This is consistent with the
general experimental observations from the literature, in which gain is maximal at the wavelength of
biexciton emission, and biexcitonic emission is blue-shifted compared to monoexcitonic emission in these
CdSe/CdS heterostructures due to Coulomb repulsion. Assuming purely electronic transitions, the optical
gain values associated with the XX-X and X-0 transitions are proportional to AN; g, ;, where AN; is the
population inversion between the corresponding XX-X and X-0 levels and g, ; is the corresponding
stimulated emission cross-section. Two simple arguments may then be used to explain the higher gain at
the biexciton wavelength: (i) in QD and QS, the stimulated emission cross sections of the XX-X transition
are twice those of the X-0 transition, due to the electronic level degeneracy; (ii) the XX-X population
inversion reaches higher levels than the X-0 population inversion. Indeed, let’s consider the population of
the different levels as a function of excitation pulse energy expressed in Nph , the average number of
photons absorbed per pulse, immediately after the end of the excitation pulse (Supporting Information
discussion and Figure S5). As Nph increases, ANy_, = e‘ﬁph(ﬁph — 1) becomes positive for Nph > 1.
However, this X-0 population inversion reaches a maximum of e~2? ~ 0.13 when Nph = 2, and then
decreases for higher Nph, due to the progressive population of the XX level at the expense of the X
population. In contrast, ANy _x can reach values close to 1 for high excitation pulse energy. Due to these

two contributions, the maximal gain of the X-0 transition is about 15 times lower than that of the XX-X

transition. In addition, if there is a spectral overlap between these transitions, this difference is further

amplified, due to the competition of X-0 stimulated emission and X-XX reabsorption at lower Nph.



We then repeated this measurement for different concentrations. We observed that the ASE threshold
systematically decreases as the concentration increases (Figure 1c). There is a minimal concentration,
Cmin, below which no ASE signal could be observed and above which the ASE threshold intensity decreases
abruptly. This can be understood by considering that, below or near the threshold, the detected signal
starts with a spontaneous emission event, emitted within the illuminated volume. The emitted photons
are then either transmitted directly to the detector within a solid angle {}.,;;, or are transmitted through
the illuminated solution within a much smaller volume Q,sz~S/L?, where S and L are the section and
length of illuminated solution volume. Depending on the population inversion, these can be either
reabsorbed by other nanocrystals or elicit stimulated emission. Assuming a homogeneous illumination,
and limiting our discussion to the blue-shifted XX-X transition observed experimentally, the total detected
intensity at the end of the line, I, depends on the intensity emitted spontaneously per unit volume of

solution, Igp, the concentration Cy, the population inversion, ANyy_x, and the line length L , as:
L
I~ Ispﬂcoll + IspQASE fO e ANxx-xTemxxCNC Z 7 A1)

At low excitation power (ANyy_x < 1) the second term is negligible compared to the first one. Since
Qusp K Qe the ASE becomes detectable when the exponent becomes comparable to 1, that is,
CncOemxxANxx_x L = 1. At most, ANyy_x = 1, which explains the existence of minimal concentration
to obtain detectable ASE, Cpin = (GemxxL) ™" (Supporting Information Figure S8). As shown in Figure
1d, we find indeed a clear correlation between C,,,;;, and ag,, the absorption cross section at the central
wavelength of the band edge excitonic transition (g, is proportional to oyy, but not as the same
wavelength). Above C,,;,,, the range of measurable concentrations is limited by the solubility limit of
nanocrystals, which vary depending of particle size and ligand coverage. Similarly to ASE, when using these

nanocrystals within microcavities, we expect that reaching the lasing threshold will be facilitated



when g, xx is large. NPLs and QSs, with their high absorption cross-section at the band edge exciton

transition, therefore seem to present more favorable photophysical properties.

[}

Intensity (a.u.)

o

ASE threshold (m)/cm?)

15.0 1 Pump fluence (m)/cnv)
76.8
12.5 91.4
106.0
10.0 — 1206
— 1316
75 — 146.2
5.0 1
25 PRI NGRS Y )
0.0 , ' ' ,
550 575 600 625 650 675 700
Wavelength (nm)
500 3
': -+- QD1
400 i —— QD2
| -+- NPL1
300 :I —+— NPL 2
1 QS1
]
“. Qs 3
1 o 8
100 \ i o Noi o
| “Y’ R
0 . . . .
25 50 75 100 125 150

Concentration (uM)

Integrated signal (a.u.)

