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ABSTRACT: The engineering of broadband absorbers to harvest white light in thin-ﬁlm semiconductors is a major challenge in
developing renewable materials for energy harvesting. Many solution-processed materials with high manufacturability and low
cost, such as semiconductor quantum dots, require the use of ﬁlm structures with thicknesses on the order of 1 μm to absorb
incoming photons completely. The electron transport lengths in these media, however, are 1 order of magnitude smaller than this
length, hampering further progress with this platform. Herein, we show that, by engineering suitably disordered nanoplasmonic
structures, we have created a new class of dispersionless epsilon-near-zero composite materials that eﬃciently harness white light.
Our nanostructures localize light in the dielectric region outside the epsilon-near-zero material with characteristic lengths of 10−
100 nm, resulting in an eﬃcient system for harvesting broadband light when a thin absorptive ﬁlm is deposited on top of the
structure. By using a combination of theory and experiments, we demonstrate that ultrathin layers down to 50 nm of colloidal
quantum dots deposited atop the epsilon-near-zero material show an increase in broadband absorption ranging from 200% to
500% compared to a planar structure of the same colloidal quantum-dot-absorber average thickness. When the epsilon-near-zero
nanostructures were used in an energy-harvesting module, we observed a spectrally averaged 170% broadband increase in the
external quantum eﬃciency of the device, measured at wavelengths between 400 and 1200 nm. Atomic force microscopy and
photoluminescence excitation measurements demonstrate that the properties of these epsilon-near-zero structures apply to
general metals and could be used to enhance the near-ﬁeld absorption of semiconductor structures more widely. We have
developed an inexpensive electrochemical deposition process that enables scaled-up production of this nanomaterial for largescale energy-harvesting applications.
KEYWORDS: colloidal quantum dots, nanophotonics, epsilon-near-zero materials, solar energy harvesting, atomic force microscopy,
electron energy loss spectroscopy

■

INTRODUCTION

for control of the spectral response over a wide range within a
low-cost platform.12
Further progress in this promising system is hampered by a
compromise between light absorption and charge-carrier

Colloidal quantum dot (CQD) materials are used in a wide
array of light-harvesting systems including photodetectors,1−4
photovoltaics,5−10 and photojunction ﬁeld-eﬀect transistor
devices.11 The attractive characteristics of these materials
include low costs of fabrication, low materials utilization, and
size-tunable optical band gaps. Combined, these features allow
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Figure 1. Fabrication of broadband ENZ materials by the electrodeposition of Au nanostructures. (a) Redox reaction illustrating the concepts behind
the electrodeposition of nanostructured Au ﬁlms. (b−d) Top-view SEM images of nanostructured Au electrodes prepared at an applied bias of 250
mV for an exposure time of 10 min using HAuCl4 solution concentrations of (b) 13, (c) 26, and (d) 40 mM.

extraction: Transport lengths today are limited to ∼400 nm,12
but more than 1 μm of planar material is required to absorb all
impinging solar photons with wavelengths greater than 800 nm.
Numerous strategies have been implemented to address this
issue, including reducing the collection distance using
heterojunctions7,13−15 and coupling light into active ﬁlms
using substrate structuring techniques for increased absorption.16,17 Plasmonic nanostructures have also been explored.18−21 However, most of the electromagnetic energy is
typically localized inside the metal, and only a small portion
reaches the CQD ﬁlm.22
Each of these technologies typically enhances the absorption
of the semiconductor in a narrow spectral region. A major
challenge is to conceive a material able to capture all incoming
photons with energies above the band gap of 1.1 eV, the
prerequisite band gap to approach the 30% thermodynamic
limit of eﬃciency for single-junction solar cells.23 If a medium
with such a broadband response can be engineered, it could
potentially open the realization of new generations of
photovoltaic devices.
Herein we propose a novel strategy that makes use of
epsilon-near-zero (ENZ) electromagnetic materials. The study
of these systems is of considerable interest because of
phenomena that occur when the refractive index of an optical
medium reaches zero.24−26 When light propagates into an ENZ
material, the phase velocity of the wave diverges, and the energy
velocity tends to zero, implying the formation of standing waves
with inﬁnite wavelength. An ENZ nanomaterial with a broad
spectral response could slow down electromagnetic waves on
scales much smaller than the charge diﬀusion length, thereby
enabling the design of a new class of thin structures for eﬃcient
energy harvesting.
From an experimental perspective, the engineering of ENZ
materials at optical wavelengths is quite challenging. To date,
signiﬁcant advances have been reported for speciﬁc frequency
regions and light input conditions (angle of incidence and

