PHYSICAL REVIEW E, VOLUME 64, 066607
Addressing and imaging high optical index dielectric ridges in the optical near field
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Experimental observation of light coupling between Ji@tegrated waveguides of subwavelength cross
section and pure three-dimensional evanescent light fields is reported. This near-field optical phenomenon is
produced by controlling the location of the focusing of a laser beam totally reflected at the surface of the
sample. The phenomenon is observed in direct space with a photon scanning tunneling microscope. Dielectric
ridges several tens of micrometers long have been efficiently excited with this technique. Upon excitation, the
extremities of the linear dielectric wires display intense light spots localized both inside and around the ridge.
For ridge lengths up to 3g.m, the observed phenomenon has been reproduced numerically with a parallel
implementation based on the three-dimensional Green dyadic method.
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[. INTRODUCTION when there is no structure deposited on the surface of the

said substrate. Recently, the pertinence of this coupling mode

In modern optical communication technologies, transferwas checked in various configurations by extensive numeri-
ring optical signals is often achieved by an optical wave-cal simulations based on the Green dyadic technjguiethe

guide connectiof1]. When integrated in planar geometry, reduction of the transverse section of a waveguide has to be

SUCh devices can guide Optical energy Wlth IOW |Osses Ovebalanced by increasing the contrast of the dielectric functions

several hundreds of micrometers. But when the cross sectid?etween the constitutive material and the surrounding media,
o of the microfabricated waveguide is scaled down and’@amely, the air and the glass substrate in our ¢apeActu-

reaches the diffraction limit\~ /o, where\ is the incident ally, a dielectric function of about 5.0 allows us to achieve

wavelength its coupling with a standard excitation source is OUr PUrpose.
drastically hindered by two specific difficulties.

(i) Efficient coupling of light in such an optical wave- II. MICROEABRICATION OF SUBWAVELENGTH
guide requires perfealignmentof the wave vector of the OPTICAL WAVEGUIDES
incoming wave with the longitudinal axis of the guide.

(i) Near the diffraction limit, the drastic decrease of The sample used in this work was obtained by standard
available electromagnetic eigenmodes of the waveguidelectron-beam lithography and reactive ion etching tech-
makes the use of standard optical couplers difficult. Direchiques(see Fig. 1 First, a 150 nm thick Ti@ layer was
focusing, prisms, and grating couplers are commonly usedoated on a glass substrdtesidual roughness 1 nrby ion
techniques. However, in the visible range, such couplers carassisted deposition. This deposition technique enables one to
not be easily applied to structures with submicrometer transebtain a TiQ layer with a residual roughness of 3 nm, which
verse sections. was found to be sufficient for significant optical measure-

The present work explores different routes to overcomaments. In the second step, electron-beam patterning was per-
the difficulties arising from these two restrictive items. Solu-formed by a JEOL 5D2U vector scan generator operating at
tions are proposed to achieve the efficient optical addressing0 keV energy on a single layer of polymethylmethacrylate
of integrated waveguides featuritig transverse sizes rang- (PMMA) resist (95 10° molecular weight and 150 nm
ing in the subwavelength domain(down to o  thicknes$. The e-beam current used in this work is 1 nA,
=150%x200 nnt); (b) modes confined laterally within a which permits us to have a beam spot size of 30 nm. After
width of about half of the incident wavelength. The basicdevelopment of the PMMA film, a nickel coating is evapo-
idea consists in the use of pure three-dimensional opticaiated onto the surface and lifted off by dissolution of the
evanescent fields instead of the usual propagating las&MMA. Reactive ion etching is then performed in a Nextral
beams. Such a state of the incident field can be produced BYE110 system equipped with parallel plate electrodes and a
a three-dimensiona(3D) Gaussian beam incident on the silicon cathode. The etching process uses a
transparent substrate in such a way that it is totally reflecte&FR;(0.5)/CHF;(0.5) equal flow rate gas mixture at a pres-
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FIG. 1. Schematic description of the TiQvaveguide fabrica-
tion process.

FIG. 2. Scanning electron microscopy picture of a Ji@ave-

) guide after the deposition of a thin gold lay@0 nm thick. The top
sure of 10 mT and a rf power of 20 W, which produces ajmage(a) shows the whole waveguide (40m long, 200 nm wide,
self-induced bias voltage of-190 V. The etching rate is and 150 nm highand the bottom onéb) presents a magnification
typically 50 nm/min and the reactive ion etching parametersf the waveguide extremity inside the rectangle overlying image
are optimized for steeper sidewalls. Finally, the remaining Nia).
mask is removed in nitrite acid solutidnot shown in Fig.

