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ABSTRACT The absorption cross section of colloidal quantum dots in

close-packed monolayers shows a 4 (CdSe) to 5-fold (PbS) enhancement
compared to quantum dots in a dilute dispersion. Quantitative agreement
is demonstrated between the value and the size dependence of the
enhancement and theoretical model predictions based on dipolar coupling
between neighboring quantum dots. This collective optical behavior oﬀers
a new degree of freedom in the custom design of optical properties for
electro-optical devices.
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L

ike atoms forming macroscopic crystals, nanoparticle superlattices (NSLs)
can exhibit physical properties diﬀerent
from their individual constituents.1 These
properties can be tuned by means of the
characteristics of the building blocks (size,
shape, ferromagnetic, metallic, etc.), the
lattice structure (particle separation, lattice
symmetry, etc.), or the interparticle interactions (electromagnetic and/or quantum
mechanical coupling, etc.). Lithographically
deﬁned arrays of metallic nanoparticles, for
example, show collective optical properties
based on coupling through near-ﬁeld and/
or long-range dipolar interactions which
strongly aﬀect the single-particle plasmon
resonance.2,3 Similarly, long-range electromagnetic interactions have recently been
observed in ensembles of epitaxially grown,
semiconducting quantum dots.4 However,
both the plasmonic and the epitaxial systems
are limited by their fabrication process, which
prevents the formation of heterogeneous
superlattices or assemblies with high packing
densities. An alternative to these lithographybased techniques is the bottom-up formation
of NSLs by self-assembly of colloidal nanocrystals. These nanometer-sized metal, metal oxide,
or semiconductor crystals are synthesized with
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low size dispersion by a solution-based synthesis.5 Single-component, binary, and even
ternary close-packed NSLs have been demonstrated,1,68 in which crucial parameters such as the type of building block,
the interparticle spacing, and the superlattice symmetry can be adjusted. Although
colloidal NSLs are of great fundamental and
practical interest, few collective physical properties resulting from coupling between nanocrystals have been demonstrated so far because NSLs are diﬃcult to make over large
areas. Using a more simple one-component,
two-dimensional (2D) array of PbSe quantum
dots (QDs), electronic coupling has been demonstrated by means of scanning tunneling
spectroscopy.9 In the case of binary NSLs,
single-phase-like magnetization was observed
with diﬀerently sized Fe3O4 nanocrystals and
attributed to magnetic dipole coupling.10
Here, we analyze the absorption cross
section (σf) of PbS and CdSe QDs in closepacked one-component monolayers.11,12
These materials have been chosen since CdSe
is the most widely used colloidal QD and, as
such, a reference material, while PbS QDs
hold great promise for photovoltaics and infrared photodetection,13,14 applications where
light absorbance is a key material property.
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RESULTS
This work makes use of monodispersed batches of
CdSe and PbS QDs stabilized by carboxylate ligands.
They have been synthesized following literature recipes, with diameters dQD ranging from 2.5 to 6.2 nm
for CdSe and 2.5 to 8 nm for PbS (see Methods). In both
cases, QD monolayers are formed by spreading a QD
dispersion on a Langmuir trough, followed by the
transfer of the Langmuir ﬁlm to a glass substrate using
LangmuirBlodgett deposition. As shown in Figure 1,
this results in homogeneous monolayers over square
centimeter areas, with typical surface coverages as determined by atomic force microscopy (AFM) of 95% or
more. In addition, transmission electron microscopy
(TEM) demonstrates that the monolayers have a locally
hexagonal ordering. The QD surface density (Ns) is
determined from TEM micrographs (Figure 1c), while
the QD interdistance;written as dQD þ 2l, where l
denotes the thickness of the ligand shell;is obtained
from more detailed TEM analysis (see Figure 1d). The
absorption cross section σf of a QD in these closepacked monolayers is calculated from the absorbance
A and the reﬂectance R:
σf ¼ ln10 

A R
Ns

(1)

