
Self-organized colloidal quantum 
dots and metal nanoparticles for 
plasmon-enhanced intermediate-band 
solar cells 
Manuel J Mendes, Estela Hernández, Esther López, 
Pablo García-Linares, Iñigo Ramiro, Irene Artacho, Elisa Antolín, 
Ignacio Tobías, Antonio Martí and Antonio Luque 

Abstract 
A colloidal deposition technique is presented to construct long-range ordered hybrid arrays of 
self-assembled quantum dots and metal nanoparticles. Quantum dots are promising for novel 
opto-electronic devices but, in most cases, their optical transitions of interest lack sufficient 
light absorption to provide a significant impact in their implementation. A potential solution is 
to couple the dots with localized plasmons in metal nanoparticles. The extreme confinement of 
light in the near-field produced by the nanoparticles can potentially boost the absorption in the 
quantum dots by up to two orders of magnitude. 

In this work, light extinction measurements are employed to probe the plasmon resonance 
of spherical gold nanoparticles in lead sulfide colloidal quantum dots and amorphous silicon 
thin-films. Mie theory computations are used to analyze the experimental results and 
determine the absorption enhancement that can be generated by the highly intense near-field 
produced in the vicinity of the gold nanoparticles at their surface plasmon resonance. 

The results presented here are of interest for the development of plasmon-enhanced 
colloidal nanostructured photovoltaic materials, such as colloidal quantum dot 
intermediate-band solar cells. 

(Some figures may appear in colour only in the online journal) 

1. Introduction 

During the last decade, research on semiconductor nanopar
ticles, also known as quantum dots (QDs), has been 
growing enormously, mostly stimulated by their potential 
for opto-electronic applications such as solar cells [1^1], 
photodetectors [5-7], semiconductor lasers [8], light-emitting 
devices, etc. QDs are attractive candidates for the building 
blocks of nanostructured functional materials, since their 
nanometric dimensions allow the size-tuning of their elec
tronic band structure due to quantum-confinement effects. 

The optical properties of interest for most of the 
previously mentioned applications are those related to 
electronic transitions (by photon absorption or emission) to 
or from the QD conduction band edge, i.e. involving the QD 
lowest energy confined states above its bandgap. However, 
usually the measured absorption of the dots associated with 
such transitions is quite small, one or more orders of 
magnitude lower than that of their bulk material [5, 9-11]. 
So, to better exploit the characteristics of QDs, it is important 
to couple them with light-trapping structures optimized to 
amplify the light intensity in their volume, at the energies of 
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Figure 1. Schematic band diagram of a semiconductor material 
with embedded colloidal quantum dots (CQDs) immersed in the 
near-field produced by a metal nanoparticle (MNP). The MNP acts 
as a dipolar antenna, gathering the incoming light from its 
surroundings and focusing it in its localized near-field. The set of 
confined ground-states (dotted lines) of the QDs can form what is 
known as an intermediate band (IB). The IB allows the production 
of photocurrent from below-bandgap-energy photons since it 
enables electrons to be pumped from the valence band to the IB 
(across £rv) and from the IB to the conduction band (across Zici)-
For the fabrication of actual devices, the MNPs should be coated 
with a thin insulating shell, in order to prevent electron-hole 
recombination at the metal surface. 

the optical transitions of interest, in order to compensate for 
their poor absorption [4, 12-18]. 

The work presented here investigates a way of realizing 
this goal using the strong electrostatic near-field produced 
in the vicinity of metal nanoparticles (MNPs) assembled 
side-by-side with QDs. Each MNP acts as an effective dipolar 
antenna at its localized plasmon resonance, bringing the 
incident energy from its surroundings and focusing it in its 
intense near-field where the QDs are located (sketched in 
figure 1) [7, 8, 19-21]. 

The interaction between excitons and plasmons, in hybrid 
structures of semiconductor and metal nanoparticles, has 
attracted significant attention in the last few years due to the 
variety of interesting effects that have been observed [7, 22], 
such as energy transfer, enhanced luminescence, etc. In 
particular, several contributions showed enhanced photolu-
minescence [8, 20, 21, 23, 24], due to plasmon-enhanced 
absorption at or above the QDs ground-state, when the ex
citing light matches the plasmonic resonance of appropriately 
designed MNPs located in a near-field vicinity of the dots. 
The interaction with the MNPs usually results, however, in 
a decrease of the luminescence lifetimes of the QDs [24]. 
Despite such lifetime reduction, silver nano-islands formed 
by thin-film annealing have been shown [5] to increase 
the near-infrared photocurrent produced by QD films in 
photodetectors. These findings demonstrate the potentialities 
of near-field plasmon-enhanced QD absorption to improve the 
light harvesting properties of nanostructured opto-electronic 
devices. 

In this paper, a novel metal-semiconductor nanoparticle 
system is studied composed of self-assembled arrays of 
colloidal MNPs and colloidal QDs (CQDs), patterned 
with controllable inter-particle distances, that can extend 
throughout indefinitely large sample areas. Such structure can 
be deposited on the surface of distinct materials through fast 
and inexpensive processes (by dip or spin coating, inkjet 
printing, among others). 

Optical measurements were performed to study the 
light extinction enhancement caused in lead sulfide (PbS) 
CQDs and in amorphous silicon (a-Si) thin-films by an 
array of single gold (Au) MNPs sustaining surface plasmons 
(SPs). The MNPs are synthesized in colloidal solution with 
approximately spherical shapes [25], so their electric-field 
pattern is analytically modeled using Mie theory [26-28]. 
This is an electromagnetic separation-of-variables method 
that can compute scattering by particles of any size, but is 
limited to spherical geometries. The computational results 
provide important insight into the nature of the measured light 
extinction caused by the MNPs, and determine the maximum 
amount of absorption enhancement that they can produce in 
the material located in their near-field proximity. 

