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In the past decade, the field of optics has been stimulated by
new concepts such as plasmonics and extraordinary optical
transmission, which are paving the way for next-generation
photonic components.[1–6] In this context, hybrid materials
that combine the properties of structured metals with semi-
conductor or molecular materials to create novel function-
alities offer much potential.[7–11] While studying molecule–
metal interactions, we have found a new phenomenon
whereby molecules can induce transparency in optically
thick metal films perforated with subwavelength holes. Non-
intuitively, transparent windows are opened up at wave-
lengths at which the molecules absorb strongly, that is, where
one would normally expect no transmission.

Here we report a detailed study of this phenomenon
showing, among other things, that the molecular material
must be within the dipole coupling distance (less than ca.
20 nm) from the metal surface, and that the mechanism
involves surface plasmons but is independent of the arrange-
ment of the holes. The phenomenon thus provides new
flexibility for tailoring extraordinary optical transmission
through subwavelength holes and points to new directions for
preparing plasmonic hybrid materials for photonics and
energy-conversion applications.

Absorption-induced transparency (AIT) is best illustrated
by the schematic and spectra in Figure 1. Figure 1a shows the
transmission spectrum of a square array of 100 nm-diameter
holes milled by focused ion beam (FIB) in a 200 nm-thick Ag
film with a period of 250 nm (black curve). Only the
transmission peak associated with the (1,0) surface plasmon
(SP) resonance on the glass/metal interface of the hole array
is visible at 518 nm.[3] When an approximately 30 nm layer of
a J-aggregate of a cyanine compound (2,2’-dimethyl-8-phenyl-
5,6,5’,6’-dibenzothiacarbocyanine chloride) is adsorbed on the
hole array, its transmission spectrum shows an intense new
transmission with a sharp onset at 685 nm (red curve).
Figure 1b shows the absorption spectrum of the cyanine J-
aggregate layer (measured as 1�reflection) taken on a

unstructured part of the same Ag metal film (black solid
curve). A sharp drop in reflection is associated with strong
absorption of the molecular layer peaking at 697 nm, which is
redshifted by about 7 nm from that on a glass surface. The
absorption spectrum taken on the hole array itself is further
broadened (dashed curve in Figure 1b). There is strong
overlap between the absorption of the adsorbed cyanine and

Figure 1. a) Transmission spectra of a square hole array (period
250 nm, hole diameter 100 nm) milled in a 200 nm-thick Ag film in the
absence (black curve) and the presence (red curve) of the cyanine J-
aggregate. Inset: cartoon depicting the concept of absorption-induced
transparency. When a red-light absorber (e.g., a green dye) is adsorbed
on an Ag hole array, red-light transmission is observed through the
composite. b) Absorption spectrum (calculated as 1�reflection) of the
cyanine J-aggregate film recorded at a unstructured part of the metal
film (black solid curve), and the absorption spectrum of the J-
aggregate recorded directly on a periodic 250 nm hole array (dashed
curve), calculated as 1�reflection�transmission). Inset: plot of the
transmission peak intensity versus the peak absorbance of the cyanine
layer. The J-aggregate was spin-coated from a concentrated chloroform
solution (0.15 wt% weight). In this way, J-aggregate layers of up to
30�5 nm thickness could be deposited, as measured by FIB.
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the intense anomalous transmission through the array. Never-
theless, as shown in the inset of the Figure 1b, the stronger the
absorbance, the stronger is the transmission, which naturally
saturates when approaching 100 %. We have verified that the
anomalous transmission is not associated with normal fluo-
rescence of the J-aggregates, which are virtually nonemissive
in such close proximity to the metal surface (see Supporting
Information). The schematic inset in Figure 1a summarizes
the surprising result that the combination of a red-light
absorber (which looks green in transmission to an observer)
and a hole array in fact results in red transmission.

To elucidate the mechanism of this nonintuitive result, we
explored various parameters. The first key observation is that
the molecules must be in very close proximity to the surface.
As shown in Figure 2a, when a similar amount of molecules
are dispersed in a 200 nm thick polymer film [poly(vinyl
alcohol)] spin-cast on the hole array, the modulation of the
transmission is very much reduced. Further experiments in
which a spacer layer was used to control the distance between
the molecules and the metal surface show that the molecules
must be within the first 20 nm of the metal to induce the
phenomenon efficiently (Supporting Information). Such dis-
tance dependence is characteristic of dipole–dipole interac-
tions, in this case between the molecular dipole and its image
dipole induced in the free-electron plasma of the metal. Since
transmission by subwavelength hole arrays involves surface
plasmons (SPs), we investigated whether AIT is sensitive to
the capacity of the metal to support SPs. In Figure 2b the
cases of tungsten and gold are compared, as the dielectric
constant of the former in this wavelength range is such that it
cannot sustain SPs.[12] The transparency peak is extremely
weak in the case of W in comparison to Au (and indeed Ag),
that is, SPs play a key role. This is further confirmed by
putting the array between two crossed polarizers at 458 to the
array axis (Figure 2c). This configuration eliminates all direct
transmission through the holes and allows only light that has
coupled to SPs to be transmitted.[13] The peak intensity of the
anomalous transmission at 710 nm remains essentially
unchanged relative to the periodic SP-resonant peaks of the
array, and this again implies that SPs are at the heart of the
process.

