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 1 Introduction In single-walled carbon nanotubes 

(SWNT) electron and hole wavefunctions are strongly 

quantum-confined to the circumference of a cylindrical 

tube with a diameter in the range of 1 nm and a length of 

up to several millimeters. This makes SWNT – at least 

conceptually – interesting model systems for exploring the 

effects of the Coulomb interaction between electron and 

hole on the optical properties of quasi-one-dimensional 

quantum systems. Indeed, we have witnessed an upsurge 

of interest in the excitonic properties of SWNT during the 

last few years [1]. 

 Although initial attempts were made to interpret the 

optical spectra in terms of a single-particle excitations [2] 

governed by the van-Hove singularities in the density of 

states of a quasi-one-dimensional system, it has soon been 

realized that excitonic effects are particularly strong for 

SWNT. In 2004, different groups reported theoretical in-

vestigations of the transition frequencies and the shape of 

optical SWNT spectra in the presence of Coulomb correla-

tions [3–7]. One year later, two-photon-induced photolu-

minescence experiments [8, 10] gave convincing evidence 

that the exciton binding energies in SWNT are indeed large 

We have recently studied excitonic effects on the optical pro-

perties of single-walled carbon nanotubes by means of two-

photon spectroscopy and time-resolved photoluminescence 

spectroscopy. For nanotubes with diameters between 6.8 Å

and 9.0 Å, the two-photon spectra give evidence for large 

binding energies between 300 meV to 400 meV. Theoretical 

simulations of these spectra indicate that the lowest energy 

exciton state in nanotubes is an optically dark exciton, which 

has profound implications on the luminescence yield and ex-

citon dynamics in single-walled nanotubes. Indeed, time-

resolved photoluminescence measurements of individual 

nanotubes reveal low quantum yields and rather short exciton 

lifetimes ranging from 10 ps to 200 ps, which are affected by 

exciton relaxation between bright and dark states and non-

radiative exciton recombination. These results suggest that a 

control of the radiative lifetime of nanotube excitons may be 

a viable strategy for enhancing their luminescence yield. 

Here, we propose that exciton-coupling to surface plasmon 

polaritons in metallic nanostructures may result in a substan-

 

900 950 1000 1050

1300

1400

1500

1600

1700

1800

1900 (6,5) (7,5)

(9,1)

(8,3)

Emission wavelength (nm)

Ex
ci

ta
tio

n 
w

av
el

en
gt

h 
(n

m
)

0

0.5

1.0

1.5

2.0

(6,4)

 
 

tial enhancement of the radiative exciton decay rate. Two-

photon luminescence excitation spectra of single-walled car-

bon nanotubes. The luminescence intensity is plotted as a 

function of excitation and detection wavelength. The various 

two-photon resonances are assigned to nanotube species with 

different chiral indices (n,m), as indicated in the figure. 
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and correspond to a significant fraction of the band gap. 

Since then, a variety of detailed experimental and theoreti-

cal studies have greatly improved the understanding of 

these properties [9–17]. 

 In the first part of this paper, we give a brief review  

of our experimental and theoretical results. Specifically, 

two-photon-induced luminescence experiments [8], giving 

evidence for large exciton binding energies of 300 meV to  

400 meV for nanotubes with diameters between 6.8 Å and 

9.0 Å, are discussed. The theoretical analysis of these re-

sults indicates that the lowest energy SWNT exciton state 

is an optically dark triplet state. This finding is in agree-

ment with various other recent observations [6, 15, 17, 18] 

and explains the low fluorescence quantum yield as well as 

the comparatively short exciton lifetime in the 10–100 ps 

range [19], which are much shorter than the expected  

radiative lifetime observed even for an individual 

SWNT [21]. 

 This low fluorescence yield is a limiting factor for ap-

plications of nanotubes in various optoelectronic devices 

and its enhancement would be highly desirable. It thus  

appears relevant to search for novel ways to enhance this 

yield. One recently explored strategy is to use high mag-

netic fields to mix bright and dark exciton states [17]. An-

other possible approach consists in reducing the spontane-

ous exciton emission rate, e.g., by coupling to surface 

plasmon polariton (SPP) excitations in metallic nanostruc-

tures. SPP excitations in metallic structures are promising 

because they carry the potential to localize visible light 

down to the 10 nm regime or even beyond [22] and  

because they are known to exhibit strong radiative damp-

ing [23]. This makes it likely that the interaction be- 

tween excitons and localized SPP modes can profoundly 

alter the spontaneous emission properties of excitons. 

