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Abstract: As they gained maturity, colloidal nanocrystals also expand the spectral range of which
they can be used for photonic and optoelectronic applications. In particular infrared use of
nanocrystals become of utmost interest to develop alternatives cost effective to current
technologies. It is then central not to let the material dictate the light matter interaction and this why
the coupling of nanocrystal to photonic cavity has been explored. For infrared NCs, this approach
has first been devoted to the control of absorption with in mind the increased of absorption
magnitude for detector. Lots of effort have been focused on the use of metallic metasurface which
also generate significant optical losses and possible quenching of the exciton. Here, we rather focus
on the coupling of infrared nanocrystals to dielectric mirror cavity. We use HgTe/CdS core shell and
integrated into a cavity made of aperiodic dielectric mirror. We systematically studied the effect of
the substrate on spectral linewidth, carrier dynamic and emission directivity. Cavity is shown to
narrow the PL by a factor 10, while focusing emission over a 12° angle. Monitoring the power
dependence of the emission, we show that cavity leads to 250 K increase in the effective electronic
temperature.
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INTRODUCTION

Semiconductor nanocrystals (NCs) offer unique, narrow, and tunable optical features. Due to these
features, NCs have been singled out as particularly promising materials for the field of
optoelectronics. Nevertheless, most of the initial applications of NCs were based on the optical
pumping of the material, leading to the most mature technology being down converters for displays?.
Certainly, the belief that the hopping mechanism for conduction in NCs films? and its inherently weak
carrier mobility prevent efficient charge conduction has hindered the development of devices relying
on charge transport. However, recent advancements in devices such as infrared imagers? or high
current density-driven light-emitting diodes (LEDs)*® have proven that such colloidal materials can
be addressed electrically.

Despite these achievements, the goal of a NC-based electrically-pumped laser diode has yet to be
achieved. For visible wavelengths, several necessary milestones toward this goal have already been
reached, culminating in advanced heterostructure designs with a focus on Auger recombination,
which has led to low lasing thresholds and population inversion in diode stacks®.

This effort is still mostly lacking in the infrared. Significant efforts are conducted to make new
material platform to emerge such as 1lI-V semiconductors’, but the focus is still on their synthesis
rather than on coupling them to photonic structure, especially given their high sensitivity to oxidation.
This is why to date, most of the efforts for infrared lasing using nanocrystals rely on PbS NCs®?,
Unfortunately, the strong degeneracy of the exciton in PbS NCs is highly unfavorable to population
inversion, leading to insufficient performances. The only viable alternative in the infrared that is
mature enough to reconcile high-quality colloidal growth and advanced device integration is HgTe.
The material presents a reduced band edge degeneracy compared to PbS, and Geiregat et al.
predict that HgTe NCs should display a low threshold for lasing, including upon electrical
excitation®, However, demonstrations of stimulated emission from HgTe nanocrystals remain
sparseloil,

A good way to promote population inversion and thereby stimulated emission in a material is its
coupling to a photonic cavity. Again, very few works have been devoted to the coupling of HgTe NC
emitters to photonic structures, and most of the effort has been focused on plasmonic
metasurfaces!®°. The introduction of plasmonic metasurfaces has been successful primarily in
magnifying the photoluminescence (PL) sighal and gaining directivity to better outcouple emitted
photons to the far field from LED stacks'®'’. Nevertheless, this approach still suffers from two
limitations. First, optical losses in the metal sometimes lead to exciton quenching. While this issue
can be mitigated, as it has been shown that quenching is not an issue when the NCs are mutually
coupled via Forster resonance energy transfer (FRET) and/or direct electronic coupling®®, the
necessary conditions can be quite restrictive. Second, the same Joule losses limit the quality factor
of resonant plasmonic structures, degrading their potential to enhance electric fields, and to reshape
the PL both spectrally and spatially.

These reasons push toward the integration of the HgTe nano-emitters into dielectric cavities, as
already proposed for a large variety of nano-emitters, including 2D materials?°, epitaxial quantum
dots?!, defects in silicon??, or even NCs?325 In 2005, Heiss’ group applied this principle by
integrating HgTe NCs into a hybrid Bragg mirror/metallic mirror cavity?S.

We build on this concept and develop HgTe/CdS core-shell structures with an emission peak near
telecom wavelengths. We unveil their carrier dynamics with resolution down to 35 fs, showing the
presence of a nanosecond radiative emission together with a faster (20 ps) contribution appearing
under high fluence and attributed to Auger relaxation. The material is then integrated onto various
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substrates, including full dielectric mirror-based cavities. We systematically discuss the impact of
the substrate on the PL spectrum, the field enhancement, the directivity, and the carrier dynamics.

