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Surface plasmon waveguid€SPW'g are metal ridges featuring widths in the micrometer range and thick-
nesses of a few tens of nanometers. A focused ion beam has been used to carve microscatterers into gold
SPW'’s and the near-field distributions around these microstructures are observed by means of photon scanning
tunneling microscopyPSTM). On the basis of near-field images, we show that a finite length periodic
arrangement of narrow slits can reflect a surface plasmon mode propagating along a SPW. The reflection
efficiency of the micrograting is found to depend upon the number of slits, the period of the grating, and the
incident wavelength. The optimum reflection efficiency is obtained for a period of the micrograting equal to
half the incident wavelength in vacuum. The PSTM images of the plasmon mirrors taken at different wave-
lengths allow us to measure the experimental dispersion curve of the SPW in the near-infrared. From this
dispersion curve, we found that, in analogy with a surface plasf8&nhexcited on extended thin films, the
group velocity of a SPW mode is close to the speed of light. For a given frequency in the near-infrared, the
effective index of the SP mode supported by a 2rB-wide SPW is also found to be significantly larger than
the effective index of an extended thin film SP. Finally, we show that the optical properties of microgratings
engraved into a SPW can be qualitatively approached by a standard Bragg mirror model.

DOI: 10.1103/PhysRevB.70.235406 PACS nuniber73.20.Mf, 78.66-w, 07.79.Fc, 42.79.Gn

[. INTRODUCTION In order to achieve efficient SPP guiding, two different
approaches are currently investigated. The first kind of sys-
A polariton is an electromagnetic mode related to the ostems relies on the propagation of SPP modes along finite
cillations of the polarization density. At the interface betweenWidth thin metal films. When buried in an homogeneous di-
two media such that the real parts of their frequency-El€ctric medium, these surface plasmon waveguiBesv's
dependent dielectric functions have opposite signs, surfac llow the propagation of so-called “long-range” SPP’s over

: : . P istances of several millimeters at telecommunication
polarlltons featurln.g a field distribution t.hat decays eXponenfrequencie§.‘6 Such a range of propagation distances make
tially in both media may occur according to a well-known

) . ) S SPW’s a possible alternative to high refractive index dielec-
dispersion relatioA.In the case where the material display- P g

) : ; . e tric waveguides for the fabrication of miniaturized passive
ing a negative real part of the dielectric function is a metal

At . o - “boptical components such as splitters, filters, or resonant cavi-
the polarization density oscillation corresponds to oscillasjgg.

tions of the electron gas. The surface polariton is then called \when deposited on a dielectric substrate, SPW’s support
a “surface plasmon polaritort'SPR.%* The electromagnetic Spp modes with effective propagation lengths of only few
field associated with a SPP can propagate along the interfagens of microns in the near-infrared frequency range. Al-
to which it is bounded and decreases exponentially in théhough in this case the propagation lengths are probably too
direction perpendicular to this interface. This vertical con-small to be directly useful for integrated optical devices, this
finement makes SPP’s appealing for the design of opticatonfiguration offers the opportunity to observe SPP modes in
devices integrated in coplanar geometry. Until now, two fea-direct space by near-field optical microscopy. For example, a
tures have hindered the development of SPP-based integratsttong lateral field confinement of SPP modes supported by
optics. First, the damping of the electron collective excita-silver SPW’s has been demonstrated on the basis of photon
tions limits the propagation distances. Second, very little isscanning tunneling microscog®STM) images. More re-
known about systems able to control the propagation otently, the PSTM images of gold SPW have shown that the
SPP’s. modal field distributions of SPW modes are created by the
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coupling of finite width interface modes and boundary
modes supported by the abrupt edges of the metal $trips.
The second kind of devices allowing both the lateral con-
finement and the propagation control of SPP’s are based on G ||||||||||
the interaction of surface plasmon with gratings formed with =
individual scatterers. Recently, SPP propagation along lines
of defects created into a so-called “plasmonic crystal,” such
as an array of gold nanoparticles deposited on a gold thin @)
film, has been reportetSimilarly, silica posts texturing an , ) , ,
extended silver thin film have been found to be very efficient F'C: 1. Scanning electron microsco@EM) images of a typi-

to achieve the reflection of a locally launched surfacecal structure used in this studgg) The sample consists of a gold

plasmont® Most of the previous works dealing with the scat- pattern(thickness 55 nifabricated by electron-beam lithography

teri f SPP b iodi truct h id §nd deposited on an indium-tin oxide doped glass substrate. The
erng o y periodic nano-structures have consideref, ellipse shows the location of the totally reflected focused light
surface plasmons excited on extended thin films, i.e., thi

. . . - rE)eam(incident from the substrateused for the excitation of the
films with lateral dimensions much larger than the wave-g face plasmonb) A FIB is used to a engrave microgratings into

length of the surface wave. each metal strip. The micrograting shown here consists of ten par-