However, little is known about such interactions so far. 

Here, we report on a preliminary study of an interesting 

prototype system consisting of a nanometer-sized array of 

metallic slits deposited on a semiconductor quantum well. 

Angle-resolved reflectivity spectra at low temperature re-

veal a significant coupling between quantum well excitons 

and surface plasmon polariton excitations of the metal 

grating. 

 

 2 Two-photon-induced luminescence spectros-
copy of single-walled carbon nanotubes The idea 

behind comparing linear and nonlinear optical spectra is to 

make use of the different symmetry selection rules for one- 

and two-photon photoluminescence to specifically address 

excitonic states having different symmetries. In carbon 

nanotubes, one expects that for each allowed interband 

transition there exist a series of transitions to optically ac-

tive exciton states having odd (u) symmetry with respect to 

rotations by π about the nanotube U-axis [8, 24, 25]. Two-

photon spectroscopy, on the other hand, couples to the oth-

erwise optically inactive even (g) states. The energetic 

splitting between the one- and two-photon active states is 

proportional to the exciton binding energy.

 Experimentally, we use 100 fs laser pulses from a Ti :  

sapphire oscillator, operating at a repetition rate of 80 MHz 

and tunable between 700 nm and 970 nm for one-photon-

excitation. The Ti :sapphire laser also pumps an optical pa-

rametric oscillator, delivering sub 150 fs pulses at 80 MHz 

repetition rate in the wavelength range between 1150 nm 

and 2000 nm. For two-photon spectroscopy, these pulses 

are focussed to a spot size of about 3 μm into a solution of 

single-walled carbon nanotubes suspended in D
2
O with so-

dium dodecyl sulfate as surfactant. The tubes were pro-

duced by the HiPCO method. Photoluminescence from the 

sample was collected in a 90° configuration using a second 

microscope objective, spectrally dispersed in a 0.5 m 

monochromator and detected with a liquid nitrogen cooled 

charge coupled (CCD) device. All experiments are per-

formed at room temperature. 

 Typical photoluminescence spectra recorded with this 

setup for one-photon excitation at 800 nm show the emis-

sion from 6 different nanotube species [(6,4), (9,1), (8,3), 

(6,5), (7,5) and (9,4)] in the wavelength range between 

850 nm and 1150 nm accessible with the silicon-based 

CCD detector. The assignment of the chiral indices 

1 2
( )n n,  of these tubes is based on previous Raman [26] 

and luminescence [2] data. 

 Spectrally-resolved two-photon luminescence excita-

tion spectra of our sample for below band gap excitation 

between 1210 nm and 1970 nm are shown in the Titlefig-

ure. In these experiments, the excitation wavelength was 

changed in 5 nm steps by tuning the optical parametric os-

cillator. For each excitation wavelength the laser power is 

kept constant at 60 mW, corresponding to an excitation in-

tensity of about 30 GW/cm
2

 and the photoluminescence 

spectrum was integrated over 60 seconds. The different 

tube species are readily identified via their characteristic 

emission wavelength and the chiral indices are assigned as  

 

 

Figure 1 (online colour at: www.pss-b.com) Schematic of ab-

sorption and emission processes in carbon nanotubes via (a) one 

photon and (b) two-photon transitions. E
11

 indicates the single-

particle transition between the lowest subbands. One-photon exci-

tations (solid blue line) couple to excitonic states with odd (u) 

symmetry with respect to π rotations about the U-axis. The U-

axis is perpendicular to the tube axis through the center of the C 

hexagons [24]. (1) and (2) indicate the symmetry of the envelope 

function with respect to reflection in the z = 0 plane. Two-photon 

excitations (solid red lines) couple to the 2g exciton state. Exciton 

relaxation into the 1u state is indicated by a black solid line and 

photon emission from the 1u state by a blue dash-dotted line.
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indicated above. The important observation is that – for 