RESULTS AND DISCUSSION

We start by growing core-shell structured emitters in the short-wave infrared region. We choose to
conduct our measurements using a material presenting a peak emission compatible with typical
InGaAs sensors, as it allows for a more advanced characterization of the material using a
microscopy setup. In particular, having a microscope coupled to a focal plane array enable the
acquisition of dispersion map through the imaging of the back focal plane array. Furthermore,
InGaAs detector also offer a high-resolution temporal resolution. This combination of imaging and
fats response would have been partly prevented for longer wavelength materials. The material of
interest is made of a quasi-spherical HgTe core on top of which a thin (1 monolayer) CdS shell is
grown?’, as seen in the image in Figure 1a. The shell growth is obtained from the exposure of the
core to cadmium bis(phenyldithiocarbamate) complex precursor?®. Under mild temperature
exposure, in presence of amine, the complex decompose into CdS. This high reactivity approach
enables the growth of the shell in spite of a large lattice mismatch (around 10 % assuming 0.646
nm for HgTe and 0.5832 nm for CdS in zinc blende phase) and avoids exposing the core to high
temperatures, as outlined in the methods. The obtained material presents an absorption band edge
at 1300 nm, and a luminescence that peaks at 1450 nm, which in absolute value has a lower
guantum vyield (QY) comparted to the core (30 % of core PLQY). However, for the core only, we
observe a continuous drop of the PL signal under excitation (Figure S1) which is highly detrimental
when targeting the inclusion of the material into a cavity to maximize light excitation. The PL
spectrum, which has a full width at half maximum (FWHM) of around 200 nm, as shown in Figure
1b., matches the imaging capability of traditional InGaAs sensors.
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Figure 1 Infrared nanocrystals. a. TEM image of the HgTe/CdS NCs. b. Absorption and PL spectra
from HgTe/CdS NCs. c. Time-resolved photoluminescence for a solution of HgTe/CdS NCs at 1500
nm. d. Transient reflectivity for pump (800 nm) and probe at 1500 nm for the material on sapphire
under various fluence. e. Transient reflectivity at early time scale.

We then investigate the benefits of the shell on the optical properties of HgTe NCs. Indeed, the initial
motivation for a core-shell structure has been to address the poor thermal stability of HgTe upon
annealing?®, which leads to dramatic damage of the material used in infrared imagers even at
moderate temperatures. Despite this, the benefit of the shell for PL characteristics is clearly
highlighted by looking at the carrier dynamics. Time-resolved luminescence displays a quasi-mono
exponential decay with a long decay time at around 30 ns, see Figure 1c. This clearly contrasts with
core-only structures, both in terms of number of components and in terms of decay times. Indeed,
core-only structures typically display complex decay curves with several components?’-3, while both
core-only structures and previously reported core-shell structures®' have typically much shorter
decay times. In films, the dynamics speed up, reducing the PL decay time to 10 ns. This suggests
the emergence of additional non-radiative pathways, as will be discussed later. Since the final
purpose is to introduce the particles into a cavity with a high excitation rate, we anticipate a possible



emergence of Auger relaxation. There appears to be a disagreement on the characteristics of Auger
relaxation for HgTe NCs, with some claims suggesting it is slow3! and others suggesting it is fast®2.

To address this question, we conduct transient reflectivity measurements with 35 fs laser pulses,
leading to an overall 50 fs resolution for the setup. Data at short time scales present a short rise
time of the order of 800 fs (Figure 1e), which we attribute to the cooling of the electron from the
pump-injected energy states (1.5 eV) down to the energy band edge (0.85 eV). This corresponds to
a cooling rate of 0.8 eV.ps?, a value in the range of what has been reported for core only HgTe
(0.36 eV.ps™ for small HgTe33 NCs and 0.8 eV.ps™ for very large ones®*). The transient reflectivity
is then measured for increasing excitation fluences. At low fluence, there appears to be a single
contribution in the hundreds of ps regime. As fluence is increased, a new contribution appears in
the tens of ps regime, see Figure 1d. If we assume that the absorption cross section of the core-
shell is barely affected by the introduction of the thin shell compared to that of the cores®, we can
assume a cross section of 1.5x10-°> cm. The emergence of the fast component above 100 pJ.cm-
2 then corresponds to a fluence high enough to generate =1 carrier per NC. This makes reasonable
the assumption to allocate the fast recombination mechanism to an Auger relaxation. An Auger
decay of around 20 ps matches other measurements, as reported in previous studies®?3¢, and lends
credence to the fact that Auger mechanisms are fast in HgTe NCs. It is worth noting that there is no
additional faster mechanism, see Figure 1e.

In the next step, we design a dielectric mirror (DM) with a stop-band that matches the PL emission
range. The mirror is made of a combination of low and high refractive index materials, SiO2 and
TisOs respectively. Both materials are chosen to be transparent, and thus lossless, in the spectral
window of interest. The Bragg design for such a mirror consists of a periodic structure in which each
layer has a A/4n thickness, with A being the central wavelength of the mirror’s stop-band and n the
refractive index. The number of pairs in the mirror controls the magnitude of the reflectivity, while
the index mismatch controls the bandwidth of the stop band. However, conventional periodic
designs lead to poor control of the reflectivity magnitude outside of the stop band. In particular, the
resulting transmission at 640 nm, the laser pump wavelength, is = 75%, which is fairly low. Here,
the pump laser wavelength is chosen in the visible so that the InGaAs detector used to characterize
the photoluminescence (PL) is not sensitive to the excitation. To address this weak transmission in
the visible, we change the design to an aperiodic structure (Figure 2a). This structure enables both
a high reflectivity band in the 1400-1600 nm range which overlaps with the NCs’ PL, and an anti-
reflection band around 640 nm to maximize the transmission (up to 93%), as shown in Figure 2b.
The resulting DM structure includes 15 layers (Figure 2a) and is 3 um thick. In the visible, it appears
as a partly transparent layer with a red aspect, as seen in Figure 2c. In the infrared, with a filter
narrowing the spectral window to 1200-1700 nm, the DM clearly behaves as a mirror (Figure 2d),
whereas the reference glass slide remains transparent.
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Figure 2 Dielectric mirror from aperiodic stack a. SEM cross section image of a TizOs/SiO>
dielectric stack. b. Visible and short-wave infrared transmission of the stack depicted in a. The
different points of interest are represented as shaded areas: the mirror stop-band optimized for the
1400-1600 nm range in grey, the PL range centered around 1450 nm in dark red, and the anti-
reflective band around 640 nm in light red. c. Visible image of a glass slide and of the same slide
functionalized with DM. d. Infrared image in the 1200-1700 nm range, showing that glass remains
transparent, while DM coated glass slide is a mirror in this range.