In this work, we consider metal strips with typical widths gjie| slits of same width150 nm). In this case, the period of the
of only a few wavelengths of the SPW modes and we studyattern is 400 nm.

the interaction of these SPW modes with microstructures en-
graved by focused ion beaiIB) milling into the metal

. o : . . .. wide) engraved into 2.5:m-wide gold stripgFig. 1).
strips. Specifically, we consider gratings made by a finite : o -
number of narrow slits texturing a 2/m-wide SPW to To perform the optical excitation of the microstructured

. SPW, the sample is first attached with an index matching

"R . )
. . X ..~ ffuid to the hypotenuse of a right-angle glass prism. A surface
The paper is organized as follows. After a brief description lasmon is ytphen locally Ia?mcheg ir? thepKretschmann—

of the experimental setup and the sample fabrication proce aether configuration by means of a focused beam. As
m_Sec. ”.’ we analyze in _Sec. Il the PS_TM Images of ashown schematically on Fig(d), the incident spot is located
micrograting recorded at different observation distances. Th8n the homogeneous thin film area to which the SPW's are
bgckreflection of a S.PW mode by a micrograting is then onnected. Thus, the SPW'’s excitation is performed by cou-
d|scussed. on th? _baS|s of thesg results_. In Sec. IV, we stu ing with an extended thin film surface plasmon and not by
the reflection efficiency of the microgratings as a function ofdirect illumination. An efficient coupling between the thin

different structural parameters such as the number of slits ¥im surface plasmon and the SPW mode supported by a

the period of the gratings. Section V is dedicated to the Me% etal strip is achieved if the incident spot is located in front

surement of the phase constant and the group velocity of & : : . : . .
. . . ) ) the strip and if the plane of incidence is parallel to its axis.
2.5-um-wide SPW using PSTM images obtained at different The PgTM setup Esed in this work haz been previously

incident wavelengths in the near-infrared frequency "aN9€escribed in detail. The PSTM relies on the frustration of

Finally, we show in Sec. VI that a standard Bragg mirror CaNevanescent fields using a local probe attached to a piezotube

model, at least qualitatively, the optical properties of the mi- nd scanned in the close vicinity of the sample surfade.

crografings acting on SPW. The parameters of the equwale% r device, the local probes are multimode optical fiber tips

Bragg mirror are d_educed e_mpmcally from the experlmentalCoated with a thin layer of chromiurl0 nm in order to
results of the previous sections.

prevent that a significant amount of radiative light enters the
fiber and contributes to the near-field optical sigifalhe
II. EXPERIMENTAL BACKGROUND metal coating also allows the detection of a tunnel current
when a bias voltage is applied between the metal coated tip
Figure 1 shows the scanning electron microscope imagegnd the conductive surface of the sample. The detection of
of a typical structure considered in this study. The fabricationsuch a tunnel current is used to define the origin for the
of the samples begins with an electron beam lithographyneasurement of the absolute tip-sample distance since it oc-
process performed on an indium tin oxid&€O) doped glass curs for the tip in quasicontact with the sample surface.
substrate previously spin coated with a layer of polymethyl-
methacrylats PMMA) (200-nm th!cl;. After thg lithography Ill. SPW MODE BACK-REFLECTION BY A
stage, the exposed PMMA regions are dissolved and the MICROGRATING
sample is subsequently coated with a thermally evaporated
gold 55-nm-thick film. This metal film is then lifted off by Two recent experimental studies have shown that either
dissolving the nonexposed PMMA areas, in such a way thathe abrupt discontinuity ending the extremity of a metal
after the lift-off process the sample consists of gold patternstrip’ or a single narrow groove engraved in an extended thin
deposited on the ITO-doped glass substiate Fig. 1a)].  silver film'3 can efficiently reflect a SPP. In order to show the
The microstructuration of these gold patterns is then pereffect of the presence of a micrograting on the propagation of
formed by using a dual beam strata 235 focused ion beara SPW mode, we show in Fig(&@ a large scan PSTM image
(FIB). The microstructures we consider in this work consistrecorded over a mirror consisting of ten slits milled in a
of gratings made of a finite number of narrow slif$0-nm  2.5-um-wide SPW. The period of the micrograting is 400 nm
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FIG. 2. (a) Large scan PSTM image of a microstructured SR/ Longitudinal cross cut of the near-field image along the dashed line
in (a). (c) and(d) Transverse cross cuts of the PSTM image taken along the dotted linaad (2) shown in(a), respectively.