Critical concentration (uM)

12

10

1201

100 1

80

60 1

40 A

201

80 100 120 140
Pump fluence (mj/cm?)

+QD 2 +QD 1

+QS 2

+QS1
+NPL 1

+NPL 2 4QS 3

1 2 3 4 5 6 7
1/0, (cm™2) leld

Figure 1 a. Photoluminescence spectra of a solution of QS collected in the direction of the excitation line,
for different pump fluence; b. Integrated photoluminescence intensity as a function of the pump fluence.
c¢: ASE pump fluence thresholds as a function of nanocrystal concentration for QD, QS, and NPL samples;
d: Experimental minimum concentration required to observe ASE for the different samples, as a function
of the inverse of the cross-section of their 0-X transition.

Fabrication of parabolic polymeric microcavities. In order to fabricate high quality factor microcavities,

we used a modification of a recently reported photolithographic method.?® A diluted SU8 photosensitive

resin was spread as a thin film by spin coating, and illuminated by a Gaussian laser beam at 405 nm at the

desired positions for controlled durations. The amount of deposited energy controls the diameter of the

photo-crosslinked regions, since a local minimal energy deposition is required to perform cross-linking, as

previously demonstrated. After baking and washing steps, these fabrication steps yield cylindrical
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microdisks with vertical walls, presenting high quality whispering gallery modes.?® However these modes
are spread over the whole height of the microdisk and are susceptible to leaking into the underlying
substrate. In order to improve confinement of the modes, we introduced a controlled amount of Tinuvin
Carboprotect, a UV molecular absorber.?° As a consequence, the local energy density deposited by the 405
nm laser beam, W, decreases with the lateral distance to the center, r, and with the penetration depth in

the SUS8 layer as:

212
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where P, is the laser power, w, the beam waist, €445 and Cyj5 the molar absorption coefficient at 405 nm

of the absorber and its concentration in the film, z; is the film thickness and z is the coordinate along the

height. Writing W,_, as the cross-linking threshold, this results in a parabolic shape with a profile

2 2
z(r) = zo + LZ +In (W, _ o

€405CabsWg L 2Pyt

), (3)

as shown in Figure 2a. When increasing the concentration of absorber in the film, Eqg. (3) predicts that the
walls curvature increases, as shown in Figure 2b. Scanning electron microscopy of microdisks realized with
absorber concentrations of 10, 20 and 40 wt% shows that the shape indeed evolves accordingly and is
retained after baking steps (Figures 2c, d). When labeled with QDs at a small concentration, the emission
spectra of the QDs showed efficient coupling to whispering gallery modes, with high contrast and narrow
(spectrometer resolution limited) peaks on top of the broader envelope (Figure S7). This suggests that
these microcavities present a high quality factor (Q > 6,000), thanks to decoupling from the substrate and
a smooth surface limiting scattering losses, as well as a high Purcell factor corresponding to an efficient

coupling of the QD emission into the cavity modes.
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Figure 2 a: Laser intensity profile during photolithography as a function of the distance to the center and
penetration depth into the resin film containing a UV absorber. The red line represents an iso-intensity
profile, corresponding to a potential photo-crosslinking threshold as noted in Equation (3); b: Theoretical
variations of the microdisk shape as a function of UV absorber concentration for similar laser irradiation
conditions; c: Scanning electron microscopy of microdisks realized with 10, 20 and 40 mg/mL of UV
absorber (Scale bar = 5 um); d: Edge profiles of the same microdisks.