each tube – one finds a maximum in the luminescence in-

tensity at an excitation wavelength that is far above the  

emission wavelength, but significantly smaller than twice 

the emission wavelength. These absorption maxima are as-

signed to resonant two-photon excitation of the lowest 

two-photon allowed exciton state (2g) [8]. The positions of 

the maxima thus correspond to half the energy of these al-

lowed states. Emission results from relaxation into the 

lowest one-photon active 1u state (Fig. 1). The large shift 

of about 240–320 meV between both states is a signature 

of (i) the excitonic nature of absorption and emission at 

room temperature and (ii) exciton binding energies of al-

most one fourth of the band-gap energy. 

 In Fig. 2, we directly compare one- and two-photon 

spectra for the (7,5) nanotube, emitting at 1045 nm. In 

these spectra, the emission intensity is plotted as a function 

of the excess energy, i.e, 
ex 1u 1u

11 11
E E Eω�- = -  for one-

photon, and 
1u

11
2 Eω� -  for two-photon excitation, respec-

tively. The two-photon spectrum simply shows a single 

resonance, roughly 240 meV above the luminescent state. 

Similar spectra and splittings (between 240 meV and 

325 meV) are also found for the other investigated nano-

tubes species and are in agreement with other recent two-

photon results [10, 11]. 

(a)

(b)

(a)
(a)

Figure 2 (online colour at: www.pss-b.com) Comparison of (a) 

one-photon and (b) two-photon luminescence excitation spectra 

of the (7,5) tube emitting at 1045 ± 5 nm. The abscissa gives the 

difference between the absorption and emission energy. For one-

photon absorption, E
11

 and E
22

 indicate the first- and second-

subband transitions, respectively. The peak at 0.2 eV is assigned 

to the 2u exciton resonance. In two-photon absorption, the 2g 

state is excited at 0.24 eV above the 1u emission, pointing to an 

exciton binding energy of about 300 meV. 

 For a quantitative interpretation the experimental re-

sults are compared to a detailed theoretical modelling of 

the nanotube optical spectra. Obviously such a modelling 

is rather challenging and only recently appropriate theo-

retical methods have been developed. We use the approach 

reported in Ref. [3], starting from single-particle wave-

functions obtained by density functional theory in GW ap-

proximation. The optical properties are then calculated by 

solving the Bethe-Salpeter Eq. (BSE) for the two-particle 

electron–hole excitations. This approach gives energies 

and wavefunctions of the relevant excitonic states includ-

ing their optical selection rules. 

 Calculated one- and two-photon absorption spectra for 

the (6,4) tube are shown in Fig. 3. In the absence of Cou-

lomb interaction, both one- and two-photon spectra show 

peaks at an energy corresponding to the difference between 

the lowest nanotube subband in the conduction and valence 

band, E
11

. In the one-photon spectrum, the spectral shape 

reflects the one-dimensional density of states, apart from 

the finite broadening of the spectrum of 100 meV, which 

has been included phenomenologically in order to account 

for both homogeneous and inhomogeneous broadening in 

the experimental spectra. Switching on the electron–hole 

interaction shifts the lowest one-photon active tran- 

sition strongly to the red, indicating an exciton binding  

energy of 0.54 eV. The shape of this spectrum reflects the 

excitonic density of states and their broadening. Due to the 

strong Coulomb correlation, the contribution of the free 

carrier continuum vanishes almost completely and is thus 

difficult to observe experimentally. In agreement with the 

experiment, the two-photon spectrum essentially shows a 

single resonance, 380 meV above the lowest one-photon 

active resonance, and below the E
11

 energy. 

 The theoretical calculations not only provide a quanti-

tative description of our experimental results but also al-

lows us to analyze the relevant exciton states in more detail. 

We find four optically relevant bound exciton states below 

the single-particle gap (dashed gray line at an energy of 

0.5 eV in Fig. 3), with binding energies of 0.54 (1g), 0.50 

(1u), 0.16 (2g) and 0.16 eV (2u). Here, the binding energy 

is taken as the energy difference between the most strongly 

bound exciton state and the onset of the single-particle 

continuum.

