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ABSTRACT

Infrared surface plasmon polaritons (SPPs) are concentrated in a laterally tapered planar Ag waveguide. The near field of SPPs excited with
1490 nm light at a Ag —sapphire interface is probed using the photoluminescence of upconverted Er ions at 550 and 660 nm. SPP interference
patterns are observed that exhibit clear evidence of SPP concentration toward the taper end. The concentration leads to an enhancement of
the upconversion luminescence intensity from Er energy levels that are populated by multiphoton processes.

The efficient delivery of light to small length scales is a major predicted to occur at the tip of conical metal waveguities.
goal in photonics. The concentration of electromagnetic fields This has close links to the field enhancements and subwave-
in the smallest possible volume is important in subwave- length confinement near the tip of gold- or silver-coated fiber
length guiding, nanolithography, sensing, and data storage.tips used in tip-enhanced near-field microscopy, which are
Moreover, large electromagnetic fields allow for the en- also attributed to the generation of SPPg4

hancement of nonlinear optical effeé5One of the routes In this paper, we investigate the enhancement of nonlinear
toward the nanofocusing of light involves surface plasmon gffects due to SPP field concentration in laterally tapered
polaritons (SPPs): electromagnetic surface waves propagatp|anar Ag waveguides by studying optically active erbium
ing along a metatdielectric interface that are coupled 10 jons as a nonlinear model system. These ions can absorb
coherent oscillations of the free electrons in the mé@h 1 5,m jight to their first excited state, followed by nonlinear
the one hand, the evanescent character of these modes 'ea%operative upconversion and excited-state absorption to

to high field confinements in the direction normal to the populate higher energy levels that emit at 550 and 660
metal surface, which can enhance nonlinear processes neaky, 2526 The Er ions are implanted in sapphire at close
the surfacé. On the other hand, the large wave vectors poyimity to a silver film. Infrared SPPs are launched along
associated with SPPs offer the possibility of confining these Ag-sapphire interface by illuminating a subwavelength
modes also laterally to length scales smaller than the hole array in the film with a focused beam of 1490 nm laser

Wavelgngth of light n the bounding d',eleCt”C: In view of light. By imaging the upconversion photoluminescence from
large field concentrations, the conversion of light to SPPs, the Er ions in a confocal microscope, the SPP propagation

tk]leflr sgbseql:elnF gtwdlntg,Ta;]nd finally tthel[r con(;entratlontgre is visualized, and any upconversion enhancement can be
of fuhdamental interest. -1he concentration of propagating spatially resolved. This luminescence microscopy tech-

SPPs is in competition with losses due to absorption and nique?’22 allows probing of the field intensity of the purely

scattering, which limit the typical propagation lengths of the . .
SPP modes to several tens of micrometers. Several plasmoni(k;Jound SPP mode propagating along the ~Agpphire

. ) . interface, which cannot be readily observed using other
waveguiding structures that provide lateral confinement have methods such as photon scanning tunneling microscopy or
been shown:® Finite-width metal stripe waveguides have P g 9 Py

been studied most thorougHiy14 leakage radiation microscopy. We observe interference mode

Focusing of SPPs has been demonstrated by metallodielecpattems on the tapers that clearly show SPP concentration

. . : 9 and measure a4 fold enhancement of the 550 nm
tric lense$® and corrugations in the metal surfa€e!® The . . ) . )
N S ; upconversion photoluminescence intensity near the tip of the
first indication for SPP concentration in a triangularly shaped

termination of a stripe waveguide has been shown by Weeberwavegu'de.' This work goes beyqnd exper.lments n Wh'(?h
et al12for SPP modes at the air side of a Au waveguide. upconversion enhancement is achieved by field conceqtrauon
In a nonplanar geometry, very large field concentrations and n KretschmanﬁRqether geometfiby also demo_nstratmg
asymptotic slowing down of SPPs have recently been the in-plane focusmg of SP.Ps and the associated locally
enhanced upconversion luminescence. It paves the way for
* Corresponding author. E-mail: verhagen@amolf.nl. the focusing of light to subwavelength length scales.
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Figure 1. (a) Er photoluminescence spectrum showing emission Figure 2. (a) Optical microscopy image of the structure studied,

from different Er levels. Fofem < 900 nm, the pump wavelength
was 1490 nm, whereas fag, > 900 nm, 532 nm excitiation light
was used. The luminescence signal in the region—23M0 nm is
five times enlarged. (b) Er energy level scheme, depicting the