The results presented in this paper can contribute to 
the development of colloidal-nanostructured photovoltaic 
materials. One particularly promising application is in 
quantum dot intermediate-band solar cells (QD-IBSCs). 
As represented in figure 1, when QDs are embedded in 
a semiconductor with a higher bandgap, their confined 
ground-state level can allow the promotion of electrons 
from the valence to the conduction band of the host 
semiconductor through the absorption of two consecutive 
photons with energies below the host bandgap (£ev)-
Therefore, QD-IBSCs are able to generate photocurrent from 
a higher portion of the solar spectrum relative to conventional 
single-gap cells, without voltage reduction [2, 29, 30]. 
QD-IBSCs have usually been fabricated with QDs epitaxially 
grown on III-V materials [8, 10]. However, the use of 
colloidal QDs can be more advantageous, since they can 
be made of a broad range of materials, fabricated with the 
appropriate nanoscopic dimensions [9, 11], and assembled 
together with MNPs, as described in section 2, which can po
tentially enhance the light absorption in the dots by more than 
one order of magnitude at their plasmon resonance [12, 19]. 
The CQDs of interest for application in IBSCs should be 
composed of a low-bandgap semiconductor material, such as 
the PbS CQDs [1, 3-5, 7, 31] used in this work. 

2. Hybrid arrays of quantum dots and metal 
nanoparticles 

Colloidal MNPs are usually stabilized in solution by organic 
capping agents attached to their surface which provide a 
negative surface charge to the particles, causing them to 
repeal each other and preventing their aggregation [25]. A 
wet-coating method was developed to self-assemble such 
colloids in long-range ordered arrays, on the surface of 
various materials (see section 6.1). That is achieved by 
chemically functionalizing the surface with molecular linkers 
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Figure 2. (a) Illustration of the self-organization of colloidal MNPs upon deposition. The MNPs are stabilized by negatively-charged 
capping agents, so they are attracted (green arrows) to any positively-charged surface. The electrostatic repulsion forces (red arrows) 
between the colloids establish a uniform inter-particle distance upon deposition, (b) Scanning electron microscope (SEM) image of an array 
of Au MNPs patterned on Si. The MNPs have a mean diameter of 20 nm. (c) Atomic force microscope (AFM) image of a PbS CQD array 
on Si. The CQDs have a mean diameter of 5.1 nm. (d) Sketch of the assembly of CQDs in the spaces between the previously deposited 
MNPs. (e) AFM image of an array of MNPs and CQDs patterned with this method (detailed in section 6.1). (f) Cross-section profile along a 
line of (e), where the heights of the MNPs and CQDs can be distinguished. 

that have positively-charged end groups which attract the 
negatively-charged nanoparticles (see figure 2(a)) [32, 33]. 
During the wet-coating process the MNPs are free to diffuse 
across the surface, so they settle in their lowest energy 
configuration which corresponds to a planar array as that 
shown in figure 2(b). It was verified that such structure can 
extend throughout the entire area of arbitrarily large samples, 
keeping a roughly uniform center-to-center (CtC) distance 
between the MNPs. This distance is proportional to the 
MNPs' surface charge density; so it can be tuned, for instance, 
by changing the capping agent, solvent liquid or pH of the 
solution. 

The same procedure can be applied to the patterning of 
CQDs [6], allowing the construction of PbS CQD arrays as 
that shown in figure 2(c). 

Upon sunlight illumination, an MNP scatters as a 
dipole [26] (illustrated in figure 1). Therefore, the region 
of highest electric-field intensity outside the particle occurs 
close to the MNP equator, in the direction of the incident 
electric-field vector. Such scattered near-field is evanescent, 
therefore it is only significant up to a distance of about the 
MNP radius outside the particle. So, the CQDs should be 
patterned as close as possible and in between the MNPs in 
order to take most profit from their localized short-ranged 
near-field. 

The previously described deposition method allows 
the construction of such arrangement with controllable 
inter-particle separation distances. When a CQD solution 

is spin- or dip-coated onto a surface previously patterned 
with MNPs, such as that in figure 2(b), the CQDs deposit 
in the positively-charged surface areas between the MNPs 
separated by a certain distance established by the inter-particle 
electrostatic repulsion forces, as depicted in figure 2(d). 
Figure 2(e) shows an example of an hybrid array of MNPs and 
CQDs fabricated in this way, where the CQDs are deposited 
in the free areas between the MNPs. Vertical cross-sectional 
profiles, as that in figure 2(f), reveal that no CQDs are 
deposited on top of the MNPs: all the CQDs are assembled 
in the MNP inter-spaces as desired. 

This wet-coating method is adaptable to practically any 
surface material, since most surfaces can be functionalized 
with positively-charged linkers. Therefore, arrays similar to 
those in figure 2 were fabricated, with particles of distinct 
sizes, on the surface of different materials that were tested: 
crystalline-Si wafers, a-Si films, gallium arsenide (GaAs) 
wafers and glass slides. The resulting nanoparticle arrays were 
also revealed to be independent of the surface doping, since 
similar distributions were imaged on intrinsic, n-type and 
p-type Si and GaAs wafers. 

The possibility of integrating hybrid arrays of MNPs 
and CQDs in a broad range of host materials is an 
important advantage for their application in intermediate-band 
devices, since it facilitates the construction of plasmon-
enhanced CQD-IBSCs with the desired energy bandgaps 
(£iv, Eci, EQV—represented in figure 1) required for the 
optimal performance of these cells [29]. 



An important aspect regarding the incorporation of 
colloidal particles in solar cells is that the organic substances 
(e.g. capping agents and linkers), involved in the colloids' 
fabrication and patterning processes, should be removed 
before embedding the particles in the cell material. These 
substances can deteriorate the electric response of the devices 
by decreasing the mobility and acting as trapping centers 
for the photo-generated carriers. However, due to their small 
molecular weight, such chemical residuals are volatile and 
may be removed under thermal annealing after depositing 
the colloids. According to tests performed by the authors, 
heat treatment can be performed at 200-300 °C to remove the 
residuals present in our deposition process without affecting 
the patterned particles [32, 34]. 