Nanocrystal lasing. We fabricated a series of parabolic microdisks with diameters in the range of 10 to 30
um, and covered them with nanocrystals by spin coating. We excited the nanocrystals using a pulsed 532
nm laser from the top and collected the emission from the side (see Supporting Information). At low
excitation intensity, the emission spectrum showed the broad envelope corresponding to spontaneous
monoexcitonic emission. After a certain threshold, a narrow (< 0.2 nm FWHM) lasing peak appears (Figures
3a,b). These microcavities support whispering gallery modes separated by a few nm in wavelength.®
Assuming that all these modes have similar quality factors, near the threshold, the nanocrystals start lasing
in the mode where gain first exceeds cavity losses. Above this threshold, we observed lasing in the same
mode, with instrument-limited spectral width (Figures 3c,d). Interestingly, all the QSs and NPLs samples
exhibited lasing on the red side of their spontaneous emission spectra, in contrast to ASE or biexciton

lasing which always occurs on the blue side.
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Figure 3 a: Typical emission spectrum of a microcavity coated with QS; b: Integrated intensity as a function
of pump power; c: Series of photoluminescence spectra as a function of pump power; d: Spectrum of a
lasing peak, for different pump power.

Model of nanocrystal gain. To understand this behavior, we propose a new model taking into account a
key ingredient of photophysical properties of these nanocrystals which has so far remained neglected in
lasing studies, which is the Stokes shift, As, between the absorption and emission spectrum maxima of the
0-X transition. In general, this shift originates from two sources: the fine structure of the exciton and the
coupling to phonons.3! In our cubic CdSe/CdS nanocrystals, the exciton fine structure splitting vanishes
with increasing shell thickness due to the reduced electron-hole spatial overlap and absence of crystal
field splitting.3* However, the Stokes shift increases with shell thickness. This can be explained by an

increased phonon coupling due to the increased charge separation, which has been previously observed
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from the broadening of single particle emission spectra.®®3* Taking this Stokes shift, Ag, into
account requires considering 0, X and XX not as pure electronic states, but as an ensemble of vibrational
sublevels (Figure S8). Only the lowest vibrational sublevels of 0, X and XX are significantly populated due
to fast intraband relaxation. However, these sublevels absorb and emit photons into higher lying sublevels

of 0, X and XX.

A complete description of the model is discussed in the Supporting Information, and we will only present
the main arguments here. When considering stimulated emission, the relation between Einstein
coefficients indicates that the stimulated emission cross-section spectrum is proportional to the
spontaneous emission spectrum from the X state to the O state, ie. Bxy_q(1) X Ax_o(A). Furthermore, the
symmetry between absorption and stimulated emission processes dictates that the amplitudes of the
corresponding cross-sections are equal. For the 0-X transition, this leads to the following relation between

the absorption cross-section, 0,50 and the stimulated emission cross-section, gg, x :

oo(A) = Oabs,0 D) = 20emx (A + Ag), (4)

where the factor 2 originates from the degeneracy of the 0 and X levels. When applying the same principles
to the X-XX transition, we introduce an additional term Ay_ xx corresponding to the X-XX splitting. We can

therefore express the lineic optical gain of the nanocrystal medium, g(4), as:

gA) = Cyc * (= Opign(A) — og(DHNg — %Uo()L + Ax_xx)Nx +% 0o (A — Ag)Ny
+ 00(A — Ag + Ax_xx)Nxx) , (5)
where g4, (4) takes into account the absorption transitions occurring from states lying lower in the
valence band and higher in the conduction band, Cy. is the nanocrystal concentration in the cavity and

N; are the population fractions of the i = 0, X and XX states. Below and at the threshold, the population

fractions at the end of the excitation pulse can be derived as a function of the pump power, or equivalently,
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of the average number of photons absorbed per nanocrystal per pulse, Nph. Figures 4a,b show the

spectrum of lineic gain for different values of Nph at the end of the excitation pulse. For emission
wavelengths on the longer wavelength side of the X-0 spontaneous emission spectrum, the gain becomes
positive at low pump power, for Nph < 1, butis limited in amplitude. On the other hand, for wavelengths

closer to the XX-X emission spectrum, the lineic gain becomes positive only for larger Nph, but reaches
much higher values. This is consistent with ASE experiments, where the concentration Cy is small, and
ASE can be observed only when the lineic gain is large enough, ie. near the biexciton emission wavelength.
In agreement with our model, when Cy increases, the ASE threshold occurs at lower excitation power.
Since the ASE spectrum occurs at the wavelength of peak lineic gain at this excitation power, the ASE
spectrum shifts to longer wavelengths at higher concentrations (see Figure $10-S12 and discussion in the

Supporting Information).