obtained by detecting transmitted 52870 nm light from a halogen

lamp in the confocal microscope. The hole array extends to the
left of the dotted line. The dashed circle indicates the position of
the excitation spot, and the arrow shows the direction of SPP

cooperative upconversion mechanism that populates higher-orderpropagation. (b and c) Spatially resolved photoluminescence maps
energy levels through energy transfer between two ions excited with of Er upconversion emission in the wavelength ranges of-645
1490 nm ||ght A multlstep upconversion process Is shown to reach 690 nm and 526570 nm, respec’[ive|y_ Both color scales are
the levels emitting at 660 and 550 hm. (c) Schematic representationnormalized to the maximum intensity in the field of view. The scale

of the measurement principle. SPPs are excited at thesagphire
interface by illuminating a hole array, and Er upconversion
luminescence is imaged with a confocal microscope.

bar is 10um.

emission of a 980 nm photon. It can also undergo second-

A 400 um thick single-crystal sapphire substrate covered and third-order upconversion steps with Er ions in the first

with a 10 nm thick Ge conduction layer is implanted with
200 keV EF ions at a fluence of % 10 cm™2. This dosage

or higher excited states to populate even higher energy
levels?® leading to the observed emission from the,, *Sg/z,

results in a peak Er concentration of 2 atom % at a distanceand 2H;3,», manifolds. In addition, excited-state absorption
of 35 nm to the sapphire surface and a standard deviation incan also contribute to population of higher energy let&ls.

the Gaussian depth distribution @of= 12 nm, as simulated
with the Monte Carlo program SRIM. After removing the
Ge layer, the sample is annealed in vacuumifb at 900°C.

A typical spectrum of the Er photoluminescence from the
sample is shown in Figure la. The visible part of this
emission spectrumify, < 900 nm) is obtained by excitation
with 1490 nm laser light from a 45 mW InGaAsP diode laser.
The infrared partAem > 900 nm) is recorded with 532 nm
excitation light from a 20 mW frequency-doubled Nd:YAG

Taper and hole array microstructures are fabricated in a
140+ 5 nm thick Ag film on the sample by electron beam
lithography followed by liftoff and are shown schematically
in Figure 1c. The Ag is evaporated through resistive heating,
and the use of an adhesive layer is avoided, as this layer
would be detrimental to SPP excitation and propagation along
the Ag—sapphire interface. An optical microscopy image of
the structure is shown in Figure 2a. The hole array, with a
pitch of 1.46um and a hole diameter of roughly O.6n,

laser. The visible and infrared emission is dispersed by extends to the left of the dotted line. At a distance @i
grating spectrographs onto a Si CCD detector and an InGaAsfrom the array, a laterally tapered waveguide of triangular
photodiode array detector, respectively. The spectrum is notshape is structured in the metal film, with a base width of

corrected for variations in pump intensity and collection

12 um and a length of 3@&m.

efficiency of the setup. Comparing the measured spectrum SPPs at the smooth Agapphire interface cannot be ex-

to the level diagram of Ef depicted in Figure 1b, we see

cited directly with light incident from either dielectric. The

that all excited-state-to-ground-state transitions are observedhole array is therefore illuminated under such an angle that

All emission that is recorded with the 1490 nm pump is
attributed to an upconversion process. |a@| the dominant
mechanism is cooperative upconversibdepicted schemati-
cally in Figure 1b: two Er ions in the first excited-state
exchange energy resonantly to promote one tdigadevel.
This ion subsequently relaxes quickly to the, manifold,
from where it can decay either nonradiatively or by the
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SPPs excited on the array can couple to the desired propa-
gating SPPs at the Agsapphire interfac&*°The 1490 nm
excitation light is incident from the air side of the film under
an angle of 47with respect to the surface normal to achieve
first-order coupling to SPPs at the Agapphire interface,
which propagate in the direction indicated by the arrow in
Figure 2a. From the angular dependence of the coupling,
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the excitation of SPPs at this interface can be confirmed.
The p-polarized laser light is focused by a fiber focuser (NA
= 0.1) to a 10um wide spot near the edge of the array, as
depicted in Figure 1c. Er luminescence is collected through
the substrate by a 200bjective (NA= 0.75) in a scanning
confocal microscope. The collected light passes through a
polarizer to avoid distortions due to the birefringence of the
sapphire substrate and is transported through a collection
fiber to a spectrograph and a Si CCD detector.