In this expression, scattering is neglected since the
wavelengths used (>335 nm) are much larger than the
quantum dot diameter. The correction of the absorbance for reﬂection is typically very small (<10%) (see
Supporting Information, section 2). To calculate the absorption enhancement, we combine the experimental
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Compared to literature data on the absorption cross
section in diluted dispersions (σ0,s) of both materials,
we ﬁnd that σf can be enhanced up to a factor of 4
(CdSe) or 5 (PbS). For example, in the case of PbS QDs,
the enhancement E = σf/σ0,s shows a marked, resonance-like diameter dependence, with a maximum
value for QDs of around 4 nm. Similar results are obtained for CdSe. We also show a strong dependence on
the superlattice parameters by studying the eﬀect of
the interparticle spacing on ﬁxed size CdSe nanocrystals.
Moreover, E is largely wavelength-independent, which
was validated for PbS. We show that the value and the
layer parameter dependence of E for both PbS and
CdSe can be quantitatively described by considering the
dipolar coupling between neighboring QDs in the closepacked ﬁlm. According to this description, the resonance behavior results from the condition for optimal
coupling, where the mutual enhancement of the electric
ﬁelds of neighboring QDs is maximized. In this way, we
demonstrate that light absorption by a close-packed
ﬁlm of quantum dots is a joint property of the individual
QDs and the QD superlattice, thereby showing for the
ﬁrst time a truly collective optical eﬀect in colloidal
nanocrystal superlattices.

Figure 1. LangmuirBlodgett monolayer of PbS quantum
dots. (a) Contrast picture of a monolayer of PbS quantum
dots (d = 5 nm) on a glass surface (2 cm  1 cm) showing
homogeneous cm2 coverage. (b) Atomic force microscope
scan of the same PbS monolayer indicating excellent area
uniformity (inset: cross section). (c) Larger area TEM image
showing the PbS quantum dot superlattice with local hexagonal ordering (inset: Fourier transform image). (d) Zoomedin TEM image showing the individual quantum dots and their
interdistance. (e) Side view schematic of monolayer subject
to incident ﬁeld polarized in-plane. The relevant geometrical parameters are indicated by dQD, d, and l as the
(nearest-neighbor) interdot distance, QD size, and ligand
length, respectively.

values of σf with published values15,16 for σ0,s, where
we work at 400 nm for PbS and at 335 nm for CdSe.
Figure 2a,b shows the absorption enhancement E
for PbS and CdSe QDs stabilized by oleate ligands as a
function of their diameter at 400 and 335 nm, respectively. For PbS, we ﬁnd that E initially increases with
increasing particle size up to a maximum of 5 at a core
size of around 4 nm. For larger sizes, E decreases and
reaches values of about 1 for 8 nm particles. In the case
of CdSe, E steadily increases within the diameter range
studied to level oﬀ at a value of around 4 for a diameter
of 6.2 nm. We also investigated the inﬂuence of the
thickness of the ligand shell l. In particular, for a ﬁxed
size of CdSe nanocrystal (4.4 nm), the ligand shell was
exchanged from oleate to shorter chain carboxylates,
including palmitate (C16), myristate (C14), and laureate
(C12). Figure 2 represents the enhancement as a function
of the ligand length;as determined from TEM analysis;
thus obtained. We ﬁnd that E steadily decreases from
a value of 4 in the case of laureate ligands (l = 1.1 nm) to
a value of around 2 for oleate ligands (l = 1.5 nm).
DISCUSSION
Enhancement within the MaxwellGarnett Effective Medium Theory. To analyze the enhancement of σf relative
to σ0,s, including its remarkable diameter and ligand
length dependence, we start from the fact that light absorption by isolated QDs can be understood within the
framework of the MaxwellGarnett effective medium
theory. This yields an absorption cross section σ0,s given by
σ0, s ¼ VQD

2π
9ε2s
Im(εQD )
λns jεQD þ2εs j2

(2)

where VQD is the QD volume; ns is the refractive index of
the solvent; εs is the dielectric constant of the solvent at
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Figure 2. Absorption enhancement E for (a) PbS quantum dots stabilized by oleate ligands (l = 1.5 nm) at 400 nm as a function
of QD diameter d; (b) CdSe quantum dots stabilized by oleate ligands (l = 1.5 nm) at 335 nm as a function of d; and (c) CdSe
quantum dots (d = 4.4 nm) as a function of ligand length l, where the respective data points have been obtained using
laureate, myristate, palmitate, and oleate ligands.

R0,s (see Supporting Information):
σ0, s ¼

Figure 3. Absorption enhancement E in the Maxwell
Garnett (MG) model for (a) increasing dielectric constant
of the particle environment at a ﬁxed volume fraction and
(b) vice versa.