polarization);25,26 as yet, however, the fabrication of ENZ
structures whose operating wavelength spans the visible to the
infrared region has not been achieved.
In this work, we design a new class of ultrabroadband ENZ
materials by exploiting complex metallic structures. Pioneering
investigations on complex optical systems reported various
counterintuitive phenomena such as broadband energy harvesting, extreme light localization, photon condensation, and
ultradark blackbody materials.27−33 Herein, we illustrate the
harnessing of these eﬀects, turning a nanoplasmonic material
into a complex network of dielectric ENZ nanostructures,
connected by nanocavities with high dielectric permittivities. In
previous reports, plasmonic strategies for absorption enhancement have often led to localization of light principally within
the metal, making it diﬃcult to extract energy in the desired
light-harvesting-active semiconductor layer.18 Our ENZ nanostructures, in contrast, eﬃciently localize white light within 10−
100 nm outside the metal, creating a material with a record of
broadband external quantum eﬃciency (EQE) enhancement
when combined with thin absorptive ﬁlms.

■

RESULTS AND DISCUSSION
Material Design and Characterization. We used electrodeposition34−37 as a scalable fabrication process for assembling
complex ENZ materials. Figure 1a presents a schematic view of
the process. We used a three-probe potentiostat in a gold
chloride (HAuCl4) solution, with the reduction of gold (Au)
atoms on the working electrode, which was itself coated with a
thin planar Au ﬁlm (see Materials and Methods for more
details). Figure 1b−d shows scanning electron microscopy
(SEM) images of samples prepared with exposure times of t =
10 min, using HAuCl4 solutions of diﬀerent concentrations.
The fabricated samples were characterized by strongly
disordered nanostructures, whose characteristic sizes spanned
multiple spatial scales with features varying in the range
between 10 nm and 1−2 μm. Multiscale disorder could be
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Figure 2. Formation of broadband ENZ materials in complex nanoplasmonic structures: theory. (a) SEM cross section of a nanostructured sample
obtained at a HAuCl4 concentration of 26 mM and a deposition time of t = 360 s. (b) Two-dimensional cross-sectional proﬁle of the metallic surface.
When light impinges on the structure, it excites the propagation of surface plasmon polariton (SPP) waves, which move along the complex surface of
the metal (panel b, inset). This motion is conveniently described in a curvilinear grid (u, v), which conformally maps the metallic surface (panel b,
gray grid). (c) In the transformed space (u, v), the SPP waves appear to propagate inside an inhomogeneous material with a dielectric permittivity
ϵ(u,v) on the line at v = 0 (panel c, inset).

general and can be applied to arbitrary initial geometries in the
(x, y) space. With the introduction of the transformed material
ϵ(u,v), the two structures of Figure 2b,cthe complex metallic
geometry in air (Figure 2b) and the ﬂat metallic plane
immersed in the inhomogeneous medium ϵ(u,v) (Figure 2c)
are exactly the same: Light does not experience any diﬀerence
when propagating in one or the other.
The transformed medium of Figure 2c shows remarkable
electromagnetic features. The variation of geometric curvature
in Figure 2b generates a complex network of ENZ regions
(Figure 2c, blue area) whose dielectric constant attains very low
values of ∼10−3. ENZ regions are located outside the metal, in
the semi-inﬁnite plane for v > 0, and are separated by nanoscale
areas of high dielectric constant ϵ > 10 along the u axis. Figure
S2 shows the spatial distribution of the transformed dielectric
material ϵ[u(x,y),v(x,y)] in the original space (x, y), clarifying
where the ENZ regions are created in space. As can be observed
in the ﬁgure, the ENZ regions accumulate on the points of
positive curvature of the metal near each nanostructured peak,
whereas regions of high dielectric constant are created in the
valleys of the metallic surface where the curvature changes sign.
As the generation of ENZ nanostructures is of geometrical
origin, ENZ regions are dispersionless and inherently
insensitive to light input frequency. This is an exact result, as
it is based on a transformation optics approach that does not
rely on any approximations.39 However, it is important to
observe that the presence of a metal is fundamental for light to
become strongly localized in the ENZ regions. If the metal is
replaced by a diﬀerent material that does not sustain surface
polariton waves, in fact, light energy would simply penetrate the
structure or be reﬂected, without experiencing any ENZ eﬀect.
We observed that the structure of Figure 2a,b cannot be
modeled in the quasistatic approximation,40 as this approach