In a microcavity, lasing starts in the mode where the lineic gain becomes equal to the lineic loss: g(1) =

2men
AQ

[0ss(A) = , Where n is the refractive index of the cavity and Q is the quality factor. At low excitation

power (Nph < 1), the lineic gain is negative (absorption dominated) for shorter wavelengths but becomes
positive (dominated by stimulated emission) for longer wavelengths. This behavior can be attributed to
the Stokes shift, as discussed in the Supporting Information (Figure $S13). As a consequence, we can define
a factor of merit of the cavity and the nanocrystal medium as
K = AQ Cycoy/2nn. If K >> 1 (high quality cavities/high nanocrystal concentration), the lineic gain can
overcome lineic losses at longer wavelengths, well below 0-X population inversion. As K decreases, lasing
requires higher gain to compensate losses. This higher gain is only reached at higher excitation intensity

and for shorter wavelengths, as shown in Figures 4c,d.
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Figure 4 (a) Predicted spectrum of the lineic gain g(4) (normalized by 0,Cy() as a function of the average
number of photons absorbed per nanocrystal per pulse, Nph for the QS-3 sample; (b) Variations of the
normalized lineic gain at three different wavelengths as a function ofﬁph; (c) Evolution of Nph at the lasing

threshold as a function of K ~1;(d) Predicted evolution of the lasing wavelength (ie. wavelength of maximal
lineic gain) as a function of K 1.

In summary, in our WGM microcavities where lasing is possible at a range of different wavelengths, the
mode which starts to lase first should be redder with lower thresholds for higher K, and bluer with higher
thresholds for lower K. In order to validate our model, we examined the lasing thresholds and wavelengths
for 63 microcavities covered with quantum shells QS-3. Lasing thresholds are translated directly from
pump power into Nph (see Supporting Information). We then compared the values obtained with the
model described above. As shown in Figures 5a,b, there is a clear correlation between lasing wavelengths
and threshold excitation intensity which is consistent with our model. The vast majority (95 %) of the

cavities studied display thresholds corresponding to an average number of photons absorbed per QD
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below 0.5, where the contribution of the biexcitonic state is minimal. In a small percentage of cavities, the
quality factor is lower, which may be due to film inhomogeneities or impurities in the photosensitive resin.
This results in lasing thresholds which are much (up to 20 times) higher. These lower quality microcavities
require larger lineic gain in order to lase, which occurs only in the biexcitonic state, and are characterized

by a lasing wavelength which is blue-shifted compared to monoexcitonic spontaneous emission.

a b

660 1 660

650 A 650

L 2
640 % 640 ++++' |
¢ _ Tetti 3

56301 § 630 + .
< <

620 620

610 610

600 . _ 600

00 25 50 75 100 125 150 17.5 00 01 02 03 04 05 06
Nph @ threshold Nph @ threshold

Figure 5. a: Experimental average lasing wavelengths as a function of the lasing threshold, expressed in

Npp, units, for 63 microcavities covered with QS3 (diamonds) and values predicted by the model (line); b:
Zoom on the low threshold region.

This behavior is general to QS and NPL samples, when spin-coated as solutions of similar optical density.
We show the relationship between Nph at the lasing threshold and the difference between the
wavelengths of lasing, 4;4s-, and central spontaneous emission, 1y, measured for two QS samples (Figure
6a) and one NPL sample (Figure 6b). For QS samples, lasing threshold occurs mainly below Nph < 0.5,and
at redshifts between 10 and 25 nm above A4;. NPLs also follow the same behavior: NPL microcavities lasing
at the lowest thresholds lase at redder wavelengths, between 10 and 25 nm above A,. The lasing
wavelength then blueshifts towards A, for microcavities with higher thresholds. For NPLs, Nph could not

directly derived experimentally due to the absence of variation in the spontaneous emission spectra with

excitation power in our excitation range. However, the theoretical absorption cross-section at the
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excitation wavelength provides a calculated Nph. The lowest thresholds lie above Nph = 2. This is
consistent with the photophysical properties of NPLs, in which more than two excitons may coexist in the
same nanoplatelet at the same energy, due to the large lateral dimensions of the NPLs.>® As a
consequence, the number of photons absorbed per NPL Nph at the threshold needs to be higher, in order
to reach the same level of population inversion Ny — Ny. None of the QD samples provided any observable
lasing in our conditions. Compared to the QS and NPL samples, QDs possess lower g, cross sections (Table
S2). As a result, Kmay be too low to enable lasing. In addition, films of QDs showed more heterogeneities,
which may decrease the quality factor and K, and prevent lasing. Optimizations of QD deposition
conditions, together with the use of QDs with larger cores and g, cross sections should however in

principle also enable mono-excitonic lasing.