We then investigate, both experimentally and via simulations, in which ways the PL properties are
affected by the choice of substrate. The NCs are deposited on glass, on gold (a lossy mirror), on a
single DM (see the scheme as inset of Figure 3a), and in a cavity (i.e. sandwiched between two
DMs, see the scheme as inset of Figure 3b). Mostly for mechanical considerations, the NCs are
blended with PMMA, which acts as a transparent (Figure S3) medium that allows for thicker film
deposition. In the cavity it also acts as glue to hold the two mirrors. The cavity is then further
maintained by two metallic plates screwed together.

In Figure S2, we have simulated the field enhancement for each of the substrates and predicted an
increase in the maximum value of the electric field inside the NC layer for different substrates. With
respect to NCs on glass, the increase is of a factor around 4 for gold, 6 for a single DM, and 54
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inside the dielectric cavity, suggesting a strong cavity effect. Both glass, gold, and single DM
maintain a broad PL signal, as indicated by the dispersion map in Figure 3a and S4. It is also worth
noting that the emission remains mostly non-dispersive. These results contrast with the case of the
same material inside the cavity, as shown in Figure 3b, where the PL mode becomes narrow and
dispersive. The narrowing of the PL is confirmed experimentally, as seen in Figure 3c and d.
Typically, this translates into a drop of the FWHM from 200 nm to around 20 nm (12 meV). At this
stage, it is important to check if this narrowing is the result of a spectral filtering resulting from the
DM stack or actually induced by the cavity. In Figure S4 we compared the PL collected in two
configurations: from the top of the mirror or through the mirror. The latter appears clearly blueshifted
compared to the PL of the pristine material with no feature in the mirror stop band thus we can
confidently attribute the narrowing of the peak to a cavity effect.

1 " 1 "
1.37 1 14[C_]PL on glass L
’ I PL in cavity
_ >
. ~200+
E 141 o £
=2 3 £
= 5 o =
©
% 1.45 - L 9 =100+ x
o L T
2 £
© 149 - S
; z 0- L
c,\ﬁeg 00\6 é\ﬂﬂo‘ .y %"AS\
0- o ] ]
1100 1250 1400 1550 4 é;é‘" é}*“‘
a. C. Wavelength (nm) . & &
0 ' N
1.37 1 10 I : Soluticlan I
——NCs on glass 40+
— _ —— (NCs+PMMA) on glass —_
E 444 < —— (NCs+PMMA) on gold [ £
3t T ] —(NCs+PMMA)onDM | =~
= T 7 (NCs+PMMA) in cavityf o
"5'.) 145 p — Laser Scatter IRF 8 20
-~ =]
5 e ¥ :
]
¢ o £ 73 * 1 2 I I
@© 1.49 5
; = 0 : : T T T
L& g ] 1O & 2
158 0 103+ ISACHCS
w S
03 015 0 015 03 0 100 200 300 400 50C FHEESS
b. e. Time (ns) f. & F & L

kxlk0

Figure 3 Spectral shaping resulting from the cavity. a. Simulated dispersion map (PL magnitude
vs wavelength and in-plane wavevector) for NC film deposited on a single DM. The inset is a
schematic of the NC film onto the DM. b. Simulated dispersion map for NC film inside a cavity. The
inset is a schematic of the NC film between two DMs forming a cavity. c. Comparison of the PL
spectra for HgTe/CdS NCs on glass and within the cavity. d. FWHM for the emission of HgTe/CdS
NCs on various substrates. e. Time-resolved PL for HgTe/CdS NC solution and film deposited on
various substrates at 1500 nm. f. PL decay time (time to reduce signal by a factor e) for HgTe/CdS
NC solution and film deposited on various substrates.