The visible upconversion emission is used to determine
the two-dimensional distribution of the infrared SPP intensi-
ties in the hole array/taper structure. We have shown
previously that the bound SPP modes propagating at the high
index side of a Ag film can be imaged by detecting the Er Distance (um)
photoluminescence emission from the first excited-state at
a wavelength of 1530 nff. Here, the resolution of this Figure 3. Cross sections of the Iu_minescence micr_oscopy images
maging technique i signfcantl enhance by detecing the FO® 2 (0%2C sares) e e e oper erces s e
radiation from higher energy levels of Er iofidn this way, luminescence intensities just outside the hole array.
the SPPs excited with 1490 nm light can be probed with

wavelengths as Sh‘?” as 550 and 660 nm._ ) contrast between the effective refractive index inside the taper
Parts b and c of Figure 2 show upconversion images take”(given by the SPP dispersion relation of the mode at the
at 645-690 nm (Fo, — “l152 transition) and 526570 nm substrate side of the film) and the refractive index of the
(“Sarz, Huaz— “l1sp transitions), respectively. At the left side  sapphire substrate outside the tafeWe note that it is a
of the images, Er emission in the excitation spot on the hole prir difficult to make quantitative comparisons between the
array is visible; a SPP beam with a width 6f10 um emission collected from Er ions close to the metal film and
propagates out of this spot across the unstructured Ag beforgnat from ions outside the taper. Taking into account local
entering the tapered part of the film. Along the taper, a gensity of states effeci the radiative decay rate near the
pronounced interference pattern is observed, and the intensityynetal would be reduced and additional nonradiative channels
of the upconversion luminescence gradually increases as thyoyid be introduced. However, redirection of the emitted
taper tip is approached. The relative increase is stronger forjight due to the metal increases the collected intensity by at
the 526-570 nm emission than for the 64590 nm most a factor two. Taking both counteracting effects into
emission. Note that the intensity in either image is scaled t0 gcount, the maximum possible net increase of collected
the maximum intensity in the image, which occurs near the gmjssjon intensity due to the presence of the metal is a factor
tip of the waveguide in both cases. Along the complete length tyo. Therefore, we can conclude from the fact that the Er
of the taper, the luminescence intensity is enhanced quitejyminescence vanishes quickly outside the waveguide that
homogeneously near the edge of the waveguide. Outside theyt the edge of the Ag film SPPs are either efficiently reflected
taper, the Er luminescence is observed to fade so quickly o scattered out in directions away from the Er doped region
that a decay length cannot be determined quantitatively givennear the sapphire surface.
the measurement resolution. Because of reflections of the Gaussian SPP input beam,
By comparing parts b and c of Figure 2, it can be seen clear nodes and antinodes would be expected also along the
that the positions of the nodes and antinodes in the interfer-edges of the waveguide. The fact that the Er upconversion
ence pattern are identical for both emission wavelength luminescence intensity is quite homogeneous along these
ranges. This demonstrates clearly that 1490 nm SPP modegdges suggests that edge modes could possibly play a role
can be precisely imaged using upconversion luminescencein this structuré?3 The focus of the SPP field remains
in the visible. It proves that the interference pattern is causedconfined to the Ag taper. This behavior is in contrast with
by interference of the infrared pump light and that variations what is observed for SPPs propagating at the air side of a
due to a possible dependence of the radiative decay rate orAu film on glass®® The fact that we find no evidence for
the distance from the taper edge are not responsible for thisleakage across the taper edge may be due to the larger angle
effect. The 2.Jum separation between the interference fringes of incidence used here, as well as the difference in character
that are aligned parallel to the taper edges corresponds tdbetween the modes at different sides of the metal ft#i.
that predicted to arise from the reflections of SPP waves atIn contrast to the leaky SPP mode residing at the low-index
the edges of the waveguide, considering SPPs excited withside of a thin metal film, the bound mode propagating at the
1490 nm light along the Agsapphire interface, which are  substrate side of the film has transverse field components
incident at the taper side at a“8dngle. The good visibility  that are antiparallel at either side of the metal film. The bound
of the interference fringes indicates that the reflectivity of SPP modes studied here are therefore expected to couple to
the edges is quite large, in accordance with the notion of light less efficiently at a sharp film edge.
total internal reflection at the edges. Indeed, the critical angle  Figure 3 shows the intensity cross sections of Figure 2b
for such reflections is~80°, as estimated from the index and c taken along the center of the waveguide, normalized

PL Intensity (a.u.)
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