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Thin films of lead salt nanocrystals (NCs) offer attractive opportunities as active media for near-infrared
optoelectronics but suffer from limiting trade-offs between optical and electrical properties. While NCs
separated by nanometer-long ligands are good light emitters, NCs capped with shorter molecules provide
a high carrier mobility but degrade the photo- and electroluminescence and broaden the narrow emis-
sion spectrum. Here we show that this severe quenching and spectral broadening can be averted with
an unconventional use of metallic antennas. The resulting NC-antenna hybridization not only provides a
strong boost in luminescence, but also makes it possible to remodel the emission spectrum in radical ways,
even at wavelengths where the NC assembly does not emit light. These results cannot be explained with
the standard theory of single-emitter luminescence assisted by optical antennas. We propose an alternative
model based on a statistical description of light emission by an ensemble of emitters and discuss important
consequences of our findings for nano-optics and solution-processed optoelectronics.
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I. INTRODUCTION

The trade-offs between optical properties and electrical
transport can be appreciated in Fig. 1 where we show the
characteristics of a film of PbS nanocrystals before and
after exchange of the native 2-nm-long trioctylphosphine
oxide (TOPO) ligands by dangling S2− ions. The evolution
of the photoluminescence [PL, Fig. 1(a)], absorption [Fig.
1(b)], and electrical conductivity [Fig. 1(c)] is consistent
with the literature [1–4]. Before ligand exchange, the PL
and absorption spectra feature an excitonic peak and the
electrical transport is poor because the insulating ligands
force the carriers to hop from one NC to another [5]. After
treating the NC film with a solution of Na2S in ethanol to
replace the TOPO ligands by sulfur ions, the conductiv-
ity improves but the PL is almost entirely suppressed, with
a reduction of more than two orders of magnitude of the
signal. This severe quenching is accompanied by a size-
able broadening and redshift of both PL and absorption
peaks. This behavior suggests that the PbS nanocrystals
are now sufficiently close to each other that their mutual
interactions are dominated by electronic coupling, leading
to nonradiative charge transfer to neighboring NCs and a
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loss of quantum confinement that shifts the spectral prop-
erties toward those of bulk PbS [2,4,6]. It is also likely that
defects caused by oxidation reinforce these trends because
our samples are made under ambient atmosphere.

While the luminescence of compact NC assemblies can
be partially recovered by lowering the temperature to a
few tens of kelvins, it has little potential for practical
applications and is essentially used for understanding the
fundamental mechanisms at play in NC-based solar cells
[6–8]. In this article, we show how to achieve the same
feat at room temperature using arrays of Au antennas that
also restore sharp and tunable properties despite the poor
quantum confinement within the NC assembly.

To this aim, let us consider the light-emitting diode
(LED) architecture represented in Fig. 1(d). The Au inclu-
sions are defined by electron-beam lithography and two
monolayers of ligand-exchanged PbS NCs form a confor-
mal coating above them. This PbS/Au heterostructure is
electrically addressed on the bottom side by an Al cath-
ode and a TiO2 electron transfer layer and on the top side
by a MoOx hole transfer layer and a transparent indium
tin oxide (ITO) anode. We already introduced variants
of the same architecture (albeit with NCs capped with
native ligands) to demonstrate electroluminescent meta-
surfaces with complex gradients in their optoelectronic
properties [9,10]. Here, we use the structure of Fig. 1(a)
for a different purpose, namely to alleviate the trade-offs
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FIG. 1. (a) Photoluminescence intensity
of a NC film before and after ligand
exchange (blue and red curves, respec-
tively). The noisy shoulder between 1345
and 1480 nm is an experimental artifact
due to the absorption lines of the atmo-
sphere. (b) Absorbance of a NC film before
and after ligand exchange [same color code
as panel (a)]. The black curve represents
the absorbance of the PbS nanocrystals in
solution. The different traces are offset for
clarity. (c) Current vs voltage between two
Au pads connected with PbS NCs. The dis-
tance between the two Au pads is 20 µm
and the PbS NCs are drop-cast in the slit
between the pads. Blue curve: result before
ligand exchange; red curve: result after lig-
and exchange. (d) Schematic view of the
LEDs considered in the remainder of the
study.

between luminescence, loss of quantum confinement, and
electrical conductivity in ensembles of PbS NCs, and to
discuss an important paradigm shift for optical antennas as
a consequence of our findings.