controlled by varying the solution concentration of HAuCl4
(Figure 1b−d).
To characterize the optical response of the complex metal of
Figure 1, we resorted to the transformation approach developed
in ref 33. For the sake of simplicity and without loss of
generality, here, we perform a two-dimensional analysis, which
has the advantage of providing a clear physical description of
the optical properties of the sample. A three-dimensional
generalization requires very involved mathematics and is
deferred to a future specialized work. Figure 2a shows an
SEM cross section of a nanostructured material fabricated with
a HAuCl4 solution concentration of 26 mM and a deposition
time of 360 s. Figure 2b illustrates a two-dimensional cross
section of the metallic surface along the (x, y) plane. When light
impinges on this structure, it excites surface plasmon polariton
(SPP) waves,38 which propagate on the metallic surface
following its complex curvature (Figure 2b, inset). Because
plasmon waves move on the surface of the sample, it is a natural
choice to describe this motion on a reference system that is
conformal with the metallic surface. An example of such
conformal grid is shown by the gray axes of Figure 2b, which
deﬁne a new set of coordinates (u, v). In the transformed space
(u, v), the motion of surface plasmons is extremely simple and
characterized by straight lines at v = 0 (Figure 2c and inset). In
the coordinate space (u, v), the dynamics of light is described
by the same set of Maxwell equations that model photon
dynamics in the original (x, y) space, with the addition of a new
inhomogeneous material with dielectric permittivity ϵ(u,v).
This material takes into account the eﬀects of the complex
metallic surface of Figure 2b, whose geometry disappears in the
ﬂat space of Figure 2c. The calculation of the dielectric material
ϵ(u,v) is performed with the standard arguments from
transformation optics39,40 (see Supporting Information and
Figure S1). The approach we developed to calculate ϵ(u,v) is
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leads to ϵ(u,v) = 0 throughout the transformed space,
neglecting the essential contribution of ENZ regions.
Polychromatic Light Splitting in Complex ENZ
Nanostructures. In the ﬁrst series of experiments, we
characterized the optical response of the ENZ material to
broadband input light. Figure S3a−c shows the total absorption
of the ENZ nanostructures when combined with an ultrathin
(50-nm-thick) colloidal quantum dot ﬁlm composed of 1.3 eV
lead sulﬁde colloidal quantum dots (see Materials and
Methods). Figure S3a shows a trend of increased absorption
as a function of deposition time, in agreement with our theory
that predicts the formation of an ENZ network with broadband
absorption properties.
To quantitatively show that the absorption increase observed
in our measurements is sustained by the ENZ network, we
generated ﬁnite-diﬀerence time-domain (FDTD) models using
the refractive index proﬁle extracted from SEM images of
fabricated samples (Figure 2a). In our simulations, we
investigated the system response to diﬀerent input wavelengths
λ between λ = 450 nm and λ = 1100 nm. We solved a fully
dispersive version of the Maxwell equations with our parallel
FDTD code NANOCPP. 27,41 In our simulations, we
considered the exact dispersion curve of gold taken from
available experimental results42 (Figure S4). Figure 3 (dashed