We also track the PL dynamics for the various substrates. We previously noted a clear acceleration
as the material switches from the solution to the thin-film. However, the dynamics appear mostly
unaffected by the chosen substrate, with decay times consistently around 10 ns, as shown in Figure
3d-e. This behavior aligns with what has been observed for PbS nanocrystals coupled to gold

7



metasurfaces®®, where the PL decay remains unaffected regardless of the nature of the metasurface
due to very efficient FRET interactions among NCs. This behavior implies that if any enhancement
of the PL occurs, it does throughout a change in the relative weight between the probability of non-
radiative processes and the probability of radiative processes. This enhancement mechanism is
very different from the Purcell effect, where the PL enhancement is due to a shortening of the
photocarrier lifetimes. The presence here of a behavior incompatible with the Purcell effect is closely
related to the fact that the nanocrystals are mutually interacting, making them behave as an effective
semiconductor medium rather than a mere collection of individual emitters subject to the Purcell
effect.

In addition to the spectral shaping, a second benefit of the cavity resides in its strong directivity. This
is well illustrated by imaging the Fourier plane at different wavelengths, as shown in Figure 4, which
reflects the directivity of the emission. On a gold substrate, the emission is omnidirectional, and the
Fourier plane image reveals a homogeneous mapping regardless of wavelength. On a single DM
(middle column of Figure 4a-b), the Fourier plane imaging reveals a slightly more intense signal at
the center, reflecting the small dispersion of the band simulated by the dispersion map, see Figure
3a. For wavelengths corresponding to the PL signal on gold, the situation remains the same for
various energies, although the amplitude changes. The cavity again reveals a different situation.
The emission only covers a narrow range (consistent with the small FWHM of the PL signal), with
no signal at 1400 or 1500 nm. The Fourier plane image now reveals a ring shape, as seen in the
right part of Figure 4a-b, indicating emission along a 15° wide cone with a linewidth of =7°.
Simulation nicely reproduces the measurement by tuning only the length of the cavity (i.e. the
thickness of NCs), whereas the only material input is the optical index of the cavity medium taken
equal to the optical index of PMMA due to the limited volume fraction of NCs.

The exact angular distribution at a given wavelength depends on the cavity length, and the Fourier
backplane image can be modified from a single point (i.e., normal emission) to a ring shape with an
increase in thickness, as shown in Figure S5. Figure S5 also shows that the angular linewidth of the
emission depends on the peak emission angle, with FWHM ranging from 12° at normal incidence
down to 4° at a 15° angle. This result is consistent with the parabolic shape of the dispersion map
simulated in Figure 3b. The capability of the cavity to emit light over a narrow angle window near
the normal is not only interesting for laser cavity design but also for LEDs to address the issue of
their poor light extraction efficiency.
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Finally, we studied the power dependence of the material under continuous wave (CW) excitation,
for different substrates, as shown in Figure 5. On glass, we observed a clear increase in the PL
magnitude together with a blue shift (20 nm on glass) and broadening on the high-energy side of
the peak, as depicted in Figure 5a. Within the cavity, the power dependence of the spectrum
appears even more drastic, as illustrated in Figure 5b. The low-power PL spectrum is mostly a
single peak within the cavity stop band, as seen in Figure 3c. At increasing powers, we observe the
emergence of additional features, presenting a very structured aspect. This new feature can be
understood as the product of the blue-shifted PL by the transmission of the DM, as shown in Figure
2b. The more dramatic changes at high energy in the cavity then imply a stronger blue-shift than on
glass for the same excitation power.

The power dependence behavior can be rationalized using the local Kirchhoff law!®37-3% which
claims that the emission signal of a collection of mutually interacting emitters is the product of the
absorption at the emitted wavelength by Planck’s law PL(A) o< A(A) W(A, Te), with Te as the electronic
temperature. The Wien approximation of Planck’s law leads to W(A,Te) = 2hc?Aexp[-hc/(AksTe)],
where h and ks are the Planck and Boltzmann constants, and A is the photon wavelength. As a
result, there is a value of Te that should make the quantity PL(A)/W(A,Te) a similar spectrum for all
operating conditions.
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An example of this renormalization procedure is provided in Figure 5c, which allows the extraction
of the effective temperature of the electrons, assuming that for low excitation power, the electrons
are thermalized at room temperature, see Figure S6. We observe that with the CW source used in
this setup, the increase in temperature remains modest for glass, gold, and the single DM (less than
50 K). On the other hand, in the cavity the elevation of temperature can be as high as 250 K (Figure
5d), suggesting a strongly out-of-equilibrium operation. Note, however, that the temperatures may
be overestimated due to band-filing effects at high pumping fluences 4%4'. This behavior is
consistent with the increased electric field in the cavity compared to other substrates (Figure S2)
and further reinforces that the observed shaping of the PL is not the result of PL filtering through the
DM stack
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10



CONCLUSION

A core-shell HgTe/CdS structure was successfully grown. The structure exhibits clear benefits for
PL, with an extended PL lifetime compared to the core-only structure, reaching 120 ns in solution
(30 ns in film) for emission at 1450 nm. However, under high fluence, the Auger relaxation in the 20
ps regime is probably still too fast to expect the observation of lasing with quasi-CW pumping. Future
efforts will require further engineering of the electron-electron scattering rate through the design of
heterostructures. The large energy offset and lattice mismatch between HgTe and CdS are not
favorable, and an intermediate layer with a suitable lattice constant and band gap is likely to extend
the biexciton lifetime.