and the incident light frequency corresponds to a wavelengtfianked by two shoulders is observed when the SPW mode
in vacuum ofAy=800 nm. The micrograting is located at a has propagated over few microfiBig. 2(d)]. Since it has
distance of 1@m from the output end of the triangularly been shown in a previous study that the SPW modes are
shaped aregcalled a “taper” in the followingconnecting the  hybrid modes, also called “supermodes,” resulting from the
strip to the extended thin film. Well pronounced interferencesuperposition of finite size interface modes and boundary
fringes with a period of roughl¥,/2 are visible all along the modes supported by the edges of the metal 8tigg can
SPW while a two-dimensional standing wave pattern is obthus assume that the spatial transient we observe on the
served over the taper. A longitudinal cross cut of the opticaPSTM image is due to the fact that these different modes
image is displayed in Fig.(B) and shows more in detail the must interact over a distance long enough in order to build
near-field intensity distribution over the the SPW. In analogyup the SPW mode.

with a surface plasmon mode supported by an extended thin As shown in Fig. #v), the near-field intensity vanishes
film propagating towards positive values gf the electro- after the microstructures leading to the conclusion that the
magnetic field associated with a SPW mode is expected tmcident SPW mode is mostly back reflected and scattered by
depend upory as exp—a+iB)y, wherea and B denote, re- the grating. The standing wave pattern visible on the PSTM
spectively, the attenuation and the phase constant of the sumage could then arise from the interference of the incident
face plasmon. However, it can observed in Figh)2hat the ~ SPP with either a back-reflected SPP or a scattered wave. In
intensity of the SPW mode does not decrease exponentialline near-infrared frequency range, we can reasonably assume
as it propagates along the metal strip. Indeed, the opticdhat, in analogy with an extended thin film SPP, the phase
signal at the center of the SPW increases from the end of theonstant of the SPW mode is close to the incident light
taper [corresponding toy=4.0um on Fig. 2b)] to y  wave-vector modulus in vacuunky=2m/\g. Therefore,
=11 um. Furthermore, the transverse intensity distributionfrom the momentum conservation law is derived that the
changes dramatically with over that range as shown by the micromirror could generate a scattered field propagating at
two optical profiles displayed, respectively, in Figéc)2and  grazing incidence regarding that in this experiment the pe-
2(d). Close to the SPW inpyfFig. 2c)], the optical profile riod of the grating is equal tay/2. Moreover, taking the
exhibits a three peaks structure while a large central peaRhase constant of the incoming SPW mode closkytdhe
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interference of the incident SPP with either a back-reflectedo the terrrE%exp(—Zay)exp(—Zkzzo), then the contrasty;.aq
SPP or a contrapropagating scattered wave traveling at graiicreases exponentially with,
ing incidence could create a standing wave pattern with a So, to elucidate the origin of the standing wave pattern
period close to\y/2 in agreement with the rough estimate of observed on the PSTM image, we have recorded PSTM
the oscillations period observed on the PSTM image. In orimages of the microstructured strip for different tip-sample
der to discriminate the origin of the standing wave patterndistances. The images correspondingzie 340, 280, and
we consider successively this two situations. 170 nm are shown, respectively, in FiggbB-3(d). The

If we suppose that the standing wave pattern arises fronransverse cross cuts of each image are displayed in fyg. 3
the interference of two contrapropagating SPP’s traveling reFor the smallest tip-sample distance, the intensity distribu-
spectively toward the positive and negative valueg,ahen tion exhibits the three peaks structure characteristic of a 2.5
along a linex=const located at a distanag from the air/  -um-wide gold strip illuminated with an incident wavelength
metal interface supporting the SPP’s, the intensity of eacln vacuum of 800 nni.The longitudinal optical profiles cor-

components of the electric field is given by responding to each value &f are also shown in Fig.(8. By
) B B 2 B averaging the contrast of up to ten oscillations in each pro-
|y, 20) = B 0XP(= 2ay = 2k.20) + E; xf 2a(y = Yim) file, we have found that the average contr@g}, equal to
= 2k,zy] + 2E 5,0E 5 €XP(— ayp) 0.3(|), O.ﬁz, ar;]d 0.30 f010=17|0, 280, and 340 nmf, rhespec-d
tively. Thus, the experimental average contrast of the stand-
Xexp(— 2k, Zg)cod2BYy + ¢), 1) ing wave pattern does not depend significantly on the tip-

where o and B are, respectively, the attenuation and thesample distance although the near-field intensity at a given
phase constant of the SHE;o andE;, are the incident and observation point is divided by a factor of about 5 when
the reflected amplitudes of the componehof the electric ~ increasingz, from 170 to 340 nn{see Fig. &)]. From this
field andy,, denotes the location of the mirror. Thecom-  result, we conclude that the standing wave pattern observed
ponent is the positive imaginary part gk2-(B+ia)2and¢  ON the PSTM images is created by _the interference of two
is the dephasing at reflection. For the interference of an incontrapropagating SPP modes traveling along the metal strip.
cident SPP and a contrapropagative radiative plane wave

traveling parallel to the metal/air interface, the intensity of IV. REFLECTION EEFICIENCY OF THE
the electric field can be written as MICROMIRRORS
— 2 2
15y, 20) = E5 08XP(— 20y = 2K;20) + Ej5 + 2E50F 5, The results of the previous section demonstrate the ability