 The fact that these four states fall into two different  

energy groups, the (1g, 1u) and (2g, 2u) states, can readily 

be understood by considering that the electron and hole 

wavefunctions are quantum-confined to the circumference 

of a small cylinder having a diameter of only about 1 nm. 

For such a case, under the influence of the Coulomb inter-

action, the Schrödinger equation predicts that the lowest 

energy exciton state (1) will have a symmetric exciton re- 

lative wavefunction, approximately given as 
1
( )z aψ ; =  

exp ( ),a z- | | which is localized along the axis and essen-

tially fully delocalized along the circumference of the tube. 

The next higher bound exciton state (2) then has an anti-

symmetric relative wavefunction, 
2
( ) exp ( ),z b z b zψ �; - | |  

which is more delocalized along the tube axis. This is in-    
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Figure 3 (online colour at: www.pss-b.com) Ab-initio-calculated (a) one-photon and (b) two-photon absorption for the (6,4) tube with 

a Lorentzian broadening of 0.1 eV. Black (blue dashed) lines are with (without) electron–hole (e–h) interactions. The black circles in 

two-photon absorption denote the probability amplitude for two-photon scattering to the exciton states 1g, 1u , 2u, and 2g. The prob-

ability amplitude of scattering to the final state without e–h interaction is indicated by a blue diamond. 

 

deed quite well confirmed by the full ab-initio calculations. 

The lowest energy exciton wavefunctions (1g, 1u) extend 

over several nm along the tube axis and is delocalized 

along the circumference [Fig. 4(a))]. The higher exciton 

states (2g, 2u) are more extended along the tube axis and 

have a nodal plane at 0z = , see Fig. 4(b). Thus, the calcu-

lated wavefunctions are indeed Wannier-like and are only 

weakly dependent on the circumference direction. 

 The ab-initio calculations give the local electron den-

sity for each atom and not just the relative wavefunction of 

the exciton as in a more conventional continuum model. A 

zoom into these wavefunctions is displayed in Fig. 4(c). 

The four panels display the amplitude of the electron wa-

vefunction when the hole is placed in the center of the 

bond at 0.z =  Their parity under rotation about the U-axis 

governs the optical dipole selection rules in carbon nano-

tubes. The u states are one-photon active, whereas g states 

are two-photon allowed. 

 These results thus suggest that the 1u exciton state 

dominates the one-photon absorption spectra of carbon  

 

 

Figure 4 (online colour at: www.pss-b.com) Lowest-energy ex-

citonic wave functions for the (6,4) tube from ab-initio calcula-

tions. The panels (a) and (b) correspond to the 1g, 1u and 2g, 2u 

states, respectively, and show the probability of finding the elec-

tron on the tube surface when the hole is fixed at the center of the 

panel 0z = . The vertical direction corresponds to the circumfer-

ence (2.1 nm) and the horizontal direction with a length of 

15.9 nm to the tube axis. The bottom four panels (c) are blowups 

of the same states. They display the wave-function amplitude of 

the electron when the hole is placed in the center of the bond at 

z = 0 and show the parity under rotation by 180° about the U-axis. 

The linear color scale is in arbitrary units.

nanotubes. This state, however, is not the most lowest en-

ergy state. The most strongly bound exciton state is the 1g 

state which, however, is optically inactive in one-photon 

absorption and, according to the calculations, contributes 

weakly in two-photon absorption [6]. Thus, the theoretical 

calculations suggest that the optical excitation of the exci-

ton resonance dominates the experimental two-photon lu-

minescence spectra. From the energy splitting between 2g 

and 1u states, the exciton binding energy can thus be de-

rived provided that an appropriate model for the Coulomb 

interaction is used. Our calculations suggest exciton bind-

ing energies of about 250 meV for the (7,5) tube and about 

320 meV for the (6,4) tube. 

 An important result of these ab-initio calculations is 

the finding of an optically inactive, dark exciton state, de-

noted as 1g, energetically slightly below the lowest opti-

cally active 1u state. The existence of such dark exciton 

states has already been discussed earlier based on semiem-

pirical models [6]. Such low-lying dark states may have a 

pronounced effect on the exciton dynamics and in particu-

lar the luminescence quantum yield of nanotubes, as exci-

tons in the optically bright 1u state can relax into such a 

dark state and may get trapped at sufficiently low tempera-

ture, which may lead to a predominantly non-radiative de-

cay rather than a radiative exciton decay. 