Metallic surfaces are another main source of current 
degradation in solar cells, since metals act as recombination 
centers causing severe electron-hole recombination. There
fore, the surface of the MNPs should be coated with an 
insulating shell [25, 35] having a thickness on the order 
of the nanometer. This was not considered in the present 
studies, but would be important in the construction of 
actual solar cell devices [36, 37]. Such shell reduces the 
intensity of the MNPs' scattered near-field, but can still allow 
them to produce significant absorption enhancement in their 
surrounding medium [19]. 

3. Light extinction at plasmon resonance 

An MNP acts as an antenna for the incoming light, so it can 
collect the light from an area, known as the extinction cross 
section (Cext), higher than its physical area (AMNP). Cext is 
maximum at the surface plasmon (SP) resonance of the MNP, 
so the SP frequency can be determined by measuring the 
extinction (inverse of transmission) spectrum of an MNP array 
using spectrophotometry [34, 38] (see section 6.4). 

Spectrophotometry is currently the most straightforward 
optical method to accurately determine the spectral position 
of the plasmon resonance of samples containing MNPs. 
Therefore, this technique is convenient for the optimization 
of experimental procedures involved in the fabrication of 
novel devices containing MNP structures. In this section, we 
analyze the results obtained by spectrophotometry of samples 
containing MNP arrays on glass and in CQDs and a-Si 
films. As explained below, such measurements do not allow 
the direct quantification of the light absorption enhancement 
produced by the MNPs in their surrounding material. 
However, they can still provide the main information, relative 
to the MNPs and their interaction with their dielectric 
environment, necessary for the optimization of the MNPs' 
relevant physical parameters. 

3.1. Colloidal metal nanoparticle arrays on glass 

Figure 3 shows the measured light extinction of MNP arrays, 
with particles of distinct diameter (D), patterned onto glass 
slides with the method described in section 2. The MNP arrays 
give a reddish tone to the glass slides similar to the color of 
the MNP solutions. 
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Figure 3. Measured extinction (left axis) of Au MNP arrays on 
glass, with particles of distinct diameter (D). The plotted curves 
correspond to the extinction of MNPs-coated glass (1 — rsampie) 
minus that of just glass (1 — rgiass). For comparison, it is shown the 
extinction efficiency Qext (right axis) of single MNPs inside a 
homogeneous medium with refractive index Nm = 1.25, calculated 
with Mie theory. The wavelengths (X) of the computed extinction 
peaks at the surface plasmon resonance (X = 514 nm for D = 40 nm 
and X = 518 nm for D = 60 nm) match those measured 
experimentally. 

The extinction spectra can be analytically modeled 
using Mie theory [26-28, 34], by calculating the extinction 
efficiency (gext = QxtMiviNp) of a single MNP. Mie theory 
is only applicable to spherical particles assumed to be 
immersed in an infinite medium with a uniform refractive 
index Nm = nm + ikm. Nevertheless, in the samples of 
figure 3 the MNPs are deposited on the surface of a glass 
substrate in air. So, the medium that is surrounding the 
deposited MNPs can be modeled by an effective refractive 
index with a value between that of air (Nm = 1) and glass 
(Nm = 1.5). As such, the gext curves in figure 3 were 
computed considering Nm = 1.25, which yields extinction 
maxima precisely matched with the SP peaks of the 
optical measurements. However, in the measured curves 
there is an additional secondary peak at ~730 nm. This 
is a dispersive lineshape associated with the interaction 
between the MNPs and the substrate surface [39, 40]. 
Such peak is not present in the gext spectra because the 
effect of the refractive index discontinuity at the glass-air 
interface is not taken into account with Mie theory. Such 
discontinuity generates back-reflected fields from the glass 
surface which are not in phase with the MNPs' dipolar field, 
thus originating retarded potentials that cause the dispersive 
lineshape at wavelengths (A) above the SP resonance. 

The CtC distance between the MNPs is of about three 
times their diameter, as determined from SEM images such as 
figure 2(b). Therefore, no inter-particle interaction effects are 
expected to be observed in the extinction measurements, since 
such effects only become significant for CtC distances lower 
than about twice the MNPs diameter [41]. 

3.2. Plasmon-enhanced absorption in colloidal quantum dots 

The amount of light absorbed by a single monolayer of PbS 
CQDs, as that in figure 2(c), is so small that cannot be detected 
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Figure 4. Measured extinction spectra of quantum dots while 
dispersed in colloidal solution (green line, in au) and after being 
deposited in a ~1 /xm thick film supported on glass (black line). 
The absorption peak corresponding to the CQDs ground-state 
(labeled 1) is observed atX = 1.4 /xm for the CQDs solution and at 
X = 1.35 /xm for the film. The second excited state (labeled 2) can 
also be identified. 

by standard optical measurements such as spectrophotometry. 
Therefore, to optically measure the light absorbed by the 
CQDs alone and compare it with that absorbed by the CQDs 
in the presence of MNPs, it is necessary to use several stacked 
CQD monolayers forming a CQDs thin-film (see section 6.2). 

The absorption coefficient of PbS CQDs [5, 18] in the 
visible range is ~105 cm - 1 , and near their band edge is 
~104 cm - 1 . However, the absorption coefficient of CQD 
films is usually lower; since the CQDs are spaced in the films 
by organic capping molecules (in our case, oleic acid) which 
absorb weakly at optical frequencies. So, film thicknesses of 
~1 /xm are required to clearly observe the extinction peak 
corresponding to the CQDs ground-state absorption [1]. This 
is shown in figure 4 together with the corresponding peak of 
the CQDs in solution. 

Thin-films of PbS dots were deposited onto the MNP 
arrays of figure 3 to measure the light extinction that Au 
MNPs can produce in CQDs at the plasmon resonance. For 
the purposes of this work, we are interested in analyzing 
extinction effects due to single-particle scattering. Therefore, 
the thickness of these films is ~100 nm, which should be thin 
enough to prevent the establishment of photonic waveguided 
modes in the film [5] but still sufficiently thick to cover the 
MNPs' near-field region and to allow a measurable absorption 
in the visible range at the MNPs' SP wavelengths. 