panels b and c of Figure 4, one can clearly observe that
polychromatic energy trapping is attained in each ENZ region.
Movie M1 provides further details on the trapping process,
showing the time evolution of the electromagnetic energy in
the transformed domain (u, v). Once light impinges on the
complex ENZ material, electromagnetic energy oscillates inside
each ENZ region, eventually accumulating in the points of
lowest refractive index. Each ENZ region acts as an eﬀective
cavity: During each round trip toward the cavity edges,
electromagnetic waves are slowed down, and light energy
becomes progressively trapped in the points of minimum wave
velocity. To illustrate this process, we carried out an additional
series of FDTD simulations by considering the elementary
absorption unit of the system, which is illustrated in the inset of
Figure 2c and is composed of an ENZ region sandwiched
between two high-refractive-index regions on the top of a gold
metal planar structure. The dielectric permittivities of the ENZ
and the high-refractive-index regions are set to ϵr = 0.01 and ϵr
= 7, respectively, and are considered dispersionless over the
entire spectrum. Figure S5 presents FDTD results on the
absorption of ENZ structures with diﬀerent lengths L. The
length L depends on the curvature of the metal in the original
(x, y) space: The smaller the curvature, the higher the ENZ
length L in the transformed space. FDTD-calculated spectra
show that the absorption of each absorption unit of the system
is not ﬂat, with each ENZ layer localizing broadband light
diﬀerently when the ENZ length is changed.
Enhanced Broadband Absorption in Thin Films. Figure
4a,b shows that ENZ regions that are suﬃciently close to each
other can interact electromagnetically, allowing energy to
extend well beyond the metallic surface and create complex
localized energy patterns on the 10−100-nm scale. When a ﬁlm
of absorptive material is placed in contact with these ENZ
nanostructures, localized energy patterns provide a broadband
energy reservoir for the ﬁlm that can increase its absorption
over a wide spectral range. In the next analysis, we investigated
this process in more detail by using a combination of atomic
force microscopy (AFM) imaging, photoconductive AFM (PCAFM) imaging, and photoluminescence excitation (PLE)
experiments.
Figure 5a,b presents AFM photocurrent images of two
diﬀerent zones of a nanostructured sample with a CQD ﬁlm
thickness of 50 nm. The photocurrent enhancement was
measured by illuminating the sample with a laser of wavelength
λ = 405 nm (see Materials and Methods). To analyze the
spatial position of absorption enhancement, we superimposed
the photocurrent enhancement on the surface proﬁle of the
nanostructured metal (Figure 5a,b, surface plot). To avoid the
formation of electrical shorts between the AFM nanotip and the
metal, we used a 10-nm layer of amorphous TiO2, deposited on
top of the metal by atomic layer deposition (ALD). The AFM
measurements demonstrated that a signiﬁcant photocurrent
enhancement occurred in the metallic peaks of the nanostructures where the ENZ regions formed. This is further validated
by Figure 6, which superimposes the AFM-retrieved photocurrent with the spatial distribution of ENZ regions, displaying
an excellent one-to-one correspondence between peaks in the
photocurrent (Figure 6a, maxima in the black solid line) and
ENZ regions (Figure 6a, minima in the dashed blue line).
Figure S6 presents a comparative analysis between a peak
(panels a and c) and a valley (panels b and d) of a sample
composed of a nanostructured metal (t = 180 s, 13 mM
solution) with no CQD ﬁlm. This analysis allowed the ENZ

Figure 3. Broadband absorption of nanostructured electrodes: FDTD
analysis and experiments. Comparison of the experimental (solid lines)
and FDTD-calculated (dashed lines) absorption of planar and
nanostructured samples obtained at t = 360 s with a 23 mM solution
concentration of HAuCl4. The FDTD analysis on nanostructured gold
was carried out on the structure shown in Figure 2b.