X exp(— k,zo)exp(— ay)cod (B +kyy + ], (2)  Of a micrograting to reflect a SPW mode. With the aim of
_ ) ) characterizing the reflection process by such a mirror, we
wherey is a dephasing depending upkpandyy,. The con- jnyestigate in this section the influence on the reflection ef-
trast of the interference fringes is defined as ficiency of structural parameters such as the number of slits
T or the period of the microgratings.
C: max mln' (3)
Imax+ Imin

. . A. Influence of the number of slits
where |, and I i, correspond, respectively, to the electric

field intensity at a given maximum and at the following As mentioned above, a single slit engraved in a metal film
minimum. Assuming that the damping distance of the SPP i§an reflect a surface plasméhit is then possible that the

large compared to the standing wave pattern period, the corieflection efficiency of the ten slits micrograting considered
trast of the interference fringes due to the two contrapropall the previous paragraph could be obtained as well with

gating SPP’s can be obtained from Kt as mirrors consisting of a reduced number of s(it§). In order
to study the evolution of the reflection efficiency witl, we

Copsly) = 2B Eexp(— aym) . (4 havedesigned samples with one, three, five, and ten slits. For

spes Ezexp(— 2ay) + E2exf 2a(y - Y] all these samples, the mirrors are located at a distance of

15um from the input of the 2.5pm-wide SPW, the width of

If we consider now the interference of an incident SPP and #he slits and the period of the gratings being 150 and 400 nm

contrapropagating radiative wave traveling at grazing 'nc'fiespectively. The optical profiles recorded along an observa-

dence, the contrast of the standing wave pattern can be wri ion line located over the center of each microstructured
ten from Eq.(2) as SPW are displayed in Fig. 4. The interference of the incident
2EE exp(— k,zo)exp(— ay) SPW mode with the field scattered by a single slit engraved

Cop-radY:20) = E2exp(— 2ay)exp(— 2k,zg) + = (5 into the metal strifsee Fig. 4a)] creates a pattern of non-
0 . 240 r periodic large amplitude oscillations extending over a dis-

Therefore, from Eqg4) and(5), we can conclude that in the tance of more than4m. A very low contrast standing wave
case of two contrapropagating SPP’s the contrast of theattern which can be attributed to a weak backreflection of
standing wave pattern does not dependzgmwhile this de-  the incident SPP, is also visible on the left part of the optical
pendence does exist for the interference of an incident SPprofile. In spite of the backreflection and the scattering, the
and a radiative wave traveling at grazing incidence. In fact, ifincident SPP is also transmitted through the slit. Indeed, a
we assume that the reflected amplitliglés small compared rather large near-field intensity is still detected for the obser-
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FIG. 3. (a) SEM image of the sample used to investigate the influence of the tip-sample distance on the standing wave pattern contrast.
The incident wavelength is 800 nm and the period of the grating is 40Qmm(c), (d) Small scans PSTM images of the standing wave
pattern obtained for tip-sample distances of, respectively, 340, 280, and 170 nm. The white dashed perimetefandggraXimately
shows the scanning areg) Transverse cross cuts of the PSTM imagsslid: 170 nm, dashed: 280 nm, dashed-dotted: 340. Kin
Longitudinal cross cuts of the PSTM imagewlid: 170 nm, dashed: 280 nm, dashed-dotted: 340 nm

vation points located after the s{ig>15 um). Since the slit  contrast reaches an asymptotic value of about 0.26 for the
engraved into the SPW consists of an air gap separating twmicrograting consisting of ten slits. Note that the contrast
parts of the metal strip and each part of the metal strip camcreases betweelN;=5 andNg=10, leading to the conclu-
support a SPP while no SPP can propagate in air, the transion that the five last slits of the micrograting wih=10 do
mission of the SPW mode through the slit can then becontribute to the back reflection of the incident SPP. In other
viewed as a kind of tunnel effect. words, the hopping of the incident SPP over the successive
For an increasing number of slits, the amplitude of theslits of the micrograting is efficient enough to allow the
SPP transmitted through the micrograting vanishes whilgoropagation of the SPP through a microstructured area with a
conversely the contrast of the standing wave pattern inlength of several microns.
creases. The average contr@gf, computed over more than The increase of the standing wave pattern contrast is ob-
20 oscillations of the different standing wave patterns is plotviously related to a corresponding increase of the reflection
ted in Fig. 4e) as a function of the number of slits. The efficiency of the mirror. However, without a reliable model-
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FIG. 4. PSTM optical profiles recorded over microgratings with an increasing number ofglita) Ns=1, (b) Ng=3, (¢) Ng=5, (d)
Ns=10. (e) Plot of the standing wave pattern average contrast versus the number &f;sliise dashed line is a least square polynomial
fitting of the experimental valueglots).