The results are given in figure 5, which shows the 
light extinction of samples supported on glass substrates that 
contain only the CQDs film and the film deposited over 
the MNPs arrays. As performed for the modeling of the SP 
peaks of figure 3, the wavelengths of the extinction peaks 
match that of the gext peak, computed with Mie theory 
(see inset), considering an effective refractive index for the 
medium of Nm = 1.72. The value obtained for the effective 
Nm surrounding the MNPs should roughly correspond to the 
average between the refractive index of glass (Nm (glass) = 
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Figure 5. Extinction spectra of Au MNPs on glass after being 
covered by a PbS CQDs film with a thickness of about 100 nm (A). 
The black line (B) shows the spectrum of just the CQDs film 
deposited on glass. All the plotted curves correspond to the 
extinction of the samples (1 — rsampie) minus that of just glass 
(1 — Tgiass). The inset shows the extinction of the MNPs + CQDs 
samples minus that of the CQDs film, which yields the amount of 
light that is extinct due to the presence of the MNPs. The measured 
extinction peaks at X = 561 nm correspond to the MNPs plasmonic 
resonance, and match the Qext peak (gray line) computed with Mie 
theory considering an effective refractive index of the medium 
Nm = U2. 

1.5) and the real part of the refractive index of the CQDs 
film («m(CQDs)). So, this provides a first-order estimate for 
the value of ram(CQDs) = 2.3 at the SP wavelength, which 
is within the range of values reported in the literature [18]. 
The refractive index of the CQDs film also has an imaginary 
partem (CQDs), on the order of 0.01-0.1, which is responsible 
for the extinction (essentially caused by light absorption in 
the film) depicted in the black curve of figure 5. However, 
the imaginary part of the medium refractive index does not 
significantly shift the SP peak position, so it is not taken into 
account in the calculation of gext since it uniquely leads to an 
attenuation of the gext magnitude [18]. 

It is interesting to observe that the presence of the MNPs 
in the CQDs film leads to the extinction of almost half (~0.5) 
the light that is incident on the sample at the SP resonance, 
whereas the samples with just the CQDs film or just the 
MNPs (in figure 3) exhibit much less extinction (~0.05 and 
0.18, respectively) at the SP wavelength. Such pronounced 
extinction is the sum of light absorption in the CQDs film, 
absorption inside the MNPs material and light scattered 
outside the sample. However, extinction measurements alone 
do not allow a quantitative separation of the amount of energy 
spent in each of these effects, but they can be qualitatively 
analyzed with the aid of electromagnetic modeling such as 
the Mie theory formalism employed in this work. Figure 6 
shows the two components of the extinction efficiency gext = 
QS + QA, the scattering (gs) and absorption ( 2 A ) efficiencies, 
at the SP resonance of an Au MNP, calculated with Mie 
theory as a function of the real part of the medium refractive 
index (ram). The polarizability of the MNP at its SP resonance 
tends to increase [18] with nm, thus, so does its gext- That is 
the main reason why the heights of the extinction peaks of 
MNPs on glass (nm = 1.25—see figure 3) exhibit a three-fold 
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Figure 6. Scattering (Qs) and absorption (QA) efficiencies at the 
SP resonance of a 50 nm diameter Au MNP immersed in a uniform 
medium, as a function of nm. The magnitude of the polarizability of 
the MNP increases with increasing nm, such as the ratio QS/QA, up 
to nm ^3.5. Therefore, in general a higher nm allows a higher 
absorption enhancement caused by the MNPs in their surrounding 
material. The dashed curves (km = 0.1) were computed with a 
generalization of Mie theory for absorbing media with complex 
refractive indices [27], which calculates the absorption and 
scattering efficiencies by integrating the flow of energy at the 
particle surface. 

enhancement after covering the MNPs with the CQDs film 
(«m = 1.72—see figure 5). It can be seen from figure 6 that 
in the samples of figure 3 practically all the light extinction 
should be caused by absorption inside the MNPs, since <2A 5> 
Qs at Nm = 1.25. Nevertheless, when the MNPs are covered 
by the CQDs film there is a much higher portion of light that 
is scattered relative to that which is absorbed in the MNPs 
(QS/QA = 0.57 for£m = Oand QS/QA = 1-25 for£m = 0.1). 
If the medium is absorbing (km > 0), the polarizability of the 
MNPs is reduced and, therefore, so also are the values of the 
Qs and <2A (as shown in the dashed lines of figure 6), but the 
ratio QS/QA is higher. 

In view of the above, the measured extinction peaks 
of figure 5 have significant contributions from both light 
absorption inside the MNPs and scattering to their host 
medium (contrary to figure 3 where extinction is dominated by 
absorption in the MNPs). Since the host medium absorbs the 
light at the wavelengths of the MNPs SP resonance, as shown 
in the black line of figure 5, there is necessarily an increase 
in the CQDs light absorption due to the field scattered by the 
MNPs. Therefore, the previously mentioned enhancement in 
the SP extinction peak of the MNPs + CQDs samples, relative 
to the corresponding extinction of just the CQDs film and just 
the MNPs on glass, indicates that the CQDs film embedded 
with MNPs is absorbing a considerably higher amount of 
light, coming from the MNPs, than in the case where no MNPs 
were present in the film. 

3.3. Absorption from MNP near-field in amorphous silicon 
medium 

A particular advantage of the patterning procedure described 
in section 2 is that it enables the incorporation of the 

hybrid MNPs + CQDs arrays in inexpensive amorphous 
host materials, allowing the fabrication of nanostructured 
semiconductor films which are promising absorbing materials 
for novel solar cell designs [42] such as CQD-IBSCs. 
Hydrogenated amorphous or nanocrystalline silicon (a-Si:H) 
is an interesting candidate for the host material of the 
particles [43], for the following reasons: 

(1) It can be deposited by low-temperature (150-300 °C) 
techniques that are gentle enough to preserve the integrity 
of the nanoparticles. It has been verified [3] that, by 
directly depositing a-Si:H on top of a CQD layer, a good 
electronic coupling can be achieved at the CQDs/a-Si:H 
interface. A low processing temperature also allows the 
deposition of a-Si-based devices on a wide range of 
low-cost substrates [44,45] which can be rigid (e.g. glass), 
flexible (e.g. plastic) or roll-away types (e.g. polymer 
foil). 