II. RESULTS AND DISCUSSION

We first consider a device operating with nonresonant
Au nanodiscs. Figure 2(a) shows the reflectivity spectrum
obtained by illuminating the structure through the trans-
parent anode. The reflectivity is high and rather uniform
because the nonresonant nanodiscs only weakly perturb
the incoming light as it is reflected by the bottom Al elec-
trode. Yet, the PL spectrum, represented in Fig. 2(b), shows
that more light is emitted compared to the PL measured
on a reference device without Au nanoparticles. More-
over, it has a complex shape with three maxima located
at 1450, 1280, and 1150 nm. The same three peaks are also
observed in the electroluminescence (EL) spectrum [Fig.
2(c)] and the light-voltage curves of Fig. 2(g) show that
the Au nanodiscs reduce the turn-on voltage from 8 V for
the reference sample to 2 V.

We have then repeated the experiments using resonant
Au nanoparticles [Figs. 2(d)–(f)]. The new array, which
combines rings and discs, has also been designed to have a
relatively flat reflectivity spectrum but with a much lower
baseline thanks to the excitation of surface plasmons. The
PL and EL spectra feature the same three peaks as before,
albeit with a modified weight and a much larger amplitude.
The increased luminescence is particularly spectacular for
the EL, as can be appreciated in a quantitative way on the
light-voltage curves of Fig. 2(g): the LED with resonant

Au particles is 10 to 100 times brighter than the LED oper-
ating with nonresonant Au discs and its turn-on voltage is
only 1 V. In other words, we have been able to enhance the
conductivity of the lead salt NC assembly (with the lig-
and exchange procedure) together with its luminescence
(with the Au nanoparticles), thus overcoming the inherent
trade-off between these parameters.

The results of Fig. 2 indicate that the Au particles play
the role of optical antennas that boost and modify the PL
and EL of the devices. It may be tempting to attribute these
changes to the Purcell effect—the mechanism typically at
play in such cases [11–13]. However, two key observations
invalidate this hypothesis. First, the Purcell effect mani-
fests itself as a change in the radiation decay rate but it
does not affect the emission wavelength of the emitter [13].
In contrast, the measurements of Fig. 2 reveal the pres-
ence of new spectral features that are indistinctly obtained
with resonant and nonresonant Au particles and that are not
present in the spectra taken without the Au antenna. Sec-
ond, it is well established that metallic antennas destroy the
luminescence of emitters placed too close to them due to
nonradiative losses [11–13]. This is another result that can-
not be reconciled with our experiments since in our case,
the NCs are directly coated onto the Au inclusions.

To explain the observations, it is important to make a
distinction between the spontaneous emission of individ-
ual emitters and the spontaneous emission of an ensemble
of highly coupled emitters such as our PbS NC assemblies.
When excited by light or electricity, individual emitters
usually relax to form one (or a few) exciton(s) between a
hole and an electron separated by an energy gap. Because
excitons can either decay through the emission of a photon
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FIG. 2. (a) Reflectance of a LED operating with nonresonant Au nanodiscs. The continuous trace is the experimental spectrum and
the dotted line is the result of finite-element simulations. Inset: SEM view of the nanoparticle array. Scale bar: 500 nm. (b),(c) PL
and EL spectra of the structure with Au nanodiscs. The black trace on the PL plot is the spectrum of a reference LED without Au
nanodiscs. (d)–(f) Same as panels (a)–(c), except for a LED operating with resonant Au discs and rings. (g) Light-voltage curves of
the nonresonant and resonant structures considered in panels (a)–(f) (blue and red traces, respectively). Black curve: reference sample
without Au nanostructure. (h) Finite-element simulations of the nonresonant structure with Au nanodiscs. Each plot represents the
vertical component of the electric field in a unit cell at a different wavelength (1005, 1185, 1380, and 1565 nm). The structure is
illuminated under normal incidence and the field is evaluated in a plane located 7.5 nm above the Au disc (outlined in black). (i) Same
as panel (h) for the resonant structure with Au discs and rings. The field amplitude (in V m−1) is roughly 3 times larger than for the
nonresonant Au nanodiscs.

or via a nonradiative channel, optical antennas provide a
powerful means to influence the competition between the
two types of relaxation mechanisms. This is the Purcell
effect discussed in the previous paragraph.