ing of the metal strip SPP modes, we can only roughly estitric field, a contrast for the computed standing wave pattern
mate these efficiency. Considering an incident SPP propagatf 0.26 is obtained with equal to 25%.

ing at a gold/air interface and a mirror located ajirdfrom

the launch site, we can compute the reflection coefficient of
the mirror needed for matching the value of the contrast of
the theoretical standing wave pattern with the contrast of the Up to now, we have only considered microgratings with a
experimental optical profiles. We define the reflection coefperiod P=400 nm. With the aim of studying the influence of
ficient of the mirror byr=E%/ES where E'; and ES denote, the period on the reflection efficiency, we consider now mir-
respectively, the amplitude of the reflected and the incident rors with three different period¢350, 400, and 500 njn
component of the SPP electric field at the location of thewhile keeping a fixed number of ten slits engraved at a dis-
mirror. Assuming a similar reflection coefficient for the tance of 1m from the SPW input. The longitudinal optical
transverse and the longitudinal components of the SPP eleprofiles shown in the right part of Fig. 5 have been recorded

B. Influence the micrograting period
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FIG. 5. (a), (c), () PSTM images of SPP propagating along a metal stnijglth=2.5um) textured by microgratings with different
periods P=350, 400, and 500 nm. The incident wavelength in vaccum is 800(by(d),(f)] Cross cut of the PSTM images of the
micrograting withP=350 nm(P=400, 500 nm. The dashedsolid) line corresponds to an incident wavelength of 800 (@153 nm).

over these samples for two incident wavelengtkg low contrast standing wave patterns in Fi¢f)5ndicate that,
=753 nm (solid line) and A\,=800 nm (dashed ling (The for both wavelengths, the mirror with a period of 500 nm
PSTM images recorded witk;=800 nm are shown in the reflects the incident SPW mode very poorly. The standing
left part of Fig. 5) A neat standing wave pattern is observedwave pattern being much more pronounced Fer350 nm
for the mirrors withP=350 nm and®=400 nm while mainly andP=400 nm, it is worth noticing that the highest contrast
the scattering on the mirror is visible wh&¥500 nm. The is obtained for A\¢=753 nm if P=350 nm and for\,
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in vacuum is twice the period of the micrograting. The high-
est reflection efficiency of the mirror is expected for the
SPP’s back reflected by each slit being in phase then we
] conclude that the effective wavelength of the SPP mode trav-
. eling through in the microstructured area is very close o

My
o[ T~ T T T T T

0.2

C. Influence of the incident wavelength

-

. P350nm By changing the period of the micrograting, we have

Interference contrast

° ; found that the maximum reflection efficiency of the mirror is
S obtained forP/\y equal to 0.5. To further confirm this result,

P=500nm * we have performed the PSTM imaging of a micrograting

ol v vy with a fixed period of 400 nm by using incident wavelengths
0.45 0.5 0.55 0.6 0.85 distributed over the whole tunability range of our titanium-

P/A, sapphire lasef750—830 nn In this case, the mirror consists
of ten slits engraved at a distance of 2B from the input of
FIG. 6. Average contrast of the standing wave pattern versus ththe 2.5um wide SPW. A typical PSTM image of this mirror
ratio of the period of the gratingP) to incident wavelength in  obtained withAy=800 nm is shown in Fig. (8). As ex-
vacuum (\o). The experimental points distributed aroui\, pected, a well pronounced standing wave pattern is visible
=0.5 are obtained with a micrograting peri®dof 400 nm. on the near-field image. A cross cut of this image taken along
the axisx=0 is shown in Fig. @) (solid line). Unlike the
=800 nm ifP=400 nm. In order to investigate more in detail standing wave pattern resulting from the interference of two
the efficiency of the mirror when the rati®/\ is close to  contrapropagating SPP[see Eq.(1)], we observe that the
0.5, the micrograting with a perio=400 nm has been im- amplitude of the oscillations decreases dramatically when the
aged at six different wavelengths while only two have beerpbservation point approaches the mirror. In fact, according to
used forP=350 nm and®=500 nm. The average contrast of Eq. (2), such a damping occurs when an incident SPP inter-
the standing wave-pattern obtained for the different periodferes with a radiative wave. However, we have shown in Sec.
wavelength combinations is plotted as a function of the ratidll that the standing wave pattern in the PSTM images of the
P/\o in Fig. 6. The curve displayed in Fig. 6 shows that themicrogratings arises from surface-wave interferences. Fur-
contrast reaches a maximum when the incident wavelengtthermore, unlike what is expected when a SPP interferes with