Finally, we examined the behavior of these microlasers above the threshold. Figure 6¢c shows the evolution

of a QS microcavity emission spectrum as a function of the excitation power. As the excitation power

increases above the threshold (here, Nph > 0.3), the mode which lases first remains dominant up to

Npp = 10. In order to understand this behavior, we used a coupled differential equation model taking
into account the same photophysical parameters as described above and the competition between
pumping and stimulated emission during the excitation pulse (see Supporting Information). As shown in
Figure 6d, predictions from this model correctly reproduce experimental observations. As the excitation
power increases above the lasing threshold, photons populate the cavity mode faster and in higher
numbers, and de-excitation of nanocrystals by stimulated emission can compensate the pump excitation.
Therefore, lasing occurs at the same wavelength, even though excitation power is several times higher
than the threshold. This more comprehensive model also correctly predicts the relationships between
lasing wavelength, threshold, quality factor and nanocrystal concentration, (see Supporting Information

and Figure S18-519).
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Figure 6. Comparison of the difference between the lasing wavelength, 4,,,.,- , and the central wavelength
of spontaneous emission, 4, as a function of lasing threshold for two QS samples (a) and NPLs (b).
Experimental (c) and predicted (d) evolution of the emission spectrum of microcavities covered with QS3

as a function of pump power, expressed in Nph units.

Conclusion

In conclusion, we have demonstrated the fabrication of parabolic microcavities using a simple
photolithography method. The high quality of these cavities enables monoexcitonic lasing from different
samples of nanocrystals. We propose a general model describing absorption and stimulated emission in
nanocrystal medium, which reconciles the experimental observations from ASE experiments and cavity
lasing from different samples and with reports from the literature. This also provides directions for further
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optimization of nanocrystal design for more efficient lasing. At low quality factors, reducing Auger
recombination rate is crucial to minimize losses and optimize bi-excitonic lasing. However, at high quality
factors, mono-excitonic lasing is favored and the major parameters to optimize become the Stokes shift

and the cross section of the 0-X transition.

Materials and Methods:

Nanocrystal synthesis. Nanocrystals were synthesized in hot non coordinating solvent using adaptations

of previously described protocols, as detailed in the Supporting Information. 3¢:23,37,3811

Amplified stimulated emission in solution. Solutions of nanocrystals in toluene were loaded into 3 mm
quartz cuvettes. A 20 Hz, pulsed doubled YAG laser at 532 nm is focused as a line into the solution. The
emission is collected from the side, in the direction of the line, and focused into a multimode fiber

connected to a spectrometer.

Microcavity fabrication. For the parabolic microdisks fabrication, SU8-2015 was diluted in cyclopentanone
with a 3:2 SUS8:cyclopentanone ratio. Tinuvin carboprotect was dissolved in the mix typically at a
concentration of 20 mg/mL and used as a UV absorber. The lithographic process is then identical to the
one from Ref. 2, The deposition of titanium and gold layers was carried out under vacuum by thermal
evaporation using a Vinci PVD-4E system. Modified SU8 was spin-coated onto the gold-coated coverslip.
The resin was then soft-baked, exposed to a 405 nm cw laser (Oxxius) focused through a 10x, NA 0.3
microscope objective. A pattern of microdisks was realized by exposing the resist to the laser for typically
50 ms at 500 uW at a fixed position, before moving to the next position. A post-exposure bake step was
then performed, followed by development and hard bake. Nanocrystals were spin-coated onto the

microcavities as a solution in toluene. Experimental details are provided in the Supporting Information.

Spectroscopy of nanocrystal-coated microcavities. The microcavities were excited from the top by a 20

kHz laser at 532 nm focused through a 10x, 0.25 NA objective. The fluorescence spectrum was collected

17



from the side using a 50x, 0.55 NA objective and focused into a multimode fiber connected to a

spectrometer.
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