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Surface plasmons at nanoscale relief gratings between a metal and a dielectric medium
with optical gain
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Surface plasmons at the interface between metal and a dielectric with strong optical amplification are
analyzed theoretically. It is shown that proper choice of optical indices of the dielectric medium results in an
infinitely large effective refractive index of surface waves. Such resonant plasmons have extremely low group
velocity and are localized within a vanishingly small distance near the interface. The plasmon-related anoma-
lies in the UV reflection spectra are predicted for nanoscale gratings on a surface of a silver film covered by a
concentrated dye solution with high optical amplification.
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Surface plasmons and polaritons are electromagnetic os- A 27 &
. . . . A . — — m
cillation localized at the interface between materials with ap= N Im(np) N ()2 (2

positive and negative dielectric permittivities. When the
negative permittivity results from the plasma effect of freeis small enough to allow for propagation length of dozens of
electrons in metals, such surface oscillations are called plagsvavelengths and larger. The strength of the plasmons’ elec-
mons. In polar dielectrics, the permittivity becomes negativetric field decays exponentially, so that the field penetration
in a relatively narrow spectral range in the middle infrareddeptht at 1/e level is

between the frequencies of transverse and longitudinal opti-

cal phonons. Corresponding surface modes are called polari- tym = N Re /8d+_8m’ (3)
tons. Once the dielectric permittivity is specified, the electro- 27 - sﬁ(m)

dynamic description of surface plasmons and polaritons _ i i

becomes essentially identical: it is nothing more than a soluvhere subscriptd andm correspond to dielectric and metal,
tion of Maxwell equations that exponentially decays in both"€SPectively. Thus, in the case of a “good” metal with low
directions away from the interface. In this article, we refer tol0SS€S and large negative dielectric permittivity, the plas-
the material with negative permittivity,=e/ +ie/, (¢, <0) mons’ fmlg?_/pe_netratmn into the dielectric medium
as metal, and the other material with positive permittivity ta= (\/2m) V=&, is comparable or larger than the vacuum
eq=e,+iel (e4>0), as dielectric. We show that at certain Wavelength, while penetration into metgj~N\/2m\~&, is
conditions the surface plasmogmlaritong can be localized much smaller than the wavelength. The maximum of the
within the distance from the interface that can be orders oPlasmons’ electromagnetic field is located exactly at the sur-
magnitude less than the light wavelength in vacuum. Foface, which accounts for practical applications of surface
visible and near ultraviolet light, this means that plasmons®lasmons in optical sensors capable of detecting a monolayer
energy is localized within few nanometers at the surface. Th&f molecules adsorbed by the surfécgurface plasmons are
group index approaches infinity, which results in extremely@lso responsible for gigantic enhancement of Raman
slow group velocity. The plasmons’ effective refractive indexScattering. Strong localization of plasmons’ field offers the
becomes very large, which allows to suggest that such suRotential for developing miniaturized photonic  circtts.
face modes can efficiently interact with nanoscale objectsSurface plasmons allow for a new form of scanning-probe
We show by simulations that plasmon-related anomalies ifnicroscopy and spectroscopy.Recently, extraordinary
reflection and transmission can exist for near UV waveigh light transmission through subwavelength periodic hole
lengths when the grating has a period as short as 10 nm ardrays in metallic fims has been found to result from

a half-depth as small as 0.1 nm. resonant excitation of surface plasméffue to the strong
Surface plasmons have been studied comprehengively. localization of the plasmons’ field at the metal interface,
The lasmons’ effective refractive index, the resonant transmission through the periodically modulated

Ny=\egem! (6a*&m), In @ typical case of an interface thin metal film is expected to be highly nonlind&iSurface
between vacuum(sq=1) and metal with low losses magneto-optical interactiéf and dipole-dipole interactions