(2) The bandgap of the material can be controlled by doping it 
with carbon (a-Sii_^C^:H) [46]. Increasing concentration 
of carbon (x) in the alloy widens the bandgap, allowing 
it to be tuned from a minimum value of about 1.75 eV 
(x = 0) to 3 eV (x = 1). Therefore, the bandgap can be 
matched, for instance, with the optimal value for the host 
bandgap of IBSCs (£cv = 1-95 eV) with an appropriate 
carbon concentration. 

(3) It is the most widely used material in thin-film solar cells. 
Besides enabling the deposition over large areas with 
reduced fabrication costs, a-Si:H provides the advantage 
of increased light absorptivity, which allows the reduction 
of the solar cell thickness making the devices less 
expensive and lighter (especially important for space 
applications). 

As such, the authors consider that amorphous silicon is 
a promising host material for inorganic devices composed 
of the arrays of colloidal particles studied here. Extinction 
measurements were performed using a-Si thin-films (see sec
tion 6.2) as the host medium for the MNP arrays patterned 
using the method described in section 2. Figure 7 shows the 
SP extinction peaks of MNP arrays patterned onto 30 nm 
a-Si layers supported on glass substrates, before and after 
being covered with an additional 30 nm a-Si cap layer. After 
depositing the cap layer, the peaks red-shift because the 
effective nm surrounding the particles increases [18, 23]. The 
nm of a-Si at these wavelengths is around 4.0; however, since 
the a-Si layers have thicknesses comparable to the sizes of 
the MNPs, the measured wavelengths of the SP peaks are just 
slightly higher than those obtained in figure 5. This means that 
the real part of the effective medium surrounding the MNPs 
should be close (nm «a 1.72) in both cases. 

As shown in figure 6, Qs tends to increase relative to 
<2A as the refractive index of the medium increases. This 
implies that the ratio of the light intensity scattered by an 
MNP over that absorbed in its interior is higher when the 
MNP is embedded in a dielectric material as to when it is on 
a substrate in air. So, the three-fold enhancement observed in 
the peaks height of figure 7 indicates that there should be a 
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Figure 7. Measured extinction spectra of Au MNPs with distinct 
diameter deposited on a 30 nm a-Si layer over a glass substrate, 
before and after being covered by a 30 nm a-Si cap layer on top. For 
comparison, the extinction of the a-Si layers in both cases is also 
shown (black lines). The SP extinction peaks after capping the 
MNPs (X = 567 nm for D = 40 nm and X = 579 nm for 
D = 60 nm) are red-shifted relative to the peaks before capping 
(X «a 530 nm). The heights of the SP peaks, corresponding to the 
vertical distance between the peaks' maxima and their baselines, are 
increased by a factor of about 3 after covering the MNPs with the 
a-Si cap layer. 

significant increase in the amount of light absorbed in the a-Si 
medium due to the MNPs scattered field, such as described in 
section 3.2 for the case of MNPs in the CQD film. 

At the wavelengths of the SP resonances observed in 
figure 7, the refractive index of a-Si has a high imaginary 
part (km «a 0.65) which causes a pronounced absorption of 
the light scattered by the MNPs. Given the high absorption 
coefficient of a-Si at these wavelengths (a «a 1.4 x 105 cm - 1) , 
the propagation length (defined as length where the light 
intensity decays by a factor of l/e) of the light scattered 
by the MNPs is only about 70 nm. This length is close 
to the MNP size (D) and to the thickness of the a-Si 
thin-film embedding the particles. It is also considerably 
lower than the mean distance (3D) between the MNPs. 
Therefore, far-field effects, such as long-range inter-particle 
interactions or propagating waveguided modes, should not 
have a significant contribution to the observed extinction 
peaks. The excitation of waveguided modes in this structure 
would only be possible at longer wavelengths (A > 0.7 /xm) 
where the imaginary part of the refractive index is lower 
(Em < 0.1) [47]. 

As such, the main contribution to the extinction peaks in 
figure 7, after the cap layer deposition, should be the light that 
is absorbed in the a-Si from the fields amplified locally in the 
MNPs' vicinity. An effect known as near-field enhancement 
which has been proposed for application in various types of 
thin-film solar cells [18, 37, 43, 48], and also to epitaxially 
grown QD structures [8,20, 21]. In this work, we're interested 

Figure 8. Distribution of the total electric-field intensity (|Et|
2), in 

units of the incident intensity (|Eo|2), inside (Et = Ei) and in the 
near-field outside (Et = Es + E0) a gold nanoparticle immersed in a 
homogeneous a-Si medium. The distribution is plotted in linear 
scale on the left side of the particle and in logarithm scale on the 
right. The origin is at the particle center. The inset plot shows the 
value of the electrostatic absorption enhancement 10s /0o 12 in the 
medium, along the y axis outside the particle, due to the scattered 
longitudinal scalar photons. The wavelength of illumination (X) is 
that which allows the maximum absorption enhancement, and 
corresponds to the plasmon resonance of the particle in such 
uniform medium. The dielectric functions of Au [50] and a-Si [51] 
were obtained from experimental data. 

in studying the near-field absorption enhancement that can 
be produced in the a-Si medium surrounding the MNPs, for 
future application in CQD-IBSCs composed of an a-Si host 
material. The QDs forming the IB in CQD-IBSCs shall be 
immersed in such intense near-field since they are patterned 
side-by-side with MNPs (see figure 1). 

A single Au MNP embedded in an homogeneous a-Si 
medium produces the near-field distribution shown in figure 8 
at its SP resonance, computed with Mie theory [27]. The 
wavelength of such resonance is higher than those measured 
in figure 7 because the particle is assumed to be immersed in 
an infinite a-Si medium (nm = 3.5-4), while in our samples 
the MNPs are surrounded by thin a-Si layers (effective nm «a 
1.72) whose thickness is small relative to D and A. 