The nature of the AIT can be further clarified by the
dependence of the transmission spectrum on the angle of
incident radiation on the array (Figure 3a) and the corre-
sponding dispersion curves (Figure 3 b). In Figure 3b the
dispersion curves of the same array in the absence of
molecules is included for comparison. The AIT peak is
clearly nondispersive, characteristic of a localized mode. This
local character confirms that the AIT mode cannot be due to
the shift of a periodic SP resonance owing to a change in
refractive index induced by adsorption of the molecular layer.
The evolution of the spectrum with angle shows that localized
AIT and periodic SP modes interact as they come into
resonance, resulting in anticrossing behavior. In the spectra of
Figure 3a, coherent interaction of the modes results in
destructive (minima) and constructive (maxima) interfer-
ences at given wavelengths above the holes.[14] Another
notable feature of the spectra is the sharpness of the AIT peak
at certain angles, such as 288 (see Figure 3c), with a full width

Figure 2. a) Transmission spectra of a square hole array (period:
250 nm, hole diameter: 100 nm, Ag film thickness 200 nm) with a
200 nm-thick poly(vinyl alcohol) film spin-coated on top (black curve)
and the same sample with J-aggregates dispersed in the PVA film (red
curve). The peak absorbance of the J-aggregate in the film is 0.6.
b) Effect of metal. Transmission spectra of square hole arrays (period:
300 nm, diameter 150 nm, film thickness: 200 nm) in the absence
(black curve) and presence (red curve) of J-aggregates on Au, and in
the absence (green curve) and presence (blue curve) of J-aggregates
on W. c) Effect of polarization. Transmission spectra of a square hole
array (period: 250 nm, hole diameter: 125 nm, Ag film thickness:
200 nm) recorded with two orthogonal polarizers on either side of the
array placed at 458 to the main axis of the array (as indicated by the
inset) with (red curve) and without (black curve) cyanine J-aggregates.
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at half-maximum of only 4 meV. Such sharpening can reflect a
large change in damping conditions (increased lifetime),[14]

but more detailed studies are required to investigate this
issue.

The effect of periodicity and its associated SP trans-
mission peaks can be removed by studying disordered groups
of holes in which the holes are sufficiently separated to be
uncoupled.[15] Figure 4 compares the spectrum of a disordered

group of holes with that of the same structure with a layer of
cyanine J-aggregate, and shows an SEM image of a region of
the bare structure (inset). The spectrum of the bare structure
is broad and featureless due to localized SP modes (black
curve).[16] When the dye molecules are adsorbed, a strong
transmission peak is present with a sharp onset at 685 nm (red
curve), and surprisingly is comparable in intensity and width
to that on periodic arrays. The transmission spectra through
the disordered group of holes are not angle-dependent in the
absence or presence of the molecular layer (see Supporting
Information). All of these results further emphasize the
localized nature of the AIT mode. Interestingly, in this
particular combination, another transparency peak is appar-
ent around 500 nm due to a higher energy absorption band of
the molecule.

The above results point to the following mechanism for
the absorption-induced transparency. The molecules strongly
interact with the free electrons of the metal by a dipole-
induced dipole coupling mechanism when placed within the
first 20 nm or so of the surface. At these distances molecular
excitations are known to be strongly quenched by energy
transfer to the metal. As discussed in detail by Barnes,[17]

electronic charge density oscillations are induced in the metal
with excitation of electron–hole pairs. It has been long
assumed that coupling molecular excitations to such lossy
surface waves results only in nonradiative damping. While

Figure 3. a) Transmission spectrum of a square hole array (period:
350 nm, hole diameter: 100 nm, Ag film thickness: 220 nm) with a J-
aggregate film (absorbance: 0.07) recorded as a function of angle of
incident radiation. The Greek letters indicate peaks which are plotted
in the dispersion curve in Figure 3b. b) Corresponding dispersion
curve showing the details of the interaction between the absorption-
induced transmission and the (1,0) SP mode of the periodic structure
(red squares). For reference, the dispersion of the (1,0) SP mode in
the absence of the J-aggregate is shown (black squares). The dashed
line indicates the energy of the J-aggregate absorption peak (see
Figure 1b). c) Transmission spectra recorded at an angle of 288 in the
absence (black curve) and presence (red curve) of the J-aggregate.
Notice the exceptionally sharp peak at 701 nm.