The coupling of infrared NCs to a dielectric cavity leads to drastic spectral reshaping with a tenfold
narrowing of the PL linewidth, which is now narrower than ksT. It also considerably narrows the
emission angle, bringing it closer to the normal of the mirror. The power dependence of the spectrum
shows that the cavity brings the electrons further away from equilibrium, with an effective
temperature 250 K above the one resulting from the film on glass under the same excitation
condition. However, the cavity does not affect the carrier dynamics suggesting that NCs inside the
cavity cannot be considered as individual emitters. The benefits brought by the cavity appear highly
appealing for a transfer to LED designs as both the spectral and the spatial reshaping of the
emission are promising for improved light extraction efficiency.

SUPPORTING INFORMATION

Supporting Information include details about (i) method, (ii) benefit of core shell for PL, (iii) filtering using DM
stack, (iv) field enhancement map, (v) correlation between cavity thickness and directivity and (vi)
Renormalized power dependence using the local Kirchoff law procedure.
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1. METHODS

Chemicals: Mercury bromide (HgBr2, Alfa Aesar), cadmium chloride (CdCl;, Alfa Aesar, 99.99%), tellurium
powder (Te, Alfa Aesar, 99.99%), trioctylphosphine (TOP, thermofisher scientific, 90%), oleylamine (OLA,
Acros, 80-90%), octadecene (ODE, Acros Organics, 90%), dodecanethiol (DDT, Sigma-Aldrich, 98%),
methanol (MEOH, Carlo Erba, 99.8%), acetone (VWR), absolute ethanol (EtOH, VWR), isopropanol (IPA,
VWR), toluene (Carlo Erba, 99.3%), N,N dimethylformamide (DMF, VWR), 2-mercaptoethanol (MPOH,
Merck, >99%), 3-mercaptopropionic acid (MPA, Alfa Aesar, 99%), poly(methyl methacrylate) (PMMA,
Atuglass), Anisole (Alfa Aesar, 99%).. All chemicals are used as received, except oleylamine which is
centrifuged before used. Mercury compounds are highly toxic. Handle them with special care.

Ammonium phenyldithiocarbamate synthesis (NHsPDTC)*2 In a 3-neck 100 mL flask under nitrogen
bubbling at room temperature, equipped with a trap of NaCIO, 25 mL of NH4OH, 25 mL acetone and aniline
(10 mL, 0.11 mol) were introduced and cooled down with an ice bath. Then, CS, (10 mL, 0.16 mol) was
added dropwise with vigorous stirring. The solution turned red after 5 minutes, and a pale-yellow crystalline
product slowly precipitated over the following 90 minutes. The product was collected by vacuum filtration and
washed 4 times with CHCIs. The NH4sPDTC was dried under vacuum and stored in a freezer to prevent
decomposition.

Cadmium bis(phenyldithiocarbamate) synthesis [Cd(PDTC);]* : In an Erlenmeyer flask, NH,PDTC (600
mg, 3.2 mmol) was dissolved in 50 mL water. The solution was clear yellow. Then, Cd(NO3)..4H20 (493 mg,
1.6 mmol) was dissolved in 40 mL water and added dropwise to the flask over 5 minutes, leading to immediate
precipitation of Cd(PDTC), as a pale yellow powder. The product was collected by centrifugation, and washed
with 25 mL of cold absolute ethanol. The precipitate was dried under a Schlenk line and stored in a desiccator.

1 M TOP:Te precursor: 6.35 g of Te powder was mixed in 50 mL of TOP in a three-neck flask. The flask
was kept under vacuum at room temperature for 5 min and then the temperature was raised to 100 °C.
Furthermore, degassing of the flask was conducted for the next 20 min. The atmosphere was switched to Ar
and the temperature was raised to 275 °C. The solution was stirred until a clear orange coloration was
obtained. The flask was cooled down to room temperature and the color switched to yellow. Finally, this
solution was transferred to a nitrogen-filled glove box for storage.

HgTe core with 7000 cm™ (1.45 um) band edge: In a 50 mL three-neck flask, 18 mL of oleylamine was
degassed under vacuum at 110°C for 1 h. Then the atmosphere was switched to N2 and the temperature was
set at 120°C. Meanwhile, in a 20 mL vial, 144 mg (0.4 mmol) of HgBr, was dissolved in 5 mL of oleylamine
under sonication and degassed at 110°C for 30 min. Then, the solution in vial was cooled down to room
temperature and switched to N> atmosphere. 0.3 mL of TOP:Te (1 M) with 20 pL (0.23 mmol) of 3-
mercaptopropanoic acid (MPA) was injected into the vial. The solution was injected into the hot oleylamine
in the flask through a syringe. After 1 min, the reaction was quenched with 1 mL of a solution of DDT in
toluene (10% v/v) and ice bath. The flask content was transferred to a falcon and was precipitated by adding
MeOH and centrifugation. The pellet was redispersed in toluene. The nanocrystals were precipitated a
second time with absolute EtOH and redispersed in toluene. The toluene solution was centrifugated to
remove the unstable phase and then filtered with 0.2 um PTFE filter. This material is used for PL to ensure
that the signal matches our time-resolved detection capability.