In contrast, emitters in close-packed NC assemblies are
strongly influenced by their neighbors and it is well doc-
umented that their electronic structure can form energy
bands as a result, even though their granularity, surface
defects, disorder and polydispersity make them quite dif-
ferent from ideal homogeneous semiconducting materials
[5]. A corollary is that electron-electron interaction, which
is a much faster process than radiative recombination,
leads to thermalization of the electrons (that is, they reach
a thermodynamic equilibrium) in the conduction band.
Similarly, holes thermalize and reach a thermodynamic
equilibrium in the valence band. In both bands, the states
are occupied according to a Fermi-Dirac distribution char-
acterized by a quasi-Fermi-level, which depends on the

pumping intensity. This is a key difference from the sin-
gle emitter where electrons and holes occupy the band
edge states. Based on these arguments drawn from statis-
tical physics, Würfel formally showed in 1982 that the PL
and EL of homogeneous semiconductors is governed by
the Kirchhoff law [14]—that is, the law that states that the
emission intensity is proportional to the absorption cross
section α of the material. Note that the Kirchhoff law also
applies to thermal radiation as it corresponds to the special
case of light emission due to electron-hole recombination
in the absence of optical or electrical pumping.

Based on these considerations, one can expect that the
same statistical treatment is also valid for NC assem-
blies. This analogy is already known and has been used,
for example, to analyze the optoelectronic properties of
an ensemble of Ag2S NCs [15]. However, there exists
an important difference between homogeneous conductors
and NC assemblies on one hand, and our devices on

034042-3



HONGYUE WANG et al. PHYS. REV. APPLIED 10, 034042 (2018)

the other hand: the statistical treatment outlined above is
only valid for homogeneous media and cannot be directly
applied to our structures due to the presence of the Au
antennas that induce strong nanoscale inhomogeneities.

To quantitatively account for the role of the antennas,
we apply a model recently introduced for the electrolumi-
nescence of semiconductors mediated by resonant systems
[16]. This model is a local form of the Kirchhoff law
in which the key physical quantities (the carrier temper-
ature T, the absorption cross section α, and the quasi-
Fermi-levels for the valence and conduction bands) are
defined locally in order to treat the case of inhomogeneous
media. From this perspective, emission and absorption are
described using Fermi-Dirac distributions, just as in the
classical treatment by Würfel, except that they are locally
modulated by the antennas. Hence, light appears to be due
to emission by a bath of excited carriers mediated by the
antennas. The intensity takes the form [16]:

Ie ∝
∫

�

dxdydz α
ω2

4π2c2

�ω

exp[(�ω − eV)/kBT] − 1

≈
[∫

�

dxdydz α exp(eV/kBT)

]
IW(ω, T), (1)

where α is the absorption cross-section density of the emit-
ting layer at frequency ω and coordinates (x,y,z), eV is
the difference between the quasi-Fermi-levels at coordi-
nates (x,y,z), with e the electron charge and V the potential
drop at the NC level (V is not the same for the NCs on
the antennas and those outside the antennas but it is in
all cases smaller than the applied bias voltage due to the
resistances in the system), kB is the Boltzmann constant,
� is the reduced Planck constant, and IW(ω,T) is the Wien
approximation of the blackbody radiance:

IW(ω, T) = ω2

4π2c2

�ω

exp(�ω/kBT)
(2)

The same formula is valid for PL provided that one
replaces eV with the quasi-Fermi-level difference �µ that
depends on the optical pumping intensity. The main point
of this model is that tailoring the emission properties at
frequency ω is equivalent to act upon the absorption cross-
section density α (at the same frequency). It is formally
identical to the standard theory derived by Würfel for the
EL and PL of bulk semiconductors where electrons and
holes are held separately in local thermodynamic equilib-
rium [14]—but generalized to the case where α and eV
exhibit spatial variations due to the presence of the Au
antennas. In this stationary regime, the role of the Au
antennas is to tailor α (i.e., the absorption by an ensem-
ble of NCs in local thermodynamic equilibrium) with their
local fields. This is a very different situation from the case

of the time-dependent decay of a single NC in the pres-
ence of an antenna with a competition between radiative
and nonradiative decay rates [11–13].