 Indeed, early time-resolved measurement on nanotube 

ensembles showed exceedingly short luminescence lifetimes 

in the 10 ps range and low quantum yields of typically less 

than 
3

10

-

 [19, 20]. Temperature-dependent time-resolved 

PL measurements on individual SWNT [21] revealed pro-

nounced fluctuations in the PL lifetimes, varying between 

about 20 ps and 200 ps at 87 K. The temperature depend-

ence of the PL lifetime observed for an individual nanotube, 

showing a decrease in PL lifetime from about 100 ps at 

around 50 K to 20 ps at 200 K, was in marked contrast to the 

T  increase with increasing temperature expected for a 

radiatively decaying quasi-one-dimensional quantum system. 

These measurements gave evidence for a thermally activated 

nonradiative decay of the exciton population. The fluctua-

tions in the lifetimes suggested that extrinsic nonradiative 

decay channels, i.e., trapping into defect states dominates the 

PL decay of most of the tubes. The observation of rather 
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short, sub-ps, decay times for all tubes, however, pointed 

to the presence of an intrinsic nonradiative decay channel, 

e.g., trapping into dark exciton states, which is important at 

least at low temperatures. Recently, detailed temperature-

dependent ensemble studies of both the quantum yield and 

the decay rate suggested that the intrinsic exciton decay is 

indeed governed by a statistical mixture of thermally 

equilibrated exciton populations in optically dark and 

bright states. The results suggest that the energetic splitting 

between dark and bright states is rather small (a few meV). 

Therefore, the dark states mainly affect the low tempera-

ture decay, whereas the fast exciton decay at room tem-

perature is mostly governed by external nonradiative decay 

channels. 

 

 3 Exciton – surface plasmon polariton interac-
tion in hybrid metal–semiconductor nanostructu-
res It is apparent from all these studies that the lumines-

cence yield from an individual SWNT is rather low,  

particularly at room temperature, and that nonradiative 

channels play an important role for the exciton decay. This 

low luminescence yield is of course a limiting factor for 

various applications of SWNT in optoelectronic devices. 

Different possibilities may exist to artificially enhance the 

luminescence yield. One possible approach consists in af-

fecting the energetic ordering of the dark and bright states 

and/or inducing a mixing of those states, e.g., by applying 

external electric or magnetic fields. In fact, an enhance-

ment of the low-temperature luminescence yield has been 

achieved recently by mixing dark and bright states in – 

rather large – external magnetic fields [17].

 A very different strategy which does not necessarily 

require large external fields may consist in tailoring the ra-

diative damping rate 
rad
k  of the nanotube excitons, leading 

to an enhancement of the luminescence yield η = k
rad

/ 

(k
rad

 + k
nr
), with k

nr
 being the nonradiative decay rate. Such 

an enhancement of the spontaneous emission rate, achiev-

ed by enhancing the local electromagnetic field density in 

the vicinity of the emitter, has been succesfully achieved 

for, e.g., quantum dots coupled to micropillars or defect 

modes of photonic crystals. In these configurations, the 

strong coupling regime has recently been reached. An  

alternative approach towards localizing electromagnetic 

fields uses metallic nanostructures, in which the interfer-

ence of surface plasmon polarizations can result in field lo-

calization down to a scale of 10 nm or even below. This 

strong field localization led to the demonstration of various 

interesting phenomena such as Surface Enhanced Raman 

Scattering [27], enhanced transmission through metallic 

nanohole arrays [28] or ultrafast tip-enhanced electron 

emission [29]. A drawback of such metallic nanoresonators 

are of course the rather low quality factors due to the opti-

cal losses in the metal. So far, quality factors of at the most 

a few hundred have been achieved [30]. At present, there is 

only very limited information available about how field lo-

calization in metallic nanostructures affects the optical 

properties of quantum emitters. 