(s" <|s") such thate!|> 1, is reduced to between nanoparticles can be enhanced using surface
m m m 1
plasmons.
1 i en The effective refractive index and the penetration depth
np~1+ 2le!| + E(Srln)z- D are expected to change dramatically whgr &,,— 0. This

is known as a resonance condition for a plasmon at a planar
The real part of the effective index is slightly larger than theinterface:e,,=—1, assuming that the dielectric medium is a
refractive index of the dielectric medium at the interface, andvacuum. The plasmon waves in this case are called surface
the plasmons’ optical loss at wavelength resonant plasmons. It does not seem to be easy to satisfy the

1098-0121/2004/105)/1554166)/$22.50 70 155416-1 ©2004 The American Physical Society



IVAN AVRUTSKY PHYSICAL REVIEW B 70, 155416(2004)

resonance condition due to substantial optical losses in metase the imaginary part of dielectric function is negative
als. The dielectric function of metals can actually be approxi{e;<0), so that the resonance conditieg+e,,=0 may in-

mated by the Drude-Sommerfeld formula deed be satisfied, resulting in an infinitely large effective
5 index of the plasmom,— o, which corresponds to the infi-
e =1- @p @) nitely small effective plasmon wavelength,=\/n,— 0.
m w(w+il)’ Furthermore, the optical gain in the dielectric may compen-

) sate for losses in the metal, resulting in a longer propagation
where w=2mc/\ is the radian frequency; is the speed of |ength of the plasmon. Finally, the penetration depth also
light in vacuum,w, is the Drude plasma frequency of free pocomes much smalletjny =N/ (27 RG\M)- In other
electror)s, af_“f is the phenomen/ologlcal relaxation Cor'Stam'words, at a frequency in the visible or near ultraviolet spec-
By setting, in Eq'(4)’%m):8m-:_l' one getg thg reSO- tral range the surface resonant plasmon can be localized
nance frequencyor= (@, ~2I"%)/2~wy/\2 and inevitably  \jthin a vanishing thin slab near the interface, its effective
a nonzero imaginary part @y =ep=2'/wg=2v2I'/wp.  wavelength can be orders of magnitude smaller than the
The optical loss of the metal at the resonant frequency igacuum wavelength, and the plasmon can propagate for a
rather high, which greatly reduces resonant phenomena. lihacroscopic distance. A practical limit will be set by the
addition to the plasma oscillation relaxation, there are elecfeasibility of obtaining necessary optical gain in the dielec-
tronic interband transitions, which contribute to the opticaltric and, more fundamentally, by the fact that materials have
loss at high frequencies. atomic structure and that the concept of a uniform medium

For a practical estimation we took optical constants ofwith local polarizability will eventually become inappropri-
silver from* and, using spline interpolation, found that gte.
em=—1 atA~337 nm. The imaginary part of the dielectric  To illustrate these conclusions, we perform following nu-
function at this wavelength is;,~0.582. It is easy to check merical simulations. First, we note that the condition
that effective refractive index of the plasmon at this wave-g,= ¢, in terms of optical indicesi+ik=1s meansng=k,
length becomes Re,)~1.22, only slightly higher than andky=-n,. Assuming that the dielectric is a concentrated
unity rather than being infinitely large, as one may expect atlye solution with strong optical gain, we takg=1.34, close
emt1—0. The propagation loss is as high ag2§ so that  to the refractive index of methanol at UV wavelengths. Us-
the plasmon is strongly overdamped. One can hardly expedtg optical data for silver, we find tha,=1.34 at a wave-
any resonant phenomena with such strong plasmon losséength of A~349 nm, and them,,~0.224 at this wave-
When dielectric material at the interface has high refractivéength. Thus, to achieve the resonance, the dielectric medium
index (e.g., ng=3, £4=n5=9) the resonance is shifted to a must haveky~—0.224, which corresponds to an optical gain
longer wavelength. For silveg, =-9 atA=509 nm. The ef- of g=—4mky/\~8.07 um1=8.07x 10" cm*. By adding
fective refractive index becomes @Rg)~7.5, more than high-index oil to the solution one can shift the resonance to
twice the index of the dielectric. The optical propagation lossonger wavelengths where the losses in metal are smaller, so
is still very large: 17@c. that a smaller optical gain will be required.