It should be noted that despite the presence of IW(ω,T)
in Eq. (1), this model does not describe thermal radiation.
Rather, IW(ω,T) is directly related to the fact that the elec-
trons and holes are independently in local thermodynamic
equilibrium. As is the case for the standard Kirchhoff law,
thermal radiation corresponds to the special case eV = 0.
When an external voltage bias (or an optical pump in
the case of the PL experiments) is applied, light emission
becomes significant regardless of the carrier temperature
because of the factor exp(eV/kT). Since eV is typically in
the order of the volt and kBT is 25 meV, emission may be
significant even though α is much smaller than 1.

In summary, we interpret our experiments by the fact
that the electron-electron interaction time is much faster
than electron relaxation, and that all the electrons ther-
malize and are in local thermodynamic equilibrium as a
result. Light is thus due to the electron-hole recombination
between two crystal-like bands and not to the electron-
hole recombination between the edge states in a particular
NC. Emission is thus broadened. The coupling between the
electromagnetic field and the bath of thermalized electrons
and holes can be tailored by the design of an antenna. This
antenna is a polarization and frequency-selective energy
tap.

III. VALIDATION OF THE MODEL

The local fields that influence α(ω,x,y,z) are represented
in Figs. 2(h) and 2(i) for the two structures under consider-
ation. These plots are obtained with a finite-element model
that successfully reproduces the reflectance spectra of the
structures [dotted lines on Figs. 2(a) and 2(d)]. The simu-
lations show very good correlations with the properties of
Figs. 2(a)–2(f). Specifically, the field distribution associ-
ated with the nonresonant structure is essentially constant
across the whole spectral range and its amplitude is three
times weaker than for the sample operating with discs and
rings, in good agreement with the fact that the PL and
EL spectra are broadband but much weaker than that for
the resonant sample. The field distribution of the resonant
structure exhibits more complex variations, with the high
local fields being gradually displaced from the discs to the
rings as the wavelength increases. Still, the fraction of the
unit cell occupied by high local fields remains almost the
same from one wavelength to the other, which is again con-
sistent with the broadband PL and EL emissions measured
for this sample.

Although these correlations are consistent with the local
Kirchhoff law, there is a more compelling argument in
favor of this scenario. According to Eq. (1), α(ω,x,y,z) is
not the only factor that influences the PL and EL spectra.
They are also modulated by the Wien radiance IW(ω,T)
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FIG. 3. (a) Red curve: PL spectrum of a sample with resonant discs and rings [same parameters as in Fig. 2(d)–(f)]. Gray and black
curves: EL spectra of the sample biased at 2.5 and 3.5 V, respectively. Blue curve: EL spectrum at 7 V of a structure fabricated with
the same specifications, except that the granularity of the ITO anode has been modified to hamper the injection of the electrons. All
spectra are normalized between 0 and 1. (b) Result of the Wien radiance renormalization described in the text. (c) Black curve: same EL
spectrum as the black trace in panel (a). Light-green curve: EL spectrum of a structure fabricated with the same specifications, except
that the NCs have a smaller radius, shifting their bandgap by 200 nm to the blue. Dark-green curve: Wien radiance renormalization of
the light-green trace.

which accounts for the spectral variations caused by the
carrier temperature. To test this hypothesis, we study the
response of devices subject to different excitation condi-
tions. Figure 3(a) shows the measurements for two samples
operating with the same Au rings and discs as in Fig. 2. The
red, gray, and black traces are the PL spectrum and two
EL spectra of the first sample taken at 2.5 and 3.5 V. The
blue curve corresponds to the EL spectrum of the second
structure at 7 V. Such a high bias is necessary to record this
spectrum because the ITO anode has been fabricated with a
smaller granularity that hampers electrical injection—and
thus increases the temperature of the injected carriers.