Spherical shell growth: 18 mg CdCl, was added to 18 mL of a 50% (v/v) oleylamine-octadecene solution
in a flask and was degassed at 110°C for 30 min. The mixture was then cooled down to 40°C and switched
to N atmosphere. 3.5 mL of HgTe core solution (0.45 OD at 400 nm after a 500x dilution) was introduced to
the flask, and 3 cycles of vacuum/N; cycles were conducted. Cd(PDTC) (50 mg, 1 mmol) in 1.5 mL of a 30%
(v/v) oleylamine-octadecene mixture was then injected at 40°C quickly, and the flask was heated up to 80°C
for 2 min. The reaction was quenched by injecting 2 mL of a 10% (v/v) DDT/OA-toluene solution and cooling
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down to room temperature. The content in the flask was transferred to a centrifuge tube and precipitated with
EtOH. The pellet was redispersed in toluene and then precipitated again with IPA. After redispersion, the
toluene solution was centrifugated to remove the unstable phase (the supernatant was kept).

Dielectric mirror deposition: The top side of the glass is coated with an optimized interferential filter made
of 15 alternating titanium pentoxide (TisOs, Neyc0,99.99% ) and silicon dioxide (SiO2, Neyco, 99.99%) thin
layers starting with TizOs, with a total thickness of 2.998 um. These layers have been deposited by ion beam
assisted e-beam evaporation (IBAD MEB 800, Plassys). lon assistance is provided by an End Hall ion gun
(eH1000 source, Kaufman & Robinson KRI). The design, synthesis, and refinement of the custom coating
have been performed theoretically with a commercial software (Essential MacLeod, Thin Film Center Inc.).

SiO2 and TizOs (denoted as L and H for low and high refractive indices materials respectively) have been
chosen because of their transparency in the considered spectral ranges but also for their refractive index
contrast (n.= 1.460 = 0.012 at A=642 nm and n.= 1.453 + 0.018 at A=1550 nm whereas ny=2.464 + 0.053 at
A=642 nm and ny=2.309 £ 0.080 at A=1550 nm).

Conventional Bragg reflectors consisting of alternate quarter wavelength optical thicknesses (QWOT) whose
reference wavelength is 1550 nm, provides a poor anti-reflective behavior (R=25%) at shorter wavelengths
in the visible range (630-650 nm). The optical thicknesses have been thus optimized to match the desired
specifications (Rmax around A=1550 nm and Rmin around A=642 nm) leading to a stack denoted as H(LH)".

Both TisOs and SiO; were evaporated at a rate of 0.25 nm-s™1. Starting materials are 1 to 3 mm pieces of
TizOs and SiO; put in molybdenum liners. The background pressure in the chamber was 1.0 x 107" mbar,
and the working pressure was ~ 3.0 x 10™* mbar with flows of 10 standard cubic centimeters per minute
(sccm) of Ar and 10 sccm of O for the ion source, and 10 sccm of Ar for the keeper (plasma bridge
neutralizer). Discharge currents were setto 1.6 A and 2 A during TizOs and SiO> deposition steps respectively.
Under those conditions the ion source discharge voltage was 150 V and 75 V during TizOs and SiO»
deposition steps respectively. The optical thicknesses were followed in real time using both a quartz
microbalance and an in-situ spectroscopic ellipsometer (M2000, J.A. Woolam) at 60.5° of incidence.

The actual deposited stack for each layer of H(LH)’ starting from glass, was: 153.4 nm (Ti3Os)/258.0 nm
(Si02)/225.0 nm (Ti30s)/232.3 nm (Si0O,)/183.4 nm (Tiz05)/233.4 nm (SiO2)/ 211.5 nm (Tiz0s)/207.4 nm
(Si02)/163.7 nm (Tiz05)/190.0 nm (SiO,)/220.4 nm (Tiz0s5)/193.8 nm (Si02)/266.3 nm (Tiz0s)/134.1 nm
(Si02)/125.4 nm (Ti3Os).

HgTe/CdS film deposition: Different substrates (glass, gold-coated silicon, Bragg-mirror-coated glass,
Bragg-mirror-coated GaAs) were briefly washed by spraying ethanol and then were dried with N.. To obtain
thick NC films (> 100 nm) while preserving the PL of the NCs, the pristine solution was mixed with PMMA. A
commercially available solution of PMMA in anisole was diluted by adding anisole until a 200 nm film was
obtained after spin-coating at 4000 rpm for 30 s. The pristine QD solution was mixed with the diluted PMMA
solution in a 2:1 ratio by volume. This solution was then spin-coated onto the various substrates at 2000 rpm
for 45 s. The thickness of the obtained films was measured to be = 200 nm using a profilometer (Dektak 150).
For the full Bragg cavity, a second Bragg-mirror-coated glass substrate was deposited on top of the first after
the NC film deposition, with the two Bragg-mirror-coated surfaces facing each other. The full cavity was then
held in place mechanically using two metal plates tightened together with screws.
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Transmission electron microscopy: For TEM imaging, a drop of diluted NCs solution is casted on a copper
grid covered with an amorphous carbon film. The grid is degassed overnight under secondary vacuum. A
JEOL 2010F is used at 200 kV for the acquisition of pictures.