The singularity of plasmons’ effective index at  Commercially available laser dygg.g., Exciton, Ing.
eqtem— 0 is quite evident so it has been briefly discussed indensely cover the wavelength range from 311 to 1530 nm.
early works on surface plasmoisee, e.g., Ref.)3An ex-  Several groups of chemicals provide optical gain and lasing
perimental observation has been reported very recently bsround the wavelength of interest350 nm(known as Ter-
Smolyanino® He used 488 nm laser light in the phenyl, TMQ, BPBD, PBD, ety For application in lasers,
Kretschman geometrgillumination of a thin film through a the optical gain should be in the range from a single to hun-
glass prismn to excite surface plasmons at the interface be-dreds of cm?, and these numbers are often reported in the
tween gold and glycerin and observed whispering gallenfiterature. Larger gain is possible with a higher concentration
modes of surface plasmons in liquid microdroplets on a golaf dyes. To quantify the optical gain of highly concentrated
film. The high effective refractive index of plasmons allows dye, one should work with extremely short optical path. With
for the whispering modes to exist in micrometer-scale dropa cavity length of 1Qum, an optical gain in thousands of
lets. The excitation of the whispering modes has been corem™ can be measured. For example, in solid thin films of
firmed by observation of enhanced light intensity in the vi-low-molar-mass dyes, such as thiophrene-based oligotfers,
cinity of the droplets’ boundaries using the near-fieldan optical gain cross section 061016 cn? has been esti-
measurements. No quantitative studies have been made teated from pump-probe experiments, which corresponds to
characterize the effective refractive index and optical loss obptical gain of the order of 2.2 10° cm. These experi-
surface plasmons. Using interpolated optical Hafiar gold,  ments were done at visible wavelength. It has been pointed
one can estimate,,~-2.213+43.831 atA=488 nm. At the  out, though, that the reported value of the gain cross section
interface  with glycerin (refractive index ny4=1.473, is underestimated. We would like to emphasize that the the-
sd:n§:2.170, the plasmons’ effective index becomes oretical limit for the gain cross section set by quantum me-
n,=1.531+0.401, and the optical propagation loss ischanics,w=3\%/2m!" is many orders of magnitude higher
10.3um™. Remarkably, qualitative observations are pos-(5.8x 107 cn? at A=349 nm), so that achieving larger op-
sible at such a high level of optical loss. tical gain must be feasible. Such large figures of optical gain

The plasmons’ properties change dramatically when thare not reported mainly for two reasons. First, for practical
dielectric at the interface has a strong optical gain. In thisapplication in dye lasers so large a gain is not needed and the
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dyes are usually strongly diluted to bring the optical gain to 10
a technologically comfortable range usually below 100tm
Second, even if that strong optical gain is achieved, measur-
ing it would require a very short cavity. For example,
if the cavity mirrors have antireflectance coatings with a re-
flection as small as 18, the cavity should be only
In(10°)/g~=~1.4 um long to avoid lasing of medium with
g=8 um™L. Another difficulty in quantifying a large gain is
the gain saturation at a high level of optical power. Short
cavities and low input optical signals would be required
to measure high optical gain and to avoid saturation. As
of now, there are no studies of optical gain of highly
concentrated dyes in-1 um thick flow cells with <107
residual reflectance, but this certainly does not mean that
high optical gain is not achievable. Another candidate for
high-gain dielectric near the metal interface is a semiconduc- y
tor quantum well or an array of quantum dots. With a 1L : VR
confinement factor of 16, optical gain for guided modes I T
in semiconductor lasers easily reaches 100-—300 & L Sty
which corresponds to the optical gain in the quantum well of -1 '
(1-3)x10* cm™. In addition, due to a much larger refrac-
tive index of semiconductors, the resonance will be shifted to