While all devices feature the three peaks discussed pre-
viously, their spectra exhibit significant variations (note
that the quasi-Fermi-level difference only affects the ampli-
tude of the signal and not the spectrum). If, according
to Eq. (1), these variations are due to differences in the
carrier temperature, it should be possible to superim-
pose all the traces by renormalizing them with the ratio
IW(ω,Ti)/IW(ω,T1), where Ti=1,2,3,4 are the carrier temper-
atures of the four experiments. The result of the renor-
malization, obtained by fitting the values of Ti and plotted
on Fig. 3(b), confirms this hypothesis since all the curves
become almost perfectly superimposed. It should be noted
that to perform this fit, one of the temperatures must be
known. Here, we have assumed that the PL experiments
hardly raise the carrier temperature above that of the PbS
host. We have thus set the temperature of the red PL
spectrum to T1 = 300 K and found that the other tempera-
tures are T2 = 310 K, T3 = 328 K, and T4 = 387 K for the
gray, black, and blue spectra, respectively. These values
are reasonable since they indicate that the carrier temper-
ature increases with the power used to excite the devices.
Importantly, the fact that all the curves of Fig. 3(a) can
be superimposed does not depend on the value chosen

for T1 (although we do not expect a significant tempera-
ture increase for the PL experiments, T1 may actually be
slightly larger than 300 K due to the excess energy of the
red laser pump compared to the near infrared emission)
and the fitted temperatures always evolve in the same order
(T4 > T3 > T2 > T1).

Figure 3(b) unambiguously shows that the spectra are
modulated by the Wien radiance IW, which is the landmark
signature of the thermalization of the emitter assembly.
As a control experiment, we have repeated these measure-
ments with a different source of PbS nanocrystals (see the
Appendix), capped with different native ligands (oleic acid
instead of TOPO), and characterized by a smaller diame-
ter that shifts their excitonic bandgap by 200 nm to smaller
wavelengths (1100 nm instead of 1300 nm). The EL spec-
trum of the new structure is plotted as a light-green curve
on Fig. 3(c). After performing the same renormalization
as above, the trace becomes similar to that of the struc-
ture already investigated in Fig. 3(a) (dark-green and black
curves, respectively). In particular, the same three peaks
are observed at the same wavelengths, indicating that the
spectral features of the devices are largely independent of
the diameter of the individual NCs. This result is consistent
with the idea that after ligand exchange, the NC assembly
cannot be seen as an ensemble of discrete emitters but as a
collective system. As stated above, this is a necessary con-
dition for the local Kirchhoff law and it constitutes the last
element of our analysis.

IV. CONCLUSION AND PERSPECTIVES

To summarize, we show a route to simultaneously opti-
mize the electrical and optical properties of PbS NC assem-
blies with a combination of ligand exchange and optical
antennas. Our results can be analyzed using a local form of

034042-5



HONGYUE WANG et al. PHYS. REV. APPLIED 10, 034042 (2018)

the Kirchhoff law, which quantitatively accounts for both
the emission enhancement and the spectral modifications
of the light emission.

We conclude this study by discussing the opportunities
offered by optical antennas operating with the local Kirch-
hoff law. First, and foremost, the relevant figure of merit for
optimizing their effect is the absorption cross-section den-
sity α within the semiconducting medium. A remarkable
consequence is that the antennas can be placed directly
in contact with the semiconducting medium to maximize
their impact. In fact, additional experiments not shown
here indicate that proper electrical injection (but not optical
pumping) requires a contact between the metallic anten-
nas and the NCs and that not all metals can be used for
this purpose (Al antennas, for example, do not work). This
problem of electrical injection has been addressed in a
separate study for NCs capped with native ligands [10].

Second, the local Kirchhoff law applies when electrons
and holes thermalize and form two separate reservoirs
in local thermodynamic equilibrium. Consequently, the
antenna operating frequency does not need to be adjusted
to a particular transition contrary to antennas acting on dis-
crete fluorophores. In fact, one of their most enabling prop-
erties is that they can be used to recombine electrons and
holes far from the band edge, and thus completely rede-
fine the spectrum of the emitting layer. We have already
given examples of radical spectral design in Figs. 2 and
3, with structures capable of extracting light over a broad
range of wavelengths. As another illustration, we show in
Fig. 4 how to produce narrow emission bands with anten-
nas that maximize α for selected colors only, with the same
ligand-exchanged NC films considered in Figs. 2, 3(a) and
3(b). The LED characterized in Fig. 4(a) proves that it is