e
o

4
Normalized intensity

FIG. 7. (8 PSTM image of a
ten slit micrograting P=400 nm.
The mirror is engraved at a dis-
tance of 2m of the SPW input.
The incident wavelength is\g
=800 nm.(b) (solid) longitudinal
cross cut of the PSTM image,
(dasheglamplitude of the standing
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constant. The reported frequency range corresponds to wavelengths
FIG. 8. Spectroscopic behavior of the standing wave patternn vacuum varying from 760 to 830 nm. SBashegt Computed
contrast corresponding to the PSTM images of the microstructuredispersion curve of a surface plasmon excited at a gold/air interface.
SPW shown in Fig. 7. Dots are experimental values, the dashed linghe dielectric function of gold used for the calculation of the dis-
is a fit of the experimental data. persion curve has been measured by ellipsometry.(dAshed-
dotted: Light line in air.
a radiative wave, the amplitude of the oscillations in Fig.

7(b) is not damped monotonically with the propagation dis-yice the period of the micrograting. This result suggests

tance. Indeed, it is found to be rather constantferSum 00 again that the phase constant of the field traveling

[see dashed line in Fig.()]. From these observations, we hrouah the microstructured area is very closécto 27/ \
deduce that the damping of the standing wave pattern ampllt- g y go2m/No.

tude is not due to the interference of a SPP and a radiative
wave but on the other hand, such a damping is not expected
for two contrapropagating SPP’s. To overcome this apparent
contradiction, it is worth noticing that in our case we are not  The integration of micromirrors in SPW may have interest

considering SPP excited on an extended thin film but thdor SPP routing purposes for example, but beyond these
hybrid SPW modes. The damping could then be related t@ractical applications micromirrors can also be used to char-
the intrinsic properties of these modes, i.e., the backacterize the fundamental physical properties of metal strip
reflected hybrid SPW mode has to propagate over a minimaPP. The general form of the electric field of a SPW mode
“threshold” distance in order to arise as the result of thepropagating along thg axis can be written as

reflection, produced by each slit of the mirror, of each SPP
component involved in the incident hybrid SPW. In the ab-

E(x,Y,2) = Eg(x,2)exp(- a +iB)y, (6)
sence of a reliable modeling of these modes, this hypothesis , .
is difficult to verify. However, it is consistent with the fact Where and § denote, respectively, the attenuation and the

that, at the input of the SPW, such a spatial transient is necf—)tr;ﬁz,?ufg dnsst?,%,gf;ngwsmz rTwZZsZ?grwelr:?%?etfleosfeﬂ;\?v(;ncl:%rr?-_
essary to operate the transition from the incident extended ; .
thin film SPP and the SPW modsee Fig. 2 Note also that Stants simultaneously. Indeed by averaging up to 60 columns

the damping of the standing wave pattern is less pronounceg a 512x512 pixels PSTM SPW imagfsee, for example,

. . : ig. (@], a mean longitudinal optical profile can be ob-
when the mirror is engraved at a smaller distance from th?ained From such a profile, one can measure the pefiafd
SPW input[see, for example, Fig.(@)] indicating that the the sténding wave pattern :';md theeldamping distancé

field distribution of the incident SPW mode at the location ofOf the backaround intensity and then compute the atter?thation
the mirror influences the back-reflection process. 9 Y P

Although not fully understood, the damping of the stand-?ric;(ztt1 € g:gze— C/OdnStantS according to the relatians
ing wave pattern oscillations is not an obstacle to the spec- s P . . .
The reflection efficiency of the micromirror is large

troscopic study of the mirror efficiency on the basis of the . .
P y Y enough over the tunability range of our laser to provide a

PSTM images. Indeed, one can see on Fi@) That the i .

contrast of the oscillations is rather constant for observatio ell-defined standing wave pattern that allows an accurate

points located at a distance large enough from the mirrofni€asurement of the perlmhgnd thus the computation of the

Thus, by averaging this contrast over the five first micromephase constar?f@. The experlmenr:al dlsperslon cur:vel_o; tf|1_e

ters(y<<5um) of each optical profile recorded with different SF;W rcr;(i)de 9 a/se c%n;':ané_ls shown in Fig. 2 The Itg td'r('je

incident wavelength, we obtain the curve plotted in Fig. 8. efined byp=w/c and the dispersion curve of an extended
gold/air interface surface plasmon are also displayed on this

The fitting of the experimental data exhibits a parabolicﬁ ure. The bhase constant of the surface plasmon has been
shape with a maximum corresponding to an incident wave: Ju€: P P relatiops
SP

length in vacuum ofA;=800 nm. Thus, in agreement with computed\/wme well-known
the previous experiment, we find that the maximum reflec=Re((w/c)\ &(w) /[e(w)+1]) where Re ande(w) denote,

tion efficiency is obtained for the wavelengily equal to  respectively, the real part and the complex dielectric function