lines) presents the results of this analysis, comparing theory and
experiments for planar and disordered samples. We observed a
broadband absorption increase throughout the visible and nearinfrared region when a network of ENZ regions was formed.
This comparison also demonstrates that the cross-sectional
structure employed in Figure 3 is representative of the sample
and can therefore be employed to investigate the light−matter
interactions occurring in the material.
Figure 4a provides more details on the behavior of ENZ
nanostructures by illustrating the spatial distribution of the
electromagnetic energy, , , averaged over one optical cycle,
when the system response reaches steady state. Figure 4a shows
that light is split into polychromatic resonant states localized in
diﬀerent spatial regions of the metallic surface. Such complex
light−matter interactions can be interpreted in the transformed
space (u, v), which is presented in Figure 4b. To create a
reference for the ENZ dielectric response, we combined Figure
4b with Figure 4c, which plots the corresponding inhomogeneous permittivity ϵ(u,v) of the ENZ material. By comparing
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Figure 4. FDTD analysis of polychromatic light splitting in complex ENZ nanostructures. (a) Electromagnetic energy distribution ,, averaged over
one optical cycle at steady state, upon illumination of the structure in Figure 2b by monochromatic light at diﬀerent frequencies (λ = 450, 600, and
700 nm). To illustrate the eﬀects of these excitations in a single plot, we used semitransparent color bars (panel a, right side) with shades of a given
intensity of the excitation wavelength. The metallic structure is illustrated as a solid dark yellow area. (b) Energy distribution of panel a in the
transformed space (u, v). (c) Distribution of dielectric permittivity ϵ(u,v) of the inhomogeneous material deﬁning the equivalent complex ENZ
response of the metal.

We normalized the PLE signal to the PLE value at λ = 530 nm,
where the planar sample already shows almost 100% absorption
of incoming light. Figure 8a shows a shift of increased relative
PLE in the infrared region as a function of increased disorder in
the sample. This is directly reﬂective of the absorption trend in
Figure S3, which shows increased infrared absorption when the
complex network of ENZ regions is formed. Figure 8b
compares the absorption enhancement of our ENZ sample at
diﬀerent CQD ﬁlm thicknesses. To clearly illustrate the
broadband nature of the ENZ enhancement, we normalized
the PLE values to that measured at λ = 700 nm, where the
nanostructured samples with a 50-nm CQD thickness exhibited
the highest absorption increase. For a CQD ﬁlm of 300 nm,
which absorbs almost 100% of visible radiation for wavelengths
below 500 nm in a planar conﬁguration, we observed a ﬂat PLE
response across the visible and infrared spectrum. This shows
that we have eﬀectively enhanced the CQD ﬁlm absorption
eﬃciency in the infrared range to a level comparable to that in
the the visible region, where absorption is almost 100%.
Eﬃciency Increase in Energy-Harvesting Modules.
The ENZ nanostructuring proposed in this work does not
require speciﬁc photovoltaic cell geometries and can be applied
in many diﬀerent conﬁgurations. Although a thorough
discussion of this point clearly falls beyond the scope of this
article, we provide here a quantitative analysis by characterizing
a simple photovoltaic device (Figure 9a). The structure is a
colloidal quantum dot solar-energy-harvesting module composed of a bottom electrode made of ENZ nanostructures
grown for diﬀerent exposure times (t = 360 and 600 s) on a
glass substrate. On top of the ENZ material, we deposited a 50nm layer of TiO2 (treated with TiCl4), followed by a 300-nmthick ﬁlm of PbS CQDs, deposited by spin-casting. The module

eﬀect to be isolated from the generation of hot electrons at the
nanotip.43 The characteristic current−voltage (I−V) response
of a peak (Figure S6a) and valley (Figure S6b) shows good
rectiﬁcation between the AFM nanotip and the sample, with no
response measured at a bias of V = 0. By setting the AFM bias
to V = 0, we measured the sample response as the input laser
was periodically switched on and oﬀ. This analysis showed that
the current increases at a peak and a valley are practically the
same (Figure S6c,d), demonstrating that the ﬂux of hot
electrons is essentially negligible in the structure. Figure 5c−f
provides further analysis of this process, repeating the
experiments of Figure S6 for the same nanostructured sample,
but with a 50-nm CQD ﬁlm. In this case, we observed a
signiﬁcant current enhancement at the peak (Figure 5c,e)
compared to the valley (Figure 5d,f). We complemented AFM
measurements with transmission electron energy loss spectroscopy (EELS) performed at 1.1 eV (λ = 1127 nm). EELS
provides a spatial map with nanometer resolution44 of the
electromagnetic ﬁeld distribution in our ENZ samples, further
showing that electromagnetic radiation is strongly localized in
the metallic peak (Figure 7). The AFM + EELS experiments
demonstrate that the small ENZ regions formed in proximity to
the nanostructured peaks are the mechanism for energy
localization and increased absorption of the thin CQD ﬁlm.
In the next series of experiments, we used PLE measurements to isolate the eﬀects of absorption enhancement in the
quantum dot layer. For this characterization, the sample was
excited with a range of wavelengths (from 400 to 800 nm) as
the relative intensity of the photoluminescence (PL) peak for
the CQD ﬁlm was measured. Figure 8a compares the PLE
signal for a 50-nm CQD ﬁlm deposited on top of a
nanostructured Au electrode with varying levels of disorder.
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Figure 5. Light trapping in ENZ nanostructures: AFM experimental results. (a,b) Spatial distributions of the photocurrent enhancement
(pseudocolor plot) plotted over the surface proﬁle (surface plot) of two diﬀerent zones in a nanostructured sample with a 10-nm TiO2 ﬁlm and a 50nm CQD ﬁlm deposited on top. (c,e) Characteristic current−voltage (I−V) responses of (c) a peak region and (e) a valley region. (d,f)
Corresponding photocurrents obtained (d) at V = 0 and (f) by periodically switching the input laser light at a frequency of 1 Hz. The input laser
wavelength was λ = 405 nm.