the radiation frequency; and εQD is the dielectric function of the QD materials at the radiation frequency.
Typically, |εQD| strongly exceeds |εs| for QDs dispersed
in an apolar, organic solvent, a condition implying that
the optical electric ﬁeld in the QDs is strongly screened.
An increase of |εs| and the concomitant reduction of
this screening will therefore result in an enhancement
of the absorption cross section (see eq 2). Hence, a ﬁrst
possible origin of the enhanced absorption of QDs in a
close-packed thin ﬁlm is the reduced screening of the
incident light by an increase of the dielectric constant
of the environment. This increase could, for example,
be due to the presence of neighboring particles in the
ﬁlm or due to the presence of the glass substrate.
However, as is shown in Figure 3a, not only is this eﬀect
size-independent but it also fails to account for the
large enhancements up to 5 measured experimentally.
A similar conclusion is arrived at when explicitly
taking the volume fraction of the absorbers into account in the MaxwellGarnett expression for a given
host permittivity (see Figure 3b).17 This indicates that
the MaxwellGarnett mixing rule breaks down in ﬁlms
of close-packed nanocrystals.
Coupled Dipole Model. An alternative approach to
derive eq 2 is to see each QD as a polarizable point
particle with a polarizability R0,s that depends on its
volume, εQD and εs:
R0, s ¼ 4πε0 r 3 εs

εQD  εs
εQD þ 2εs

(3)

Equation 2 is then recovered by the relation between
the absorption cross section and the imaginary part of
GEIREGAT ET AL.

2π
Im(R0, s )
λns

(4)

Describing QDs as polarizable point particles, the exceptional absorption enhancement in close-packed
QD monolayers can be intuitively understood by means
of dipolar coupling between neighboring QDs. A polarized
QD will induce a polarization field with dominant dipolar
character,18 decaying rapidly outside of the QD. However, opposite from isolated QDs (e.g., in a dilute solution),
neighboring QDs in a close-packed layer will feel this additional field. Hence, their polarization by an external driving
field will be different from that of an isolated QD, which
results in a change in absorption cross section. Since the
distance dij between two dipoles i and j in a close-packed
film increases linearly with the QD radius, there is a tradeoff in this dipolar coupling: larger particles show a larger
polarizability but increased interparticle spacing. Apparently, this gives rise to an optimal separation or, equivalently, an optimal particle size for dipolar coupling, as
follows from the experimental data in Figure 2.
This qualitative description can be quantiﬁed by the
coupled dipole (CD) model, which was originally developed to explain collective resonance eﬀects in arrays of
metallic particles.2,3,19 Such particles show distinct
multipolar plasmon resonances in their single-particle
polarizability, thus diﬀering fundamentally from the
semiconducting QDs studied here. Within this model,
we write the local ﬁeld EL,i polarizing a particular QD i as
the sum of the incident external ﬁeld E and the contribution from the polarization ﬁelds of all other QDs j:
EL, i ¼ E þ

∑ βi, j EL, j

(5)

j6¼i

Here, the coupling coeﬃcients βi,j describe the dipole
ﬁeld of QD j at the position of QD i. They are thus
proportional to R0,h/εh, that is, the polarizability of an
individual QD screened by the host. More importantly,
due to symmetry reasons, all QDs must experience the
same local ﬁeld EL. Thus, we can rewrite eq 5 as
EL ¼ E þ
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Figure 4. (a) Ratio of the local driving ﬁeld EL and the external driving ﬁeld E as a function of the coupling between
neighboring QDs as expressed by eq 8. (b) Graphical representation of the optimal coupling condition (eq 9) showing the term
εhVQD/R0,h for (red) PbS QDs at 400 nm and (green) CdSe QDs at 335 nm, together with the term (blue) VQDS for ligand lengths l
as indicated as a function of particle size. (c) Same terms plotted as a function of ligand length l for diﬀerent particle sizes as
indicated. In (b) and (c), optimal coupling for a given material and a given size or ligand length corresponds to the crossing
of the respective horizontal and blue lines. Calculations are done taking εh = 1.5 and assuming local hexagonal ordering in the
monolayers.

The quantity S, introduced in eq 6, is called the
retarded dipole sum. It includes the dipolar contributions from all neighboring particles to the internal ﬁeld
of the considered particle. As outlined in the Supporting Information, a simpliﬁed expression for S is obtained by assuming that image charges induced in the
substrate are negligible due to its low permittivity, that
the center-to-center distance dij between neighboring QDs is small compared to the optical wavelength
λ = 2π/k, and that the monolayers show only locally
hexagonal ordering:
S ¼

∑
j6¼i

(1  kdij )eikdij
8πdij3

(7)

Rewriting eq 6, we obtain an expression for the ﬁeld
locally driving an individual QD as a function of the
incident electric ﬁeld:
EL ¼

E
R0, h
1
S
εh

(8)