the visible spectral range, or, with appropriate choice of FiG. 1. The reaktop) and imaginary(bottom) parts of the ef-
metal, even to the near infrared. fective refractive index of a surface plasmon. The dielectric me-
In a close proximity of the metal interface, typically be- dium has the real part of the refractive indeye 1.34 and the nega-
low 5 nm, there could be nonradiative processes that magve imaginary partky ranging from 0 to —0.223. The other
result in direct transfer of energy from a dye molecule to anmedium is silver. The insets show the casekgf-i0.223, slightly
atom of the metalForster’s resonant dipole coupliffy For-  below the divergence condition.
tunately, such direct interactions are strong only in a resonant
case, when the energy of an electron in an excited state in tredectromagnetic wave is rather small. For an amplitude of
dye molecule is close to the energy of the electron at thelectric field ofE=10° V/cm (corresponding to a light inten-
metal interface. Moreover, studies of molecular fluorescencsity of P=E?/(2-377))~1.3x 10° W/cn?), the classical
in close proximity of metallic surfa®?! suggest that the electron displacement is estimated to be as small as
observed quenching of the emission is produced mainly by=Ee/mw?~0.6 pm. This is a reason that estimations based
transferring energy to surface plasmon polaritéiié/hen a  on bulk optical properties usually work well even for very
monolayer of dye molecules is deposited on the metal surthin films. Quantum confinement phenomena in metallic
face directly, the fluorescence intensity is reduced due tmanostructures become observable when a characteristic size
nonradiative interactions, but it never disappears completelyf the structure is of the order of few nanometers, which
A spacer layer in steps of approximately 1 nm thin monolay-esults in a noticeable change of electrons’ density of states.
ers of optically inert transparent Langmuir-Blodgett films The estimations done in this article are based on a simple
can be used to reduce direct energy transfer to metal. It hadassical theory and aim to reveal the fundamental properties
been shown that a monolayer of dye molecules significantlpf nanoplasmons.
affects the dispersion curve for the surface plasrfioegen Figure 1 shows the real and imaginary parts of the
though the plasmons’ field is spread far beyond the dye filmplasmons’ effective refractive index for different values of
In application to fluorescence-based sendbrappropriate optical gain in the dielectric. Without the optical gain, the
radiative decay engineering allows for 20- to 1000-fold im-resonance is barely observable. With optical gamore ex-
provement of the detection limit when using direct couplingactly, the negative imaginary part of the refractive index of
of flurescence to surface plasmons. the dielectric ky) approaching the divergence condition
In this article we study how the optical gain in the dielec- (ky— —ny,; ng=k.), the plasmons’ refractive index increases
tric affects the properties of surface resonant plasmons. Iresonantly, and the spectrum of plasmons’ loss reveals reso-
the simulation below we fix the real part of the refractive nant behavior changing sharply from large positive to large
index atny=1.34, vary the imaginary pakl; from zero to  negative values. Positive plasmon loss means that light am-
-0.223(slightly below the divergence conditiprand study plification in the dielectric does not provide compensation
how the surface plasmon is modified. Optical properties ofor the optical loss in metal. Negative plasmon loss, in con-
metal are described using the optical constants for bulk siltrast, means that optical gain in dielectric overcompensates
ver. Although the mean free path of electrons in bulk metallicfor the loss in the metal. Interestingly, for a wavelength
monocrystals at room temperature is of the order ofslightly below the resonance, the plasmon as a surface exci-
30-50 nm, bulk optical constants are often used for evaluatation still exists, although the optical loss is enormously
tion of light transmission and reflection by thin films. At high. What looks unusual, adding optical amplification to the
optical frequencies, displacement of electrons caused by thgielectric results in even stronger damping of the plasmon at
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330 240 ! 350 360 370 FIG. 3. The scheme of the nanoscale grating structure that
Wavelength, (nm) shows plasmon-related anomalies in the reflection spectra.