diﬀerent metals leads to very diﬀerent nanostructured surfaces,
which exhibit diverse curvatures and, therefore, ENZ regions
(Figure 10a,d). The geometric nature of the ENZ regions,
however, is expected to lead to a broadband absorption
enhancement when a thin layer of CQDs is deposited on top of
the metal. Figure 10b,e reports PLE measurements in the
visible and near-infrared ranges for planar and nanostructured
samples, respectively, and Figure 10c,f shows the corresponding
PLE enhancements factors. The CQD thickness in the sample
was 50 nm. Despite the diﬀerent materials used, in all cases, we
observed a large and broadband absorption increase in the
CQDs that ranged from 200% to 400% at wavelengths between
500 and 900 nm. The ubiquitous observation of this eﬀect
shows the possibility of creating universal broadband ENZ
nanostructures from cheap metallic materials that can lead to
high-performing and low-cost energy-harvesting devices for
photocatalysis to photovoltaics. An interesting research
direction in this ﬁeld is also to explore the development of
electroplating from semiconductor substrates, which are ideal
for industrial optoelectronic applications.

was then completed by a 200-nm-thick layer of indium tin
oxide (ITO), which acts as a transparent contact in a topilluminated conﬁguration. Figure 9b shows a transmission
electron microscopy (TEM) cross section of a fabricated
device. As a reference system, we measured the performances of
an identical device whose bottom electrode was made using a
planar ﬁlm of gold with no ENZ.
We collected external quantum eﬃciency (EQE) spectra
under short-circuit conditions and compared the performance
of ENZ nanostructures with the quantum eﬃciency of the
planar device with a ﬂat metallic bottom electrode. Figure 9c,d
reports the results. In the presence of ENZ nanostructures, the
EQE spectra manifested a large broadband enhancement, which
was 170% averaged over the absorption bandwidth of the
CQDs. In the range between 400 and 600 nm, where the solar
spectrum (Figure 9d, solid orange area) has the highest spectral
density, the EQE eﬃciency increase reached values of up to
250%. The eﬃciency increase was considerably higher (up to
350%) in the infrared region, for wavelengths of λ > 1000 nm,
higher than the excitonic peak of the CQDs located at 980 nm.
Toward a Universal ENZ Nanomaterial. The versatility
of electroplating allows the synthesis of ENZ nanomaterials
using diﬀerent metals. Figure 10 summarizes the results
obtained by applying electroplating to silver (Figure 10a−c)
and palladium (Figure 10d−f) metallic substrates. The use of

■

CONCLUSIONS
In this work we introduced a new class of ENZ nanomaterials
that harvest white-light energy from the visible to the infrared
range of the spectrum in thin CQD ﬁlms for optoelectronic
5561