 Here, we propose to study metal nanoslit arrays depos-

ited on semiconductor quantum well structures as proto-

typical system for investigating exciton – surface plasmon 

polariton coupling in hybrid systems. Some of the most 

important reasons for choosing such a structure are that (i) 

nanoslit arrays with slit widths in the 20–100 nm range 

can now be fabricated with high precision using electron 

beam lithography or focussed ion beam milling, (ii) the  

optical properties of nanoslit arrays deposited on passive 

dielectric substrates have recently been studied in some  

detail [30–33] and (iii) quantum wells, when optically 

pumped, provide high gain coefficients which may be suf-

ficient to significantly reduce SPP damping due to Ohmic 

losses in the metal and potentially even reach surface 

plasmon polariton lasing. From the above-cited studies and 

others it is now understood that such metal nanoslit arrays 

with grating periodicities in the range of one micron show 

quite large transmission coefficients at certain resonance 

wavelengths, connected to SPP excitation at either the me-

tal/air or metal/dielectric interface. The transmission coef-

ficients are particularly large because of a propagating wa-

veguide mode inside the nanoslits which exists even for 

vanishing slit widths. This allows one to reach significant  
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Figure 5 (online colour at: www.pss-b.com) Calculated zero-

order angle-resolved linear reflectivity spectra of a hybrid metal 

semiconductor plasmonic crystal consisting of a gold nanoslit ar-

ray deposited on a bulk semiconductor. The dispersion relation 

for different Air–Metal (AM) and Semiconductor–Metal (SM) 

surface plasmon polariton (SPP) resonances, i.e., the band struc-

ture of the hybrid crystal, is reflected in these spectra due to the 

grating coupling induced by the slit array. The grating parameters 

used for this calculation are: period a = 490 nm, height h = 80 nm 

and slit width d = 130 nm. The refractive index of the semicon-

ductor
S
n  is chosen as 3.66 to be close to that of gallium arsenide. 

p-polarized incident light is assumed. The white lines serve as a 

guide to the eye and indicate the idealized SPP dispersions, ne-

glecting SPP interactions. 
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field enhancement inside and near the nanoslits and to 

couple light to rather long-lived SPP excitations with life-

times of up to several hundred femtoseconds [30].

 When deposited on a semiconductor, e.g. a Gallium ar-

senide layer, the angle-dependent reflectivity and transmis-

sion spectra of such nanoslit arrays are markedly affected 

by the high refractive index of the semiconductor. This is 

illustrated in Fig. 5 showing simulated angle-dependent re-

flectivity spectra of a gold nanoslit grating with a period a 

of 490 nm, height h of 80 nm and slit width d of 130 nm. 

The refractive index 
S
n  of the semiconductor layer below 

the grating is chosen as 3.66 to be close to that of Gallium 

arsenide. The simulations are performed for linearly p-po-

larized monochromatic plane light waves incident at angle 

θ with respect to the grating normal. The calculations are 

based on a diffraction model employing approximate sur- 

face impedance boundary conditions at the interfaces [33, 

34]. This model has been used quite successfully to inter-

pret earlier experimental results [30–32]. The resonances 

in the reflection spectra arise from grating coupling to SPP 

modes at either the air/metal (AM) or semiconductor/metal 

interface. Depending on the diffraction order p, the in-

plane SPP wave vector is given as 
SP

2πk k p a
⎜⎜

= + ◊ / , with 

( ) sin ( )k cω θ
⎜⎜
= /  being the in-plane wave vector of the in-

cident light. The resonances are thus labeled as AM [p] and 

SM [p] for excitation of SPP modes at the air and semi-

conductor side of the metallic film, respectively. The white 

lines in Fig. 5 illustrate schematically the dispersion rela-

tion of the different resonances in the absence of interac-

tions. 

 The spectra in Fig. 5 indicate that at energies of 1.5 eV, 

i.e., around the lowest exciton resonance of a typical 10 nm 

GaAs quantum well, and at angles of incidence around  

40°, three different SPP modes, the AM [–1], SM [+2] and 

SM [–3] mode, are almost in resonances. Thus one may an-

ticipate that in this energy and angular range, the AM [–1] 

SPP mode at the air/metal interface is efficiently coupled 

to the SM [+2] and SM [–3] modes at the semiconductor 

side of the metal film. This coupling is mediated via the 

propagating waveguide mode inside the nanoslits, which is 

indeed verified by calculating the electromagnetic mode 

profiles of this nanoslit structure in this range of energies 

and angles of incidence. 