Figure 4. Transmission spectra of a disordered group of holes (hole
diameter: 100 nm, minimum hole separation: 100 nm, hole density:
5.8 holes per mm2, Ag film thickness: 220 nm) recorded in the absence
(black curve) and presence (red curve) of the J-aggregates. The peak at
500 nm is the result of absorption of the J-aggregate at short wave-
lengths (see Figure 1b). Inset: SEM image of a portion of the structure
(scale bar 2 mm).
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this may be true in the case of molecules placed on smooth
metal surfaces, several molecular fluorescence studies have
shown that structuring the metal surface (e.g., surface rough-
ness or gratings) provides a path for outcoupling the emission
via surface plasmons into the far field.[17–22] In the present
study, the small holes have a very broad spectrum in Fourier
space that leads to a high density of local photon modes,[17,22]

which probably serve to couple the short-distance energy
transfer from the excited molecules to SPs. Localized SP
modes at the apertures are present in both the periodic arrays
and disordered groups of holes, and it is possible that they
interact with the molecular resonance to enhance trans-
mission. The holes then play a second role in scattering (or
decoupling) these SPs into freely propagating light. This
process best explains the strong transmission peak associated
with the absorption when the molecules are very close to the
metal surface. This mechanism also accounts for the fact that
the transmission intensity increases with increasing molecular
absorption. The implication of SPs is evident from the
enormous difference in the results on W versus Ag or Au
and, among other things, the polarization measurements.

Superimposed on this phenomenon is a strong index
variation around the molecular absorption peak (Kramer–
Kr�nig relationship). This can be easily seen on optically thin
(translucent) metal films covered with dyes, where the
transmission is dominated by the real part of the dielectric
constant of the molecule.[23] The modulation of the trans-
mission is therefore very similar on metals such as W and Au,
unlike in the present case of perforated optically thick films.
However the asymmetric line shape of the AIT peak could
easily be the result of this index variation and the cutoff
function of the apertures. Certainly there is some degree of
filling of the holes with molecular materials depending on the
conditions (see Supporting Information). Asymmetric line
shapes have also been observed for dye molecules adsorbed
on metals with localized SP resonances[24] and predicted for
energy transfer between a molecule and a metal film by
excitation of electron–hole pairs inside the metal.[25] A
detailed theoretical study would be necessary to elucidate
the possible contributions of the above mechanisms to the
observed spectra, which is beyond the scope of the present
report.

The AIT peak is unusually intense (see Figures 1 and 4, in
which the transmission maximum is boosted by a factor of
about 50 compared to the bare arrays). For periodic arrays, it
is comparable to the extraordinary optical transmission
phenomenon through subwavelength holes,[3, 6] while for
disordered groups of holes, in which this phenomenon is
absent, it occurs with similar intensity. Thus, the AIT is not
constrained by periodicity. In effect the phenomenon occurs
even for a single hole. Taking the disordered group of holes in
Figure 4 as an example, the AIT peak at 708 nm has an
absolute transmission of less than 5%. However when
normalized to the open area of the structure, the transmission
is about 100 %. This is surprising, since the molecular film
itself absorbs more than 25% of incoming radiation at this
wavelength under normal conditions (e.g., if the J-aggregate
film were on glass). The intensity of AIT at 708 nm seems
even more surprising considering the hole diameter is far

below the cutoff wavelength (ca. l/2) for efficient trans-
mission. However, the cutoff function of the hole will be
altered by partial filling with the dye material and the
associated variation in index around the molecular absorp-
tion.

In this study we used J-aggregates because of their sharp
absorption features, but we have verified that the trans-
parency is independent of the state and nature of the
absorber. This opens a new way to tailor the transparency
of thick metal films in the visible spectrum and beyond
through a simple choice of molecules or any absorber. Instead
of changing the nanostructure to control the properties of
molecules, it is the molecules that play the major role in
determining the properties of the hybrid structure. The close
proximity of the molecules to the surface, combined with the
scattering structures, engineers the extraction of energy that
otherwise would have been lost in the metal, and shows the
potential of such hybrid materials for energy-conversion
applications. In addition, molecules can provide unique
functionalities which can be used to induce permanent or
transient changes in the hybrid material. For instance, ultra-
fast optical switches or filtering gates can be simply made by
combining the metallic structure with an appropriate dye.[7]

The energy-transfer process from molecules to SPs in the AIT
hints at an efficient way to induce strong coupling[26, 27] and
thereby offers yet another means to control the properties of
both the molecules and the SPs of the hybrid structure. The
phenomenon is by no means limited to molecules; any
oscillating dipole (atoms, quantum particles, etc.) will do. It
thus opens new avenues for building plasmonic materials.
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