Equation 8, which describes the local driving ﬁeld EL
as a function of the incident ﬁeld E, provides an
excellent starting point to understand the occurrence
of a maximum enhancement. It indicates that the ratio
between EL and E crucially depends on the product
R0,hS/εh, that is, on the combination of the polarizability of an individual QD and the coupling between the
QDs. On the basis of the respective deﬁnitions of R0,h
and S, it follows that this quantity changes depending
on the QD material, the driving frequency (via εQD), the
diameter of the QDs, and the distance between neighboring QDs. Assuming for simplicity that R0,hS/εh is a
real number, EL will be enhanced relative to E when
0 < R0,hS/εh < 2 (see Figure 4a). Moreover, EL increases
to inﬁnity when R0,hS/εh = 1. Returning to eq 6, this
actually means that the system of dipoles can support a
local driving ﬁeld without external driving ﬁeld at the
particular driving frequency where this condition
holds. Hence, the condition R0,hS/εh = 1 determines
a resonance condition for the 2D array of coupled,
GEIREGAT ET AL.

oscillating dipoles. Obviously, we expect that around
this resonance condition the absorbance of the layer
will be maximally enhanced, a situation we call optimal
coupling. We note that neglecting the imaginary part
of the denominator in eq 8 is useful for understanding
the resonance condition. In reality, the imaginary part
limits the increase of EL, resulting in a damped resonance. For a quantitative comparison between the
experimental results and the theory developed here,
both the real and imaginary part of S and R0,h are to be
taken into account.
Dependence of the Enhancement on Nanocrystal Size and
Ligand Length. In the experiments shown in Figure 2, we
fix the driving frequency;and thus εQD;yet we change
R0,h via the QD size and S via both the QD size and the
ligand length. To analyze the occurrence of optimal
coupling in this case, we rewrite the resonance condition as
εh  VQD
¼ VQD  S
R0, h

(9)

In eq 9, the left-hand side depends on the QD material
and the driving frequency but not on the QD size or the
interparticle spacing. On the other hand, the righthand side depends on the geometrical parameters
of the close-packed layer (i.e., dQD and l). By varying
dQD or l, we thus only change (VQD  S), and optimal
coupling occurs when eq 9 holds. When l = 1.5 nm;
the experimentally determined ligand shell thickness
in the LangmuirBlodgett films of QDs capped with
oleate ligands;Figure 4b shows that this results in optimal coupling for ≈4 nm PbS QDs. This value matches
the experimentally observed diameter for maximum
enhancement, confirming that the mutual dipolar
coupling between adjacent QDs indeed accounts for
the observed absorption enhancement. Equation 9
and Figure 4b also show that the lower polarizability
of CdSe QDs means that larger diameters are needed
to reach optimal coupling, which is also confirmed
experimentally (see Figure 2b). Also, the dependence
of the resonance on ligand length can be understood
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Figure 5. (a) Plot of (R0,h/εh  1/S)/V as a function of QD diameter and wavelength according to the indicated color code.
Optimal coupling corresponds to a value of 0, indicated as dark brown (εh = 1.5). (b) Spectrum of the absorption enhancement
as (black) measured and (red) calculated for 4.3 nm PbS QDs.

using the resonance condition described in eq 9. As
plotted in Figure 4c, optimal coupling for 4.4 nm CdSe
QDs occurs for a ligand length close to 1.1 nm, which
implies a progressive reduction of E for ligand lengths
that progressively exceed this value, in line with the
experimental data in Figure 2c.
For a more quantitative comparison between our
experimental data and the coupled dipole model, we
use eq 8 to obtain an eﬀective polarizability Rﬁlm of a
QD in a close-packed monolayer (see Supporting
Information, section 1.31.4):
Rfilm ¼

R0, h
R0, h
1
S
εh

(10)

As a result, σf and the absorption enhancement read
1
0
σf ¼

2π B R0, h C
Im@
R0, h A
λnh
1
S
εh
0

(11)

1

B R0, h C
Im@
R0, h A
1
S
σf
ns
εh
E ¼
¼
Im(R0, s )
σ0, s
nh

(12)

Equation 12 shows that the condition for optimal
coupling also controls the enhancement of σf. In Figure 2,
the solid lines represent E for PbS and CdSe QDs, calculated using eq 12 at 400 and 335 nm, respectively. As is
common for the high-energy dielectric function of semiconductor quantum dots, the respective bulk values are
used for εQD. In addition, the ﬁlm environment is
modeled as εh = 1.5, which corresponds to an environment of low polarizability. This is a reasonable estimate
for an environment consisting of organic ligands, glass,
and air. Assuming a size dispersion of 10%, we ﬁnd that
the experimental enhancement is in very good agreement with the enhancement that follows from the
assumption of dipolar coupling between neighboring
QDs. For both PbS and CdSe, the magnitude and the
size dependence of E are correctly predicted with, for
the particular example of PbS, a maximum enhancement
GEIREGAT ET AL.