FIG. 2. The real part of the group index of a surface plasmonConSIder . plasm_on.-related an_omaﬁeﬁen referred to as
Material constants are the same as in Fia. 1. The inset sh tr}/Voqd anomalie®), in light reflection frqm the surface relief
g e Inset shows tne ,
case ofky=—i0.223. gratings. Once the_ plasmqns eﬁectlve index is so large
(np=29), the gratings with period\/n,~349 nm/29
these Wave|engths_ Fdna:—O.223, the exact Compensation ~12 nm will provide resonant coupling between the incident
of loss[Im(n,)=0] happens to be at=349.14 nm, the plas- Iight.and the. plasmon. .The_ simglation is done using the
mons’ effective index at this wavelength is equal ng ~ Fourier-Rayleigh approximation: in each layer the electro-
=28.86, and its penetration depth into the metal and dielechagnetic field is represented as a linear combination of plane
tric is tm=~ty=~\/2mn,=1.93 nm. By choosing closer to ~Wwaves corresponding to the diffraction orders, and the
the divergence conditiofa tiny increase of optical gain is strength of electric field in each plane wave is chosen to
required, it is possible to get an even higher value of thesatisfy the boundary conditions at the interfaces including
plasmons’ effective refractive index and, consequently, eveithe sinusoidally corrugated interface between the metal and
stronger surface localization. The spectral interval in whichemplifying dielectric. We used 15 diffraction ordesom
such phenomena can be observed, however, is reducing/th to +7th. This approach has been shown to provide
which will create another difficulty in experimental studies accurate quantitative description of light diffraction on metal
of resonant plasmons. The spectral resolution of abou@ratings including extraordinary light transmission through
0.1 nm must be enough to resolve the spectral featureeriodical holes in metal film& The structure under analysis
Ren,(\)] and Infn,(A)] shown in Fig. 1 even for the case Was'follow.ing (Fig. 3): at the top there is a semi-infinite
kq=-0.223, when the plasmons are localized within singleMedium with indexn=1.48 (fused quarty, then a 50 nm
nanometers from the interface_ th|Ck SiIVer film (Optical indices f0r eaCh Wavelength are de'
The nanometer-scale localization of resonant surface plagermined as discussed abgvand a semi-infinite active me-
mons near the interface is expected to result in a strong ele€lium at the bottom with index 1.346.223. The interface
tromagnetic field at the interface and strong optical nonlinetween the silver film and the active layer is corrugated
earity. Even in isotropic liquid, the polar molecules tend toaccording toz=o cogKr,), whereo is the amplitude of the
be oriented near the interface, resulting in a nonzgfd  surface corrugatiorfhalf of the peak-to-peak corrugatipn
nonlinearity. The resonant surface plasmon, being localize® =27/A is the grating wave vecton is the grating period,
within one or a few molecule sizes from the interface, will andr, is the in-plane radius vector. In all further simulation
effectively interact with the oriented molecules. we seto=0.1 nm, so that peak-to-peak corrugation magni-
The sharp change of the effective index of the plasmonude is comparable to the inter-atomic distance in solid ma-
with wavelength results in another interesting phenomenonterials. The period\ was in the range 10 to 12 nm. Normal
strong reduction of the plasmon group velocity. The groupincidence was assumed for most of numerical examples.
index ng=np(\)—Adn,/d\ becomes huge. The real part of Light polarizations TE and TM refer to polarization of dif-
the group index as a function of wavelength is shown in Figfracted waves. For the normal incidence, TBV) polariza-
2. When k4=-0.223, at the zero loss wavelength tion corresponds to the electric field vector of the incident
(349.14 nm, the group index is as large ag~5.4X 10*,  wave normalparalle) to the grating wave vector.
which corresponds to the plasmon group velocity in single The simulation results are shown in Fig. 4. No spectral
kilometers per second. Further reduction of the resonarfeatures are observed for TE-polarized light, while for the
plasmon group velocity is possible by approaching closer tad'M polarization, the reflection spectrum shows a character-
the divergence condition. An extremely slow velocity of light istic resonant behavior when the incident wave is in reso-
has been observed so far in different resonant media, such aance with the surface plasmon. These spectral features are
the Bose-Einstein condensate of ultracold atomic vi&@zord  located between 349.1 and 349.2 nm, where the imaginary
even at room temperature in cryst&she surface resonant part of the plasmons’ effective refractive index is close to
plasmons thus become another type of optical waves thatero. When the grating period is changing from
propagate much more slowly than light in vacuum. 10 to 12 nm, the resonance is slightly shifted to longer
The strong localization of plasmons’ field is expected towavelength mainly because the sharp change of the real part
result in a very efficient interaction with nanometer- andof the plasmons’ effective index, which controls the location
subnanometer-scale perturbations of the surface. Here waf the resonance. A shift to longer wavelengths results in a