The electric-field pattern in figure 8 is essentially dipolar, 
apart from a practically negligible amount of backscattering 
that can be observed in the slight asymmetric shape (relative 
to the y axis) of the log-scale plot. The dipolar scattering mode 
is dominant because the MNP size is much smaller than A, so 
it scatters in the electrostatic (non-retarded) regime [26, 49]. 
In this regime, the longitudinal component (parallel to the 
radial direction r) of the scattered electric-field (Es) is 
dominant over the transverse component (orthogonal to r) 
in the region of highest field intensity close to the MNP 
equator [23, 36] (y = ±D/2). We are particularly interested 
in analyzing the amount of light that can be absorbed in the 
medium located in that region, since that is where the QDs 
would be preferentially located (see figures 1 and 2) [19]. 

The absorption of energy in the surrounding medium, 
from a longitudinal scattered field, cannot be calculated 
classically such as with far-fields which are transverse. 



A longitudinal field is a localized Coulomb field, with 
no associated Poynting vector, that transmits electrostatic 
energy to the medium by means of scalar photons created 
by the scattered electric potential operator (0s), which is 
described by quantum electrodynamics [52-55]. As such, 
a semi-classical formalism in the Coulomb gauge [12] 
determines that the amount of absorption enhancement 
produced in a medium due to the longitudinal light scattered 
by an MNP, in the electrostatic regime, is given by the quantity 
I0s/0o|2, where 4>o is the incident potential. This quantity is 
plotted in the inset of figure 8 and is essentially given by 
the MNP polarizability squared times a factor that decays 
with r~6. 

In the samples of figure 7, the majority of the a-Si cap 
material is deposited in the inter-spaces between the MNPs, 
so the enhancement in the light extinction produced by the 
MNPs in the a-Si should be mostly related to absorption from 
the MNPs' lateral near-field which is mainly longitudinally 
polarized. Considering that the MNPs are separated by CtC 
distances of about 3D, an order-of-magnitude estimation can 
be determined for this enhancement by integrating |</>s/0o|2 

over the volume outside the MNP of figure 8 delimited by 
a rectangular prism, centered in the MNP, with dimensions 
3D x 3D x 2D (in xyz), and dividing by the total volume of 
the prism. This results in a value of 3.91, which corresponds 
to an upper limit to the absorption enhancement that could 
be measured if the a-Si material absorbed all the longitudinal 
light in the MNPs' near-field. This, however, refers to the 
average maximum enhancement over the entire sample; but, 
given the evanescent profile of the scattered near-field shown 
in figure 8, the absorption enhancement can be much higher at 
the MNP surface (| <ps /<p01

2 = 160 at r = 30 urn). Therefore, in 
hybrid arrays of CQDs and MNPs embedded in an a-Si host, 
the CQDs can profit from an absorption enhancement of up to 
two orders of magnitude. 

4. Discussion of results 

As mentioned in the beginning of section 3, light extinction 
corresponds to the sum of all the absorbed and scattered 
far-field light, so spectrophotometry measurements do not 
allow the determination of the gain in energy absorbed solely 
by the host medium due to the light scattered from its 
embedded MNPs. Nevertheless, as shown in section 3.2, 
the presence of a dielectric material surrounding the MNPs 
increases their polarizability and the ratio of light that they 
radiate through scattering relative to the light that is absorbed 
in their interior. As seen in figure 6, this ratio is even higher if 
the dielectric medium is absorbing (such as CQDs and a-Si), 
i.e. if its refractive index has a non-zero imaginary part km. 

In view of this, a significant portion of the extinction 
measured at the plasmon resonance of the MNPs embedded in 
CQDs (figure 5) and a-Si (figure 7) is necessarily given by the 
light scattered from the MNPs and then absorbed in the host 
material. The same, however, does not occur for the MNPs 
deposited on glass (figure 3) since, due to the low Nm = 1.25, 
the extinction should be dominated by absorption inside the 
metallic material of the nanoparticles. 

As mentioned in section 1, for CQD-IBSCs and most 
opto-electronic applications, the QDs' optical properties of 
interest are those related to electronic transitions involving the 
QD ground-state. Therefore, the implementation of MNPs can 
only be advantageous if their SP resonance can be matched 
with the dots' ground-state energy. 

The results presented in section 3 reveal that the 
plasmonic resonances of the colloidal MNPs used in this 
work occur at wavelengths (A = 550-600 nm) considerably 
lower than the wavelengths of the CQDs' ground-state (k = 
1350-1400 nm, shown in figure 4), both when the MNPs 
are embedded in films of a-Si or CQDs. So, the colloidal 
MNPs are designed to increase the absorption of higher 
energy levels in the CQDs which lie in their conduction 
band quasi-continuum, and not the absorption of the CQDs 
ground-state as would be desired. The SP resonance red-shifts 
when the effective nm increases; but even in the best-case 
scenario of figure 8, where the MNPs are taken to be 
embedded in an infinite a-Si medium, the SP wavelength (A = 
851.1 nm) is still blue-shifted from the CQDs' ground-state. 

The MNPs' plasmonic resonance can be tuned to the 
infrared range, to wavelengths above the micrometer, by 
modifying their geometry and using oblate (disk-shaped) 
spheroidal MNPs, since the oblateness of the MNPs increases 
their SP wavelength. 

The electric-field pattern shown in figure 8 reveals that 
the D = 60 nm MNP scatters dominantly in the dipolar 
electrostatic regime, since its size is much smaller than 
the illuminating wavelength. Therefore, the electrostatic 
approximation [26] can be employed to calculate the 
wavelength of the SP resonance of spheroidal MNPs and 
determine their optimal aspect ratios (width/height) that allow 
such resonance to be spectrally matched with the CQDs' 
ground-state [12, 19]. 