for a diameter of around 4 nm. Also, for CdSe, the dependence of E on the ligand length l is well reproduced.
Wavelength Dependence of the Enhancement. In Figure 2a,
we pass through the condition of optimal coupling by
changing dQD. Alternatively, optimal coupling could
also be obtained by changing the wavelength λ of the
incident light. The color scale in Figure 5a shows the
optimal coupling condition;as determined by eq 9;
as a function of both variables. While changing dQD
results in a relatively narrow resonance, one sees that
the condition for optimal coupling hardly depends on
λ. This minor wavelength dependence can be understood from the nonresonant polarizability of individual
QDs in the wavelength range considered. Opposite
from metal nanocrystals driven near their surface
plasmon resonance, this leads to a limited change of
R0. Importantly, this implies that, for a fixed QD diameter, the absorption will be enhanced over a broad
wavelength range. This prediction is confirmed by the
spectrum of E for 4.3 nm PbS QDs as represented in
Figure 5b, where E decreases gradually from a value of
5 around 400 nm to 3 around 1000 nm. This overall
trend is well reproduced by the coupled dipole model,
where we now use the frequency-dependent dielectric
function of PbS nanocrystals as obtained through the
KramersKrönig relations.20 Nanocrystal devices for
photodetection or solar energy conversion typically face
a trade-off between light absorption, which improves
with thicker layers, and charge carrier extraction, where
thinner films are preferred. Hence, the possibility to enhance the absorption over a broad wavelength range by
tuning the nanocrystal size and the inter-nanocrystal
spacing is very relevant for these applications.
CONCLUSION
In summary, we have demonstrated strong optical
coupling phenomena in close-packed monolayers of
colloidal QDs, leading to giant enhancement of the
absorbance per QD up to a factor of 5. The results can
be explained and quantiﬁed using a dipolar coupling
model. On top of the cheap bottom-up fabrication and
processing, a collective property such as absorption
enhancement makes colloidal QDs extremely suited
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METHODS
Materials. Oleylamine (OLA)-capped PbS QDs were synthesized using the procedure described by Cademartiri et al.21 and
modified by Moreels et al.22 After synthesis, the OLA ligand shell is
substituted by oleic acid (OA). An exchange to OA is typically
performed by adding OA to a toluene suspension of PbS QDs in a
ratio of 1.5:10 OA/toluene. After precipitation with EtOH and centrifugation, the QDs are resuspended in toluene and the exchange is
repeated. Oleate-capped CdSe QDs were synthesized according to
the procedure developed by Jasieniak et al.23 CdSe QDs with a
diameter of 6.2 nm were prepared using a similar synthesis combined with the controlled injection of additional precursors. After 40
min of synthesis, we slowly inject a mixture of precursors and solvent
with the same composition as the initial reaction mixture during 50
min. Next, the reaction is allowed to continue for an additional 1 h
before the mixture is cooled to room temperature and purified.
Ligand Exchange. Ligand exchange was carried out on 4.4 nm
CdSe QDs capped with oleic acid. As substitute ligands (SL), we
used carboxylic acids with different chain lengths from palmitic
acid (C16) to lauric acid (C12). A ligand exchange is typically
performed by adding an excess of the SL to a toluene suspension
of CdSe QDs in a molar ratio of 200:1 SL/OA. After precipitation
with methanol (MeOH) and centrifugation, the QDs are resuspended in toluene. The exchange is repeated three times to ensure
full exchange. Finally, the QDs are precipitated one more time with
MeOH to remove any excess of the SL.
Layer Formation. To produce QD monolayers, we spread the
QDs dissolved in chloroform on a water surface using a commercial LangmuirBlodgett trough (Nima 310).The monolayers
are transferred at a surface pressure of 1230 mN/m to glass
substrates by LangmuirBlodgett deposition or to TEM grids by
LangmuirSchaeffer deposition.
Absorbance Measurements. The absorption and reflection of
the monolayers is measured using a commercial spectrophotometer (Perkin-Elmer Lambda 950 UVvisNIR) equipped with
an absolute reflectance measurement (URA) tool. Typically, three
(absolute, i.e., no reference recorded before) spectra are recorded
(both for absorption and reflection): an internal (instrument
related) calibration, a bare glass sample, and the glass sample
covered with the monolayer under study. The quantities A and R
are then obtained through subsequent subtraction procedures.
Such procedures are valid for thin films where interference effects
can be neglected. This method provided us with the best accuracy
for weakly absorbing and reflecting samples.
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