Infrared photoluminescence spectroscopy: A vial containing a solution of NCs is illuminated by a blue
flash light. This light is used as a source of an FTIR (Thermo Scientific Nicolet iS50) operated in rapid scan
mode. The beamsplitter is made of CaF;, and the signal collected using an extended InGaAs detector (2.6
um cut-off uncooled). The spectra are generally averaged 256 times and acquired with a 4 cm™ resolution.

Infrared microscopy: The images of the spatial distribution of the photoluminescence in the Fourier space
were obtained with a BX51WI upright microscope from Evident/Olympus coupled to an InGaAs camera
cooled at -10°C (model Xeva 1M with 320x256 pixels from Xenics) via a Bertrand lens (focal length 30 mm)
and a Telan lens (focal length 20 mm). Bandpass filters were inserted in the optical path to image the
photoluminescence in the Fourier plane at selected wavelengths, as indicated in the figures. The microscope
objective used in these experiments was a 10X LMPLN10OXIR objective from Evident/Olympus (NA =0.3).
The samples were excited through the same objectives with the light originating from a 640 nm Picoquant
laser diode (LDH-1B-640-B) operated in continuous wave mode. A dichroic mirror (Thorlabs DMLP950R) was
used to separate the pump from the photoluminescence signal.

The photoluminescence spectra were acquired with an 1X73 inverted microscope from Evident/Olympus
coupled to a spectrometer composed of an Isoplanel60 monochromator and a PyLoN Linear InGaAs
photodiode array from Teledyne Princeton Instruments. The pumping and collection scheme was the same
as for the Fourier plane imaging experiments described in the previous paragraph: a 10X LMPLN10XIR
objective from Evident/Olympus was used to both excite the samples optically and to collect the
photoluminescence. The excitation light was provided by a 640 nm Picoquant laser diode (LDH-IB-640-B)
operated in continuous wave mode. A dichroic mirror (Thorlabs DMLP950R) was used to separate the pump
from the photoluminescence signal.

Time-resolved photoluminescence measurements: Time-resolved photoluminescence measurements of
samples in solution (hexanes), or in solid films, were performed using a =35 fs 640 nm pump (=1 pJ-cm2)
generated using an optical parametric amplifier from a Ti:sapphire fundamental. Photoluminescence was
collected by an optical fiber and directed through a monochromator to a superconducting nanowire array. To
collect many spots from the samples, they were translated within the same plane of the excitation/collection.

Transient reflectivity at ultra short time scale: Time-resolved reflectivity with sub-100 fs time resolution
has been carried out by a commercial laser system from Coherent company working at 1 kHz repetition rate,
delivering pulses centered at 800 nm and energy of 1.5 mJ per pulse. The pulses are split into two paths,
where one is used as pump pulse, while the other one as probe pulse. A motorized delay line allows the
control of the time delay between the pump and probe pulses. The probe pulse is injected into an optical
parametric amplifier (TOPAS C from Light Conversion company), in order to tune the wavelength between
1.2 and 2.4 microns. We used an optical chopper at 0.5 kHz, in order to detect only pump-induced changes
in the transient reflectivity. The optical chopper has an external phase control of the rotation, which allows an
optimal synchronization with the laser pulse train. The signal is measured by a photodiode connected to a
lock-in amplifier (SR830 from Stanford Research Systems). The lock-in is set at the frequency of the pump
pulse, i.e. 0.5 kHz, in order to detect only the pump-induced changes in the reflected signal. We selected a
pump pulse wavelength centered at 800 nm, while the probe pulse is centered at 1500 nm. The pump pulse
is focused on 800 microns at the sample surface, while the probe pulse is focused on 200 microns in order
to ensure the probing of a uniformly excited surface. The pump is P-polarized and the probe is S-polarized.
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However, no dependence on polarization has been found on these samples, mainly due to the random
crystallographic orientation of the quantum dots.

Infrared absorption spectroscopy: A Fourier transform infrared spectrometer (FTIR) Fischer Nicolet iS50
in attenuated total reflection (ATR) configuration is used. The source is a white halogen lamp, the beamsplitter
is made of CaF, and the detector is a DTGS ATR. Spectra are typically acquired with a 4 cm™ resolution and
averaged over 32 spectra.

Visible absorption spectroscopy: spectra are acquired using a solution of NCs within a glass cuvette and
measured using a Jasco 730 double path spectrometer with a 1 nm resolution.

Electromagnetic simulation: The optical properties of the structures are simulated using the finite
element method (FEM) software COMSOL Multiphysics, 2D Frequency Domain Interface. A Floquet
periodicity is set as the boundary conditions for the edges on the left and right of the model. Two
periodic ports are placed away from the structure on either side, separated from the main structure
by 20 um of either substrate or air to avoid nonphysical interferences. One of the ports turns on the
wave excitation while the other turns it off. The direction of the incoming wave is then determined
by which port is “on”. The top-most and bottom-most regions are defined as perfectly matched layers
to absorb outgoing waves and minimize possible nonphysical reflections due to the limited model
size.

The total thickness of air and substrate was chosen to be 30 um to avoid nonphysical interferences.
The thickness of the different oxide layers for the dielectric mirror was obtained from optical
ellipsometry and confirmed by SEM observation. The thickness of the NC layer was left as an
adjustable parameter.