DOI: 10.1021/acsami.6b13713
ACS Appl. Mater. Interfaces 2017, 9, 5556−5565

Research Article

ACS Applied Materials & Interfaces

Figure 8. Contribution of the active CQD ﬁlm. (a) Photoluminescence excitation (PLE) as a function of nanostructuring time
for a 50-nm CQD ﬁlm atop nanostructured Au substrates prepared
with 13 mM HAuCl4 solution. (b) Corresponding PLE signals of
CQD ﬁlms (as a function of ﬁlm thickness) atop nanostructured Au
reﬂectors with a ﬁxed level of nanostructuring time. In panel a, the
PLE signal is normalized with respect to the PLE measured at a
wavelength of λ = 530 nm, which corresponds to almost 100% of
absorption of the planar sample. Conversely, in panel b, the PLE is
normalized with respect to the PLE value at λ = 700 nm, which
corresponds to the highest enhancement observed in panel a for a
CQD layer of 50-nm thickness.

Figure 6. Correlation between ENZ regions and photocurrent
enhancement: theory vs AFM experiments. (a) Comparison of the
distribution of AFM-measured photocurrent (solid black line) with the
refractive index distribution of the ENZ regions in the sample. These
calculations were done by ﬁrst extracting a section from Figure 5 and
calculating the equivalent ENZ index representation in the (u, v)
space, which is presented in panel b. We then mapped the
photocurrent from the original (x, y) coordinates to the ENZ space
(u, v), and superimposed the two distributions. This calculation shows
a perfect one-to-one correspondence between the occurrence of ENZ
regions (minima of the refractive index) and peaks in the
photocurrent.

the basis for the development of a new generation of
photovoltaic devices with the potential to reach the
thermodynamic eﬃciency limit and completely harvest
incoming solar photons.

■

MATERIALS AND METHODS

Substrate Fabrication: Electrodeposition. Electrodeposition
was carried out using an Ivium Technologies CompactStat unit,
designed as a portable electrochemical interface and impedance
analyzer, with a power conﬁguration of ±30 mA at ±10 V. The
electrodeposition procedure employed a four-probe/three-electrode
conﬁguration in which the working electrode was connected to the
gold- (Au-) coated substrate, the counter electrode was connected to a
platinum-coated (Pt) titanium mesh electrode, and the reference
electrode was connected to a BASi Ag/AgCl reference electrode (RE5B with ﬂexible wire connector). Solutions of HAuCl4 were prepared
in the following concentrations in 0.5 M HCl stock solution: 13, 26,
and 40 mM HAuCl4. Electrodeposition was carried out between 180
and 600 s and measured currents varied from approximately −2 to −9
mA depending on the HAuCl4 concentration.
CQD Film Fabrication. PbS quantum dots (synthesized and
exchanged following previously published protocols45) were deposited
at a concentration of 50 mg/mL in octane through a 0.2-μm ﬁlter and
were then subjected to solid-state exchange using 3-mercaptopropionic
acid at a concentration of 1% v/v in methanol or tetrabutylammonium
iodide (TBAI) at a concentration of 10 mg/mL in methanol. Finally,
the ﬁlm was rinsed twice with pure methanol. All samples were spincasted at 2500 rpm.
Spectrophotometer Measurements. All absorption measurements were carried out using a Perkin-Elmer Lambda 950 UV−vis−
NIR spectrophotometer equipped with an integrating sphere. Samples
were placed at the center of the integrated sphere tilted at an angle of
20° relative to the incident beam. The total transmission (T) and
reﬂectance (R) were collected by the integrating sphere detector with
all ports closed except the one for the incident beam. Absorption was
calculated as 100% − T − R. The 100% transmission baseline
measurement was an empty sphere.
Photoluminescence Excitation. Photoluminescence excitation
was carried out using a Horiba Fluorolog spectroﬂuorometer. Samples
were place in the testing chamber at an angle of 30 degree with respect
to the excitation signal, with the detector chamber at 90 deg from the
excitation chamber. Photoluminescence from PbS ﬁlms was measured

Figure 7. Electron energy loss spectroscopy (EELS) of ENZ samples.
Spatial map of the transmission EELS on a disordered sample
measured at 1.1 eV. The metallic sample is the black area in the ﬁgure.