V. DISPERSION CURVE OF THE SPW MODE
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of gold 2 The values ot(w) used for the computation s,  EBM is taken equal to the dimension of the corresponding
are experimental values measured by ellipsometry. Over thetructures in the microgratings. For example, for a micrograt-
frequency range considered, the complex refractive index ofng with a periodP=400 nm, the thickness of materiak)
gold has been found to be given =0.32+(8.66x\, and(B) are, respectively, 150 nwidth of the slity and 250
-2.09, where), is the incident wavelength in vacuum ex- nm (interslit distancg The EBM is fully characterized if the
pressed in micrometer. It can be seen in Fig. 9 that, at a givefptical .refractive indexes _of each _n_’naterial are specifiedl.
frequency, the phase constant of the SPW mode is signifil Ne€se indexes are determined empirically using the experi-
cantly larger compared to the one of a SPP launched on dRental results discussed previously. . o
extended thin film. Note that, in spite of the absence of cross- We have shown in Sec. Il that the reflection efficiency of
ing between the two dispersion curves, an efficient couplin he microgratings saturates for a_rather small number of slits.
between the two kinds of surface plasmon is obsefvgdch ~ Indeed, the contrast of the standing wave pattern changes by
an efficiency must be related to an overlap of the two kind°nly 15% when switching from a mirror withs=5 to Ns
of surface plasmon resonance due to their respective line=10 [see Fig. 4h)]. This result arises from the dramatic
widths. damping of the incident SPP as it propagates through the

The group velocity, defined by,=dw/dk, is commonly m@crostruqtured area of the metal stri_p. In order to sim_ulate
interpreted as the average velocity of a pufsélowever, this damping in the EBM model, the air gaps engraved in the
both the shape and the amplitude of a pulse can be affecte?P’W are modeled by an absorbing matefiabterial (A)]
by the propagation into a dissipative and/or dispersive mewith a complex refractive inderRa=na+ix, . Unlike the air
dium such that the concept of group velocity may lose itsgaps, the metal strip pieces located between two successive
physical significance in this situatidf.Nevertheless, even slits can support a SPP mode and then are represented by a
for a dispersive medium, the group velocity remains physi+eal refractive index material in the EBM model. By chang-
cally meaningful if the duration of the pulse is sufficiently ing both the period of the micro-grating and/or the incident
long such that its spectrum has a significant amplitude onlyrequency, we have found that the maximum reflection effi-
over a very narrow range of frequency. Thus, at a giverciency of the mirror is obtained for an incident wavelength in
frequency, the local slope of the dispersion curve of a surfaceacuum equal to two times the period of the grating. As
plasmon can still be interpreted as a pulse velocity for longnentioned before, this suggests that the phase constant of the
enough excitations. With this restriction in mind, we canSPP field traveling through the mirror is very closektoAs
measure the average velocity of a pulse propagating alongaconsequence, for the EBM model, the real part of refractive
metal strip directly from the experimental dispersion curveindex of both material§A) and (B) should be chosen very
shown in Fig. 9. For example, at a frequency correspondinglose to 1.0. Materia{B) simulates a medium supporting a
to a wavelength of 800 nm in vacuum, we found a groupSPP. A SPP being an evanescent wave, its phase copstant
velocity of vy=2.9x 1Pms™. For this range of frequency, larger thank, leading to an effective indemey=3/k, larger
the group velocity of a plasmon polariton excited at the surthan 1.0 for the medium supporting the SP. In order to satisfy
face of an extended thin gold film is also very close to thethe two aforementioned conditions, we chose an optical re-
speed of light. It is then worth to notice that surprisingly, fractive index for materia(B) equal tong=1.01. Since ma-
unlike what has been found for the damping distafiae  terial (A) models the air gaps in the SPW, is taken equal
finite width of the metal strigonly three times the incident to 1.0. In order to estimate the extinction coefficientAj,
wavelength does not significantly influence the group veloc- the EBM reflectivity has been computed as a function of the
ity of the SPW mode. number of layers\s of material(A) for a several values of
ka. The curve plotted in Fig. 18) has been obtained with
kp=0.3. We found that, in qualitative agreement with the
experimental curve of Fig.(®, the reflectivity of the EBM

A standard Bragg mirror is a stack of layers made ofsaturates al;=10. The curve displayed in Fig. {if) shows
materials with different optical refractive index. For the SPPthe reflectivity of the EBM(Ns=10) computed for frequen-
modes propagating along a metal strip, the micrograting cresies corresponding to the tunability range of our laser. As
ates a periodic refractive index contrast such that, to somexpected, the maximum reflectivity is obtained for a wave-
extent, a micrograting can be viewed as a SPP Bragg mirrolength(\y=803nm) almost equal to double the period of the
The goal of this last section is to determine empirically theEBM. The EBM reflectivity curve exhibits a parabolic shape
structural parameters of an equivalent one-dimensionalhich is one more time in qualitative agreement with the
Bragg mirror(EBM) which models qualitatively the optical experimental resultgFig. 8). The calculation of the EBM
properties of the microgratings engraved in a SPW. reflectivity has been performed with a refractive index of the