155416-4



SURFACE PLASMONS AT NANOSCALE RELIEF. PHYSICAL REVIEW B 70, 155416(2004)

14 . The conditions at which the surface resonant plasmons are
2L A=l @70 ] expected to be observed are rather unusual. Achieving such
- @ large optical gain in the dielectric in close proximity to the

1or A= 12O, TE) ] metal surface would be a challenging task. It will obviously
0.8 ———A=10mm (60°, TM) | require an appropriate pump scheme. To achieve high gain,
------- A= 100m (60°, TE) pumping by short intense optical pulses with very low duty
cycle will be preferable. Further, when pumping a liquid
layer on top of a metal film, the interference between the
incident and reflected waves will always strongly reduce the
intensity of pumping light near the interface. To achieve a
strong optical pump at the very surface, the pumping wave
itself should be a plasmon with the maximum of its intensity
at the interface. Another challenging task would be to fabri-
FIG. 4. Reflection spectra of a thin silver film with a nanoscalec-alte a nanoscale grating at the meta}l surfgce. Later-al resolu-
U . . ) . _ ~tion of the order of 10 nm and better is achievable with mod-
cqrrugated bogndary at. ‘the.lnterface with the dielectric medlumem tools such as focused ion be@RB) milling. Once the
with strong optical amplification. grating height is comparable to the interatomic distance, the
metal surface must be atomically flat. Fortunately, this flat-
larger amplitude of the resonance due to smaller propagationess is required in a relatively small area. In the FIB system,
loss at longer wavelengths. The reflection spectrum atisually it is possible to observe the sample image using sec-
A=12 nm shows a peak larger than unity, which is associondary electrons produced by the ion beam. Due to the
ated with optical amplification of the plasmons’ field while it strong channeling effect in metals, individual monocrystal-
propagates along the interface. In contrast to the spectra t¢ihe grains are clearly distinguished. Thus, it must be pos-
conventional plasmon-related anomalies the incident anglsible to select a single monocrystalline grain, say, a few mi-
only slightly affects the resonance conditions due to a vencrometers across, and fabricate the nanograting within the
large value of the effective plasmons’ index. At 60° incidentgrain. A 1 um grain can accommodate 100 grating grooves,
angle andA =10 nm the reflection minimum is observed in which is enough for observation of an optical resonance with
practically the same wavelength range. The shape of the Q-factor of about 100. Other technical solutions are also
resonance is changed, though. At oblique incidencepossible.
reflection for TE-polarized light shows no variations, as ex- The resonant surface plasmons have many interesting and
pected. Qualitatively, all these features in reflection spectranique properties, and thus deserve further study. They could
are easy to understand: they are nothing else but Woolde useful for characterization of surface defects at(tu)
anomalies associated with the surface resonant plasmons rsgnometer scale and for the development of a new type of
the interface between metal and amplifying dielectric. Theextremely sensitive optical sensors capable of detecting
striking peculiarity is that they are produced by 10—12 nmsmall number of molecules adsorbed to the metal surface.
gratings with 0.1 nm half-depth, while the light wavelength Another potential study field would be a new type of optical

, .
------- A=10nm (0°, TM)
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