 The spatial distribution of the tangential magnetic field 

H
y
 under illumination with a plane p-polarized monochro-

matic light wave with an energy of 1 517E = .  eV, incident 

at an angle 38 ,θ = ∞ is shown in Fig. 6. The incidence con-

ditions were chosen to give significant coupling between 

SM [ 3] SM [ 2]- , +  and AM [ 1]-  SPP resonances. The cal-

culations indeed show the formation of such a coupled 

mode, with a high field intensity inside the nanoslits and 

spatially localized field intensities at both the metal/air and 

metal/semiconductor interfaces. The fields at the semicon-

ductor side are mostly evanescent in nature and decay 

within the first 50 nm from the interface. The fields at the 

air side contain both evanescent and propagating compo-

nents and thus couple strongly to the zero-order far-field 

radiation. Thus under these conditions, light incident from 

the air side is efficiently coupled via the nanoslits into the 

semiconductor material and then rescattered into propagat-

ing far-field radiation on the air-side of the interface. 

Therefore, one may expect that such a field distribution is 

sensitive to an optical coupling to the excitonic resonance 

of a semiconductor quantum well, provided that it is placed 

close to the metal, within the decay length of the evanes-

cent field inside the semiconductor. 

 Based on these considerations, we have designed a 

multilayer metal–semiconductor hybrid structure illus-

trated in Fig. 7(a). It consists of a 10 nm GaAs quantum 

well (QW) layer embedded in Al
0.3

Ga
0.7

As barriers depos-

ited on a GaAs substrate. On the top side, the AlGaAs bar-

rier has a height of only 20 nm and is capped by a 3 nm 

GaAs buffer to ensure that the QW is close to the metal 

while maintaining sufficient optical quality. On top of this 

QW, a 80 nm thick Gold film is deposited and a grating 

structure with a period of  490 nm and a slit width of 

130 nm is fabricated by electron beam lithography. A 

scanning electron microscope image of the grating is 

shown in Fig. 7(b). Photo-luminescence studies indicate 

the effect of the grating fabrication on the optical proper-

ties of the QW is negligible. 

 The optical properties of this hybrid structure have 

been investigated by linear low-temperature angle-resolved 

reflectance spectroscopy. Monochromatic p-polarized light 

from a tunable Ti :sapphire laser is weakly focused to a  
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Figure 6 (online colour at: www.pss-b.com) Calculated spatial 

distribution of the tangential magnetic field H
y
 near the crossings 

of the SM [ 2]+ , SM [ 3]-  and AM [–1] SPP resonances in Fig. 5, 

i.e, for illumination with a plane p-polarized monochromatic light 

wave with energy E = 1.517 eV and angle of incidence θ = 38°. 

The calculations show the formation of a strongly radiatively 

damped, optically bright mode in which the magnetic field is spa-

tially localized at the slits. The spatial overlap of SPP field and 

QW near the slits is expected to cause a finite optical coupling 

between SPPs and excitons. The exponential decay of the field 

profiles along the z-direction is also schematically indicated.
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Figure 7 (online colour at: www.pss-b.com) (a) Schematic of the 

multilayer metal–semiconductor hybrid structure consisting of a 

gold grating and a GaAs/AlGaAs quantum well. As seen from 

Fig. 6, a comparatively large slit width of 130d =  nm was cho-

sen to provide a significant overlap between localized SPP modes 

and QW. (b) Scanning electron micrograph of the sample surface 

showing the metal grating with period 490a =  nm and a slit 

width 130d =  nm. The height of the grating is 80h =  nm. 