applications. Our strategy engineers a suitable optical transformation from random metallic materials, obtaining complex
ENZ materials with an excellent broadband response. AFM and
spatial photoluminescence eﬃciency measurements conﬁrmed
our theoretical models and demonstrated that absorption in
active ﬁlms could be dramatically increased, achieving an almost
ﬂat absorption from the visible to the near-infrared region in
thin CQD layers. Experiments on an ENZ-based solarharvesting device performed between λ = 400 nm and λ =
1200 nm reported a fully broadband, 170% quantum eﬃciency
increase when compared to an identical planar structure with
no ENZ. The potential impact of this material is indicated by
the remarkable value of EQE enhancement obtained with the
thin ﬁlms of CQDs employed in our experiments. The light−
matter interaction occurring in the ENZ nanomaterials and
reported in this work is a general eﬀect that does not rely on
the type of absorptive medium or oxide employed, as illustrated
in Figures 4 and 10. This enables the design of new highperforming structures employing inexpensive metals, such as
aluminum. The possibility of engineering such a new
nanostructured material represents a signiﬁcant advance in
the photonic enhancement of CQD optoelectronics and forms
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Figure 9. Performance increase of an ENZ-based solar harvesting device versus a planar module with no ENZ structures. (a) Three-dimensional
sketch of a harvesting module comprising a bottom electrode made of ENZ nanostructures, with a 50-nm layer of TiO2 deposited on top, followed
by 300 nm of CQDs and completed by indium tin oxide (ITO). (b) Transmission electron microscopy (TEM) cross section of a fabricated sample,
with ENZ nanostructures prepared with an exposure time of t = 360 s. (c,d) External quantum eﬃciency spectra measured at visible and nearinfrared wavelengths (from 400 to 1200 nm).

Figure 10. Enhanced absorption of CQDs deposited on ENZ generated on (a−c) silver and (d−f) palladium substrates. (a,d) SEM images of
nanostructured electrodes created by using (a) silver and (d) palladium metallic substrates. (b,e) PLE signals when a 50-nm-thick CQD layer was
deposited on top of the metallic structures. (c,f) Corresponding broadband enhancements in the visible and near-infrared regions.
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in this chamber. The spectrum of 400−800 nm (in 10-nm increments)
was used to excite the ﬁlm, while the detector was conﬁgured to
measure the PL signal at 1050−1100 nm (based on the intensity peak
for the given sample), yielding a relative PL intensity as a function of
excitation wavelength
Scanning Electron Microscopy. Scanning electron microscopy
images were obtained using an FEI Quanta FEG 250 environmental
SEM/STEM (scanning transmission electron microscopy) instrument.
All top-view images were obtained using a 45° tilted holder to
highlight surface texture. Images were obtained using 5, 10, and 20 keV
based on the application and generally magniﬁed to the order of 1−10
μm depending on the application.
Atomic Force Microscopy. Photoconductive atomic force
microscopy, including topography measurements, was performed on
an Asylum Research Cypher AFM instrument, using 2 N/m Ti/Ircoated Si ultrasharp tips from Asylum. A 405-nm laser beam, with 1
mW optical power, was used to illuminate the sample. Laser light was
conditioned through a microscope objective to form a 3-μm-diameter
spot on the active layer of the sample. To avoid electric shorts between
the ultrasharp AFM tips and the nanostructured metal, we use atomic
layer deposition (ALD) to deposit conformally a 10-nm layer of
amorphous TiO2 atop the metal surface. The TiO2 layer forms a
rectifying junction with the quantum dots with no eﬀect on the ENZ
in the quantum dot ﬁlm, because of the negligible absorption of TiO2
at visible and infrared frequencies.
EELS Measurements. Electron energy-loss spectroscopy was
performed on an FEI 60−300 kV Titan spectrometere with
monochromator and spherical aberration corrector at 200 kV.
Disordered samples were prepared by applying a voltage bias of V =
−0.3 V with 1.5−2 cm separation of between the Pt counter electrode
and Au working electrode. Electrodeposition was carried out for 300 s
in 100 mM HAuCl4 solution. Disordered samples were sonicated in 10
mL of ethanol solution for 20 min. We then deposited 2 mL of
solution on a transmission electron microscopy (TEM) copper grid for
the EELS analysis.
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