The relevant optical property of the materials, the complex optical index, is obtained: from
COMSOL’s built-in database for glass and air; from a Drude model for gold; from optical ellipsometry
for the NC layer and the different oxide layers that make up the dielectric mirror.

A physics-controlled mesh is enabled with extremely fine element size.

The reflectance (resp. the transmittance) of the structure is determined by integrating the absolute
value of the time-averaged power outflow over a boundary placed behind the “on” port (resp. behind
the “off” port) and dividing by the input power defined in the port. The dissipated power per unit
volume in the metals and nanocrystals can be calculated using the formula P = —0.5w|F|?Im(¢),
where F is the electric field, w is the angular frequency of the incident wave, and Im(¢) is the
imaginary part of the material permittivity. The absorption of one material is calculated by integrating
the dissipated power over the volume of the material, and then by dividing by the incident power
defined in the port. Finally, the angular dispersion of the photoluminescence can be simulated using
the reciprocity principle between near-field excitation and far-field emission®: the far-field emission
from the structure with integrated incoherent emitters is reciprocal to the intensity of the near-field
excited in the structure by the incident external light averaged over the position of the emitters. Thus:

PO.¢:0) % B x [[[ 1E@.9: 1 r
%4

S5



where P(6,0;A) is the power emitted from the structure in the direction (8,¢), at wavelength A, Pi(A)
is the power emitted at wavelength A by a single emitter (obtained from the measurement of the PL
of NCs in solution), V is the volume of NCs, and E(8,; A; r) the local electric field in position r excited
by a plane wave of wavelength A, and incident along the direction (8,¢) (obtained from solving
Maxwell’'s equations using COMSOL). Since all studied structures are axisymmetric along the
direction normal to the surface, it is assumed P(8,9) is independent of ¢ and P(6) is calculated for a
single value of ¢.

1. Benefit from Core shell for PL measurments

The used shell is thin, first because it was designed to be compatible with detector and thick shell
appears highly detrimental to carrier mobility. Thin character of the shell also results from the large
lattice mismatch (10%) between the CdS and HgTe, making thick shell growth even more
challenging. As a result, the PL of the core shell is only 30 % of the one of the core. However, the
improved thermal stability prevents the continuous drop in the PL magnitude, together with a blue
shift, that we observe for core only, see Figure S 1. This lack of stability was quite a problem for the
PL characterization. With the core shell, we observe an increase in PL magnitude over the same
period of time.
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Figure S 1 Benefit of core shell on PL. PL spectrum for core and core shell (same absorption) at
time 0 and after 90 min of excitation with under 200 mW of light at 640 nm
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2. Field enhancement maps
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Figure S 2 Impact of substrate on field enhancement. Left is a sketch of the simulated structure
combining substrate and NCs film, while right is the squared amplitude of the electric field for the
corresponding structure. a. NCs on glass. b. NCs on gold. c. NCs on a single DM. d. NCs in a
dielectric cavity.

3. Filtering effect from the DM stack

Given PMMA is used as material to glue the cavity, it is critical to check it transparency in the spectral
range of interest, see Figure S 3. Figure S 3a presents the infrared absorption of a thick PMMA
layer, showing that absorption remains weak below 1.6 um. Figure S 3b depicts the absorption from
pristine PMMA and HgTe blended in PMMA, showing that in this case similar to the cavity case, the
PMMA absorption remains marginal.
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Figure S 3 Absorption from PMMA in the spectral range of interest. a. Absorption spectrum
from a 600 um thick film of PMMA. b. Absorption spectra from a 200 nm thick PMMA layer, and from
the same layer blended with HgTe at concentration used in cavity.

Spectral narrowing from the PL may also result from the filtering of the DM stack, this it is critical to
discriminate if the narrowing effect is actually resulting from a cavity effect. To do so we have
collected the PL either from the top of the mirror or through the mirror, see Figure S 4. PL collected
from the top of the mirror, where DM acts as mirror matches the one from PL on glass. Reversely
the PL collected through the mirror is clearly blueshifted toward wavelengths below the mirror stop-
band and no narrow PL is observed in the mirror stop band.
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Figure S 4 mirror vs filtering effect of the DM structure. a. PL spectra under various irradiance
while the NCs on DM are excited from the top, making the DM acting as a mirror. b. PL spectra
under various irradiance while PL is connected through the DM that acts as a filter.
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4. Correlation between thickness and directivity
Increasing emission angle
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Figure S 5 Relation between cavity thickness and directivity. a. Schematic of the cavity formed
between the two DM in the presence of a small angle. b. PL dispersion maps for the NCs in the
cavity while the thickness of the cavity is tuned. Thicker cavities red shift the PL signal. c. Fourier
plane imaging through a filter at 1450 nm for three different spots of the cavity. The small tilt induces
a change of thickness in the cavity and thus a change of the emission angle for a given wavelength.

The radius \/k? + k% /k, of the white circles is equal to 0.3.
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5. Kirchoff’'s law applied to emission on various substrate
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Figure S 6 Renormalized power dependence using the local Kirchoff law procedure. a. for
NCs on glass. b. for NCs on gold. c. for NCs on single DM. d. for NCs in cavity.
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