possible to engineer a single-peak emission at wavelengths
much smaller than both the band gap of the individual
NCs [approximately 1300 nm, Fig. 1(c)] and the maximum
of the assembly of ligand-exchanged NCs [approximately
1500 nm, Fig. 1(c)]. In Fig. 4(b), we present a device
emitting polarized light because the absorption density is
created by a plasmonic resonance along the long axis of the
Au nanorods. The EL spectrum taken with the other polar-
ization, also shown in the figure, is much weaker and very
much like that obtained with the nonresonant nanodiscs in
Fig. 2(c), as expected since the nanorods do not support
any resonance along this polarization.

Last, it is worth noting that the optical antennas imprint
a specific spatial emission profile within the active layer
since the cross section α is selectively enhanced in their
immediate vicinity. This opens up the possibility to cre-
ate intricate luminescent patterns with spatial gradients
of the light spectrum, polarization, and intensity. In this
regard, the local Kirchhoff law may also be at play in
the electroluminescent metamaterials operating with native
TOPO ligands that we have introduced previously [9,10]
because their behavior obeys the three design principles
stated here (robustness to quenching even in the presence
of lossy nonplasmonic nanoparticles, dramatic spectral
changes, and nonuniform light emission). This hypothe-
sis is consistent with the fact that even PbS NCs capped
with long native ligands cannot be considered as a col-
lection of individual emitters because they thermalize via
Förster resonant energy transfer [17]. In fact, the phe-
nomena reported in this work are probably not limited to
PbS NCs because there exist many systems that fulfill the
necessary condition of carrier thermalization (e.g., con-
tinuous thin-film semiconductors, quantum wells, organic
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FIG. 4. (a) Reflectance and EL
of a LED operating with resonant
Au squares. Inset: SEM view of
the Au antenna array. Scale bar:
500 nm. (b) Reflectance and EL of
a LED operating with resonant Au
nanorods. Orange (yellow) traces:
signal measured through a polarizer
aligned along the vertical (horizon-
tal) axis of the rods. Inset: SEM
view of the Au antenna array. Scale
bar: 500 nm. It should be noted
that all the spectra of this figure are
obtained with the same assemblies
of ligand-exchanged NCs as those
considered in Figs. 2, 3(a) and 3(b).
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dyes, ensemble of interacting emitters, etc.). It would be
particularly interesting to re-examine a number of past
experiments in which optical antennas were used to boost
the performances of organic and quantum-dot LEDs [18–
20] in view of the present results. More generally, this
study provides experimental evidence that optical anten-
nas (and, by extension, related structures such as dielectric
cavities and photonic crystals) influence individual fluo-
rophores and ensembles of emitters in radically different
ways. The question of which interaction regime applies
must therefore be a central question for the design of future
nano-optoelectronic devices.
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APPENDIX: EXPERIMENTAL DETAILS

Fabrication (seven main steps): (i) Glass substrates are
cleaned with ultrasound in acetone and deionized water,
then treated with a Piranha solution (96% H2SO4 : 30%
H2O2 = 3:1, v:v), H2O-rinsed, N2-dried, and finally
cleaned with an O2 plasma for 5 min. (ii)–(iii) The Al elec-
trodes and TiO2 electron transfer layers are obtained by
electron-beam evaporation of Al through a shadow mask
and by spin-coating a suspension of anatase TiO2 nanopar-
ticles in ethanol (Ti-Nanoxide HT-L/SC, Solaronix) at
5000 rpm for 60 s onto the sample, followed by a hot
plate bake at 200 oC for 15 min. (iv) The Au nanostruc-
tures are defined by electron-beam lithography using a
mask of ZEP520A resist diluted in anisole (dilution ratio
of 2). The writing conditions are an acceleration voltage
of 80 kV, a current of 1.8 nA, and a dose of 3 C (m2)−1.
After development of the resist, the metal nanostructures
are obtained by electron-beam evaporation of 2 nm of Ti
and 25 nm of Au followed by a lift-off in acetone. (v) The
sample is coated with approximately 2–3 monolayers of
PbS NCs and the native ligands are replaced by S2− ions.
In more detail, the PbS NCs are spin cast from a 15 mg
ml−1 toluene solution at 2000 rpm for 15 s and baked
on a hot plate at 150 °C for 3 min. The sample is then
soaked in a solution of Na2S in ethanol (1%) for 10 s and
in ethanol for 30 s, N2-dried, and baked on a hot plate at
100 °C for 2 min. A second rinse in deionized water for
20 s is performed to remove any residual Na2S. (vi–vii)
The 10-nm-thick MoOx layer and the ITO electrodes are
deposited with a Denton sputtering system. The film of
MoOx is obtained with reactive radio frequency magnetron
sputtering of a Mo target in 15% O2-85% Ar at a pressure
of 10 µbar and a rate of 0.2 Å s−1. The ITO electrodes
are made of a bilayer: one layer, which is 10-nm thick, is