Figure 9 shows the spectra of the longitudinal near-field 
absorption enhancement |0s/</>ol2, at the spot of highest 
field intensity in the MNP equator, for spherical and oblate 
Au MNPs in distinct media. It was verified that identical 
curves are obtained for the far-field gext of the MNPs. 
So, these curves can be compared to those measured by 
spectrophotometry, as presented in the inset of figure 5 which 
corresponds to the case of the blue curve in figure 9 (aspect 
ratio = 1). 

In order to match the SP resonance with the CQDs' 
ground-state, the shape of the MNPs should have an aspect 
ratio of 4.4 when they are embedded in an infinite a-Si host 
medium. The lower the real part of the refractive index of 
the medium the higher must be the MNPs oblateness (aspect 
ratio). So, for the cases of figures 5 and 7, where the MNPs 
are embedded in thin-films with an effective nm «a 1.72, the 
shape would have to be more elongated (aspect ratio = 19.8) 
to allow an SP resonance at the same wavelength. 

The required shape-tuning of the SP resonance is 
currently one of the main challenges for the application 
of colloidal MNPs in photovoltaics. Colloidal nanoparticles 
are commonly synthesized with spherical shapes and it is 
still difficult to controllably engineer oblate geometries in 
colloidal synthesis. 
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Figure 9. Absorption enhancement \4>s/4>o\2 that can be produced 
at the equator (y = ±D/2) of Au MNPs with distinct shape 
immersed in an infinite a-Si medium or a medium with Nm = 1.72 
(such as the thin-films of figures 5 and 7). The curves were 
computed with the electrostatic approximation [26] since the MNP 
size is taken to be much smaller than the wavelength. The aspect 
ratios (width/height) of the oblate MNPs are those that allow an SP 
resonance matched with the wavelength of the CQDs ground-state 
(see figure 4). The inset is a sketch of the preferential distribution of 
the hybrid array of oblate MNPs (red disks) and CQDs (gray 
spheres) in the proposed plasmon-enhanced CQD-IBSCs. 

The use of more sophisticated techniques already allowed 
the demonstration of plasmon-enhanced QD absorption in 
the near-infrared range using flattened MNP shapes with 
elongated aspect ratios. One of the commonly used techniques 
is e-beam lithography (EBL) [41] which allows nanometer 
precision in the control of the MNPs' geometry and of 
the MNP-QD spacing [20]. More recently, arrays of flat 
MNPs were epitaxially grown on top of III-V QDs in 
a GaAs host material [8, 21]. This structure exhibited 
large plasmon-enhanced photoluminescence from the QDs at 
wavelengths in the 1000-1400 nm range, which are close 
to the wavelengths of the ground-state of the PbS CQDs 
used here. However, these techniques are expensive, time 
consuming, and hardly scalable; drawbacks that together 
impede their use in the large-scale processing required 
for photovoltaic applications [23]. Therefore, the approach 
employed in this work is preferable since it involves 
low-cost fabrication methods which are compatible with mass 
production. 

The controlled patterning of disk-shaped MNP structures 
on large area devices, employing inexpensive techniques, 
is a topic under active research nowadays [37]. In the last 
years there has been a considerable amount of promising 
advances in this area, especially due to the development 
of novel colloidal synthesis methods [22, 56] and soft-
lithographic techniques [23] such as nano-imprint or colloidal 
lithography [57, 58]. 

In view of the application of the hybrid arrays in 
CQD-IBSCs, the MNPs and CQDs should be preferentially 
distributed as depicted in the inset of figure 9. Additional 
arrays can then be stacked on top, spaced by thin-films 
of host material (e.g. a-Si), to further increase the infrared 

light absorption in the cells. In such multilayer system, since 
the MNPs are bigger than the CQDs, the layers with the 
MNPs + CQDs array should be intercalated with one or more 
layers with only a CQDs array (as that of figure 2(c)), so 
that the lateral volume between the MNPs (the region with 
strongest near-field) can be filled only with CQDs embedded 
in the host medium. 

Nevertheless, an important issue that needs to be solved, 
prior to the integration of MNPs and CQDs in the active region 
of any opto-electronic device, is the appropriate passivation of 
their surface since it generates defect states which can cause 
current degradation via carrier trapping and recombination. 
Therefore, both types of particles should be coated with an 
insulating shell material that can prevent the photo-generated 
carriers from reaching their surface states [19, 59]. The use of 
colloids is advantageous in this respect, since their surface is 
accessible for chemical modification when they are in solution 
phase or even after being deposited. This allows, for instance, 
the synthesis of gold and silver MNPs coated with a silica 
shell [25, 35] having a thickness in the nanometer range. Such 
shell reduces the intensity of the MNPs' near-field, but can 
still allow them to produce absorption enhancements on the 
order of 10 in their surrounding medium [19]. For the case 
of the CQDs, core-shell PbS nanoparticles can be formed by 
controlled oxidation of the particle surface [60], creating a 
nanometer thin layer of oxides (of the type PbSO^) around 
the PbS core. 

5. Conclusions and final remarks 

Solution-based self-assembly provides a simple, scalable and 
low-cost method for producing ensembles of nanoparticles 
in a controllable manner, in order to exploit their collective 
properties in functional devices. A wet-coating method was 
developed to pattern hybrid arrays of colloidal MNPs and 
CQDs on the surface of various materials. The role of the 
MNPs is to act as optical antennas and focus the light of the 
appropriate wavelengths in the volume of the dots to boost 
their absorption. 

In order to optimize the absorption enhancement that 
MNPs can produce in CQDs, it is important to understand 
how such enhancement can be influenced by the properties 
of the embedding material(s). The measurement of the light 
extinction using spectrophotometry is an efficient method 
to probe the plasmonic response of any light transmitting 
material containing MNPs. As described in section 3, 
such measurements allow the precise determination of the 
spectral position of the SP resonance and, when allied with 
electromagnetic modeling, they also provide information 
relative to the interaction between the MNPs and their 
surrounding medium which greatly influences the amount of 
light that is scattered and absorbed by the nanoparticles. 