The EBM is supposed to be illuminated in normal inci- input and output medium equal to 1.07 which is the effective
dence by a radiative wave with a wavevector equal to théndex corresponding to the SPW mode as computed using
phase constant of the SPW mode. This phase constant ke experimental dispersion curve shown in Fig. 9. It is then
known from the experimental dispersion curve discussed imvorth to notice that, in order to obtain a qualitative agree-
the previous section. The EBM is made of two materi{@dly = ment with the experimental results, the SPP traveling inside
and (B) modeling, respectively, the air gap of the slits andthe microstructured area is modeled with an effective index
the pieces of the metal strip located in between two succesng=1.01) different from the effective index of the SPW
sive slits[Fig. 10@)]. The thickness of each layer in the mode propagating along the homogenegnsnstructurey

VI. ANALOGY WITH A BRAGG MIRROR
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FIG. 10. (a) Scheme of equivalent Bragg mirrdeBM) for modeling the optical properties of the SPP mirrors integrated into SPW. The
EBM is made of two materialéA) and(B) modeling, respectively, the air gaps and the metallic parts of the micrograting. Makeriahs
been taken as an absorbing material in order to simulate the scattering losses of the incident SPW mode on the slits of the mitmograting.
Saturation of the EBM reflectivity for an increasing number of laydysThe period of the EBM is 400 nm, the thickness of lay@$ and
(B) are, respectively, 150 and 250 nm and the incident wavelength is 800 nm in vacuum. The indexes of the input and out media are equal
to the effective index of the SPW mod#.07). The indexes of materiglA) and(B) are, respectively1.0+i0.3) and 1.01(c) Evolution of
the EBM reflectivity with the incident wavelength. For this computation the EBM period is 400 niigntD. (d) Reflectivity of the EBM
as a function of the perio& (Ng=10).

SPW although in both cases we consider SPP at a gold/air VIl. CONCLUSION
interface. A possible explanation for such a difference could
be that, in analogy with localized surface plasmon of metal- In summary, we have analyzed in detail the integration of
lic nanoparticles, the geometry of the system supporting thenicromirrors into surface plasmon waveguides. A PSTM has
SPP plays a key role. For the homogeneous SPW, the SHieen used to map the near-field optical intensity distribution
mode propagates along a metal strip with a length muclof a SPP propagating along metal strips with a width of
larger that its width. On the contrary, inside the microstruc-2.5 um where finite length gratings of slits have been en-
tured area, the SPP is supported by pieces of the metal striggaved by FIB milling. The PSTM images of the micrograt-
with a dimension along the propagation direction muchings show a well pronounced standing wave pattern. This
smaller than the SPW width. standing wave pattern has been found to arise from the in-
With the aim of checking the reliability of our empirical terference of two contrapropagating SPP since the contrast of
model, we consider finally the influence of the peridcbn  the interference fringes does not depend upon the distance
the reflectivity of the EBM. Similarly to the experimental between the observation plane and the surface of the sample.
situation, we have simulated three different periods By considering microgratings with an increasing number
=350 nm,P=400 nm, and®=500 nm, by taking the interslit of periods, we have shown that the reflection efficiency of
distance, respectively, equal to 200, 250, and 350 nm. Ththe mirrors saturates for a rather low number of about ten
reflectivity of the EBM computed for the wavelengths con- slits. This saturation is due to the dramatic damping of the
sidered experimentally for each period is plotted as a funcincident SPW mode as it propagates through the micrograt-
tion of the ratioP/\ in Fig. 1Qd). Although small differ- ing. Using three different periods, we have found that the
ences with the experimental cur(€ig. 6) can be observed, optimum mirrors efficiency is obtained for an incident wave-
we found that, qualitatively, the EBM models accurately thelength in vacuum equal to twice the period of the grating.
influence of the period on the SPP back-reflection efficiencyrhis result has been confirmed by the spectroscopic study of
of the microgratings. the reflection efficiency performed over the whole tunability
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range of our lasef753—830 nmfor a mirror with a period of  rors studied in this paper might have specific properties such

400 nm. as the influence of the microgratings geometry on the effec-
An accurate measurement of the standing wave pattertive index of SPP propagating through the zone where the

period has been used to obtain the experimental dispersiaslits are engraved.

curve of the SPW mode phase constant. On the basis of this

dispersion curve, we have found that, in the nearinfrared, the

effective index of the SPW mode we consider is abat ACKNOWLEDGMENTS
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