deposited with a low power density (0.65 W (cm2)−1) at a
rate of 0.5 Å s−1 to produce a polycrystalline coating with
small grains designed to maximize adherence to the stack.
The second layer is an 80-nm thick polycrystalline coating
with larger grains, having more internal stress but a higher
conductivity.

Materials and chemicals: Borosilicate glass wafer
(Plan Optik AG); TiO2 colloidal nanoparticles (Ti-
Nanoxide HT-L/SC, Solaronix); sodium sulfide nonahy-
drate (99.99%, Sigma); Mo target (99.98%, Kurt J.
Lesker); ITO target (99.99%, Kurt J. Lesker). PbS NCs:
two different sources are used. Most of the results are
obtained with a 2015 batch from Evident Technologies
(PbS core with a 4.6-nm diameter and 2-nm-long tri-
octylphosphine oxide ligands). We have also made a series
of control experiments with PbS NCs from CAN Gmb
(CANdots Series C, PbS core capped by oleic acid lig-
ands). The green spectra of Fig. 3(c) are obtained with this
second source of NCs.

Fourier-transform-infrared (FTIR) characterization: The
FTIR measurements are performed with a Varian system
equipped with an optical microscope and a Cassegrain
objective focusing the incident light with a range of angles
between 15 and 30o. The data are normalized by the
reflectance spectrum of a Au mirror. For Fig. 4(b), an
analyzer is inserted within the microscope to measure the
polarization dependence of the structure.

EL and PL characterization: The light-voltage curves of
Fig. 2(g) are obtained by recording at each voltage step
the current and the light emitted by the device. The volt-
age is applied with a Keithley 2636A sourcemeter, which
is also used to measure the current. The light is recorded by
imaging the sample with a BX51WI Olympus microscope
coupled to a Xenics Xeva 1M (In,Ga)As camera. The PL
and EL spectra of Figs. 2 and 3 are also collected with this
microscope (using a 50X objective for the PL spectra and
a 10X objective for the EL spectra), except that the light
is redirected to a Horiba Jobin-Yvon spectrometer (com-
posed of an iHR320 monochromator and a Symphony II
(In,Ga)As detector). The excitation source for the PL mea-
surements is a He-Ne laser emitting at 632.8 nm. For the
polarization dependence measurements of Fig. 3, a Glan-
Thomson polarizer with a fixed angle is inserted before
the spectrometer and the measurements are performed by
rotating the sample with respect to this polarizer.

Absorption measurements: The measurements of Fig.
1(b) are performed with a UV-3600 spectrometer from
Shimadzu.

Finite-element simulations: The simulations of Fig. 2
are performed with the RF module of the COMSOL Mul-
tiphysics package. The structures are modeled as a single
unit cell flanked by periodic boundary conditions. Rather
than simulating the whole stack, it is found that excellent
agreement with the FTIR experiments can be obtained by
merging the PbS, MoOx, and ITO layers into a single
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domain with the permittivity of ITO multiplied by a fac-
tor of 1.25 for the real part. The optical constants of the
TiO2 and ITO layers used in this model are measured with
a Woollam M-2000 ellipsometer. The metal permittivities
are taken from the literature. The reflectance spectra of
Figs. 2(a) and 2(d) are evaluated for unpolarized light and
an incident angle of 20o (to take into account that the mea-
surements are performed with a Cassegrain objective). The
fields of Figs. 2(h) and 2(i) are obtained with the same
model but for linearly polarized light and under normal
incidence to reveal the symmetries of the modes.
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