The optical results presented here show, for the first 
time to our knowledge, plasmon-enhanced near-field light 
extinction in PbS CQDs and a-Si thin-films patterned onto an 
ordered array of colloidal Au MNPs. Since such MNPs have 
monodispersed spherical geometries and are well-spaced in 
the array (i.e. there is little interaction between them), the peak 



light extinction at their SP resonance closely matches Mie 
theory calculations taking typical values for the surrounding 
refractive indices. These results are of interest for novel 
nanostructured photovoltaic materials composed of hybrid 
MNP + CQD arrays embedded in an a-Si host medium. That 
is one of the preferential semiconductor host materials and 
it can be deposited by low-temperature techniques without 
damaging the patterned particles array, as seen in the results 
of figure 7. 

In the electrostatic size regime (D <C A.), the propagating 
far-field scattered by the MNPs is generally not the 
major responsible for absorption enhancement in their 
surrounding material [18]. In this regime, the most significant 
enhancement in the optical fields occurs locally in the vicinity 
of the MNPs, through the so-called near-field enhancement. 
Such enhancement relies on the confinement of light at scales 
much smaller than the wavelength, and on the corresponding 
high near-field intensities caused by the excitation of surface 
plasmons in the MNPs [8, 20]. This effect shows great 
potential to increase the performance not only of QD solar 
cells, but also of any opto-electronic device composed of 
nanoscopic light absorbers [7] whose optical transitions can 
be spectrally matched with the MNPs' plasmonic resonances. 
For that, an important challenge that must be addressed 
in future work is the shape-control of the MNPs to fully 
exploit their functionality. For instance, for application in 
CQD-IBSCs the optimal shapes for the MNPs are oblate 
spheroids (disks), as shown in figure 9. Since the SP local field 
is quite short-ranged, especially in high refractive index media 
like a-Si (see figure 8), such nano-disks should be patterned 
in the array of the CQDs, following an arrangement as that 
depicted in the inset of figure 9, which can be performed with 
the method mentioned in section 2 and detailed in section 6. 

6. Experimental methods 

6.1. Preparation of hybrid arrays of MNPs and CQDs 

The solutions of MNPs and CQDs used in the present studies 
were synthesized by specialized companies. The MNPs 
solutions were purchased from BritishBioCells and contain 
Au colloids dispersed in water and stabilized by citric acid 
(capping agent). The CQDs solutions were purchased from 
Evident Technologies and contain PbS colloids dispersed in 
1-octanol and stabilized by oleic acid molecules. 

The procedure used to deposit hybrid arrays of MNPs 
and CQDs, as that shown in figures 2(e) and (f), involves the 
following steps: 

(1) The sample surface is degreased in heated (~60 °C) baths 
of acetone, isopropanol and methanol (3 min in each 
bath). 

(2) Surface is cleaned in an RCA1 solution 
(NH4OH(25%):H202:H20 in 1:1:5 by volume) according 
to procedures described elsewhere [34]. This treatment 
not only removes the organic impurities but also leaves 
an oxidized (hydrophilic) surface which is favorable for 
the following functionalization step. 

(3) After rinsing the sample with DI water, its surface 
is amino-silanized by immersing it in a 10% aqueous 
dilution of APTMS [(3-Aminopropyl)trimethoxysilane] 
for 1 h. Then the sample is carefully rinsed with DI water 
and ethanol, and then baked in oven (at ~110°C) for 
1 h. This step functionalizes the surface with a monolayer 
of APTMS molecules (organic linkers) that terminate in 
positively-charged end groups (see figures 2(a) and (d)). 

(4) A vial with the MNP solution is bath-sonicated for 10 min 
to disrupt the aggregates that are formed during the 
storage of the solution. 

(5) The negatively-charged MNPs are deposited onto the 
APTMS-modified surface by dip-coating [33] the sample 
in the MNP solution for a few hours (or minutes if a 
spin-coating [32] process is used). This forms a uniformly 
ordered MNP array, covering the entire sample area, as 
that in figure 2(b). 

(6) Sample is rinsed in DI water, the degreasing step (1) is 
repeated and then the sample is dried with a nitrogen 
stream. 

(7) The CQD solution is bath-sonicated for 10 min. 
(8) The CQDs are deposited by wetting the sample surface 

with the CQD solution for ~10 min. This forms a 
self-assembled CQD array covering the areas between the 
MNPs. The remaining CQD solution is spun out of the 
sample at 1000-2000 rpm for 1 min. 

(9) Sample is rinsed in the CQDs solvent (1-octanol) and in 
DI water, then oven-dried to remove the excess liquid and 
leave only the deposited colloids. 

6.2. Deposition of CQDs and a-Si thin-films 

The thin-films of stacked CQDs were fabricated by controlled 
drop-drying of small volumes of the colloidal solution onto 
glass slides. The films constructed in this way are composed 
of several layers of dots, and their thickness is controlled by 
changing the concentration of the solution and repeating the 
dropping-drying cycle [5, 6, 31]. The thickness of the films 
was monitored by measuring it at different spots along the 
sample with a Talystep mechanical profilometer from Rank 
Taylor-Hob son. 

The a-Si films were deposited with a Vaksis PVD-
MT/2M3T magnetron sputtering equipment. The chamber 
was filled with Argon (Ar) at a pressure of 7.7 mTorr and the 
RF power applied to the magnetron was 150 W. The flux of 
Ar was kept constant at 30 seem. The sample was constantly 
rotating during the deposition processes to ensure a uniform 
deposition. 

6.3. SEM and AFM characterization 

SEM images were obtained with a JEOL JSM-6335F 
field-emission SEM at 15 kV, in the 'Centro de Microscopía 
Electrónica' of 'Universidad Complutense de Madrid'. The 
AFM characterization was performed both with a Bruker 
multimode Nanoscope III and with a NT-MDT Ntegra Prima 
equipment. 



6.4. Optical characterization 

The light extinction measurements were performed with a 
Spectro320 spectrophotometer from Instrument Systems. 
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