 

spot size of about 200 μm onto the grating structure. The 

angle θ  of the incident light is varied in a computer-

controlled setup with a step size down to 0.1° and the re-

flected light is recorded with a balanced photodiode. Rep-

resentative overview spectra in the energy range between 

1.44 eV and 1.62 eV and for angles of incidence between 

26° and 34° are shown in Fig. 8(a). The data are recorded 

at a sample temperature of 10 K and are dominated by the 

strong reflectivity peak of the SPP resonance resulting 

from the coupling between the AM [ 1],- SM [ 2]+  and 

SM[ 3]-  modes. As expected from Fig. 5, the energetic po-

sition of the SPP resonance shifts strongly with incidence 

angle. In these overview spectra, only faint features from 

the QW and substrate resonances are resolved. The weak 

substrate resonance in the reflectivity spectra is highlighted 

by the dash-dotted ellipse in Fig. 8(a). The energy position 

of this resonance is essentially independent of θ . 

 The results of low-temperature reflectivity spectra re-

corded with increased spectral resolution are depicted in 

Fig. 8(b) for incidence angles between 26° and 34°. These 

spectra now also show the resonances of the GaAs substrate 

(around 1.514 eV) and of the heavy–hole (HH) and light-

hole (LH) excitonic resonance of the GaAs QW around 

1.54 eV and 1.55 eV, respectively. Within our signal-to-

noise ratio, the energy position of the substrate resonance is 

essentially independent of the angle of incidence. This is to 

be expected as the substrate layer is buried about 100 nm 

below the metal interface and thus is only weakly coupled 

to the strong evanescent field inside the semiconductor. 

 Both the HH and LH excitonic peaks show a rather 

pronounced shift of their resonance energies by a few meV 

when tuning the incidence angle from 26° to 34°. Increas-

ing the incidence angle evidently decreases the detuning 

between exciton and coupled SPP mode, thereby enhanc-

ing the electromagnetic coupling between them. When 

both modes are energetically brought into resonance by 

angle tuning, the coherent interaction between the two mo- 
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Figure 8 (online colour at: www.pss-b.com) (a) Experimentally 

measured angle-resolved reflectivity spectra of the multilayer 

metal–semiconductor hybrid structure described in Fig. 7. The 

data were recorded at a temperature of 10 K and are dominated 

by the reflectivity peak of the SPP resonance resulting from the 

coupling between the AM [–1], SM [+2] and SM [ 3]-  modes. In 

these overview spectra, only faint features from the QW and sub-

strate resonances are observable. (b) Higher resolution low-tem-

perature reflectivity spectra of the multilayer metal–semicon-

ductor hybrid structure for different angles close to the SPP–

exciton crossing obtained after subtracting the SPP contribution. 

The spectra reveal a clear spectral shift of the Heavy-Hole (HH) 

and Light-Hole (LH) QW resonances. 

 

des results in the formation of new, coupled exciton–SPP 

modes with resonance energies which are shifted with re-

spect to the uncoupled exciton mode. As the SPP reso-

nance is highly dispersive, the detuning between SPP and 

excitonic resonances can be experimentally controlled by 

varying the angle of incidence. The data in Fig. 8(b) de-

picts the angle-dependent variation of the HH and LH 

resonance and reflects the shift between bare exciton and 

coupled exciton–SPP mode for HH and LH excitons. To 

our knowledge, these experimental results represent the 

first clear experimental evidence for a coherent exciton–

SPP coupling in hybrid metal–semiconductor nanostruc-

tures. A detailed analysis of these results is currently in 

progress and will be reported elsewhere. 

 Two preliminary conclusions seem appropriate. First, 

the coupling which has been observed is of the order of a 

few meV, similar to the (inhomogeneous) width of the ex-

citon resonance but smaller than the width of the SPP 

resonance. Therefore these results give evidence for a co-

herent exciton–SPP coupling, even though a strong cou-

pling regime has not been reached. The model simulations 

discussed above indicate that a strong coupling between 

quantum well excitons and SPP may be achieved by fur-

ther optimization of the grating parameters or by choosing 

more refined metallic nanostructures. Second, the observa-
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tion of exciton–SPP coupling indicates that the coupling to 

SPP will also affect the radiative damping of the exciton 

system. Experimental verifications of these effects are cur-

rently in progress. We anticipate that similar concepts may 

be of use for tailoring the radiative damping of other quan-

tum systems, e.g., carbon nanotubes and may result in  

significant enhancements of the luminescence yield of 

strongly nonradiatively damped quantum systems. 
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