1). The_resulting sample consists of a planar glass sur_facg,res integrated in coplanar geomefy8—20. Specifically,
supporting a large number of subwavelength opticakhe PSTM turned out to be well suited to map the propaga-
waveguides(SOW's) that all display the same geometrical tion of light at the submicrometer scdl&2].

parameters (4@m long, 200 nm wide, and 150 nm high For our purpose, the specific feature of the PSTM setup is
Figure 2 presents a scanning electron microscope picture oftfe incident field: instead of the usual extended plane wave,
TiO, waveguide after etching and deposition of a thin goldwe used a focused Gaussian beam which is totally reflected
layer (10 nm to avoid charge effects. The whole dielectric at the substrate interface. Some years ago a similar configu-
ridge is shown in Fig. @) and a magnification of its extrem- ration was introduced by Dawseet al. to trigger localized

ity is displayed in Fig. &). The roughness revealed by this propagations of plasmon polaritoi§,21]. In the present
picture originates from the metal deposition. The spacing work, this local illumination is produced by a He-Ne laser
(=20 um) between each SOW was chosen sufficiently larggwavelength in vacuum 633 nninjected in a lensed single

to prevent any coupling between them. mode fiber. The extremity of the fiber is oriented in such a
way that the beam can be focused at the interface between
IIl. NEAR-EIELD OPTICAL ADDRESSING the dielectric ridge and the glass substrate. We considered
OF A SINGLE SOW only the case of a transverse magnéfit/) polarized inci-

This sample was then mounted on the prism of a photon

scanning tunneling microscogBSTM) [4] (see Fig. 3. In a PSTM tip

PSTM, a pointed tip is piezoelectrically driven to scan close Z\/_Ohservationplane_ ... _______.
to the sample surface so as to act as a local probe of the .---Waveguide
optical field in the near-field zojé—10Q]]. The sharply elon- s

gated tips were obtained by pulling an optical fiber which 5
was subsequently coated with 7 nm of @o resulting ap- \\\\@ ,
erture. The PSTM was scanning at constant height. In this X

mode of operation, the signal detected by a PSTM is well
known to be related to the spatial distribution of the intensity

of the optical electric field in the near-field zoné() FIG. 3. Geometry of the device. An isolated SOW lying on the
[11,12. This configuration of a scanning near-field optical surface of a glass substratiielectric functione,) is illuminated by
microscope has proved to be an efficient technique to chag Gaussian beam reflected at the interface between the substrate and
acterize, in direct space and with subwavelength resolutiorthe upper mediuntair). The near-field optical detection is achieved
the optical properties of waveguidés3—17 or nanostruc- by scanning with the tip of a PSTM.
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FIG. 4. Assembling of five 5umx5 um PSTM images re-
corded above the last quarter of the SOW. The left image, where a
spot shows up, was recorded above the “exit” end of the SOW.

dent beam where the effect is expected to be more pro-
nounced 2].

The Gaussian beam is now focused at the right extremity
of the SOW in such a way that the components of the inci-
dent wave vector parallel to the surface of the substrate are
aligned along the longitudinal axis of the SOW. The tip is
scanned at a constant height above the sample surface while
monitoring the light intensity level. Successive images were
recorded while approaching the tip closer and closer to the
surface of the sample. FIG. 5. Schematic description of the model used in our simula-

In order to improve the visualization of the light localiza- tions. (a) The reference system for which the solution is knovin);
tion phenomenon inside the SOW, one has to get rid of thehe final system for which the solution is to be determined.
problem of parallelism between the tip trajectory and the
surface of the substrate. This is possible by obtaining five Ey f\/a(w/C) cosh

row)=

successive PSTM images of siz&5 um? recorded above @

the last quarter of the SOW by keeping the distance between
the tip and the top of the SOW between 10 and 50 nm. The Jer(w?c?) cos—a?
corresponding results are gathered in Fig. 4. In order to j

clearly visualize the lower intensities detected over the ridge,

—Je1(wlc)cosd

- sl(w2/02)00520 a?

the scale of the left image was truncated to match the inten- X dBZ(T) exp[—wﬁ(a2+ B?)14]

sity range of the other four images. This left image details

the precise shape of the light spot that tails off the excited X explik(x—Xo) +iky(y —yo) +ik{(z—20)],
SOW. It is intense and well localized with an effective area (1

of about 0.4um?. In spite of the subwavelength transverse

size of the SOW, the mode remains well confined inside thQ\/here é(o,yo,zo) represents the position of the focal point in
structure. The full width at half maximum of the spatial dis- the initial, unrotated system of coordinatesy(,z). As usual,
tribution of the intensity of the mode along the transvegge  k(*) is defined bykf)(a,ﬁ)=(w2/cz—k§—k§)1/2. The tan-
d|rec_t|on is fo_und to t_)e around 300 nm. Aclear |dent|f|cat|ongemia| components OZ(T) obey the following equation:

of this mode is possible only by using a PSTM.

T
( ) glr‘lCX
0 = ) (2)
IV. MODELING THE LIGHT TRANSFER PROCESS gy dincy
A. The zeroth order solution Eo(r, (Jl)) whereA is a (2>< 2) matrix given by
A proper simulation of the experimental observations re-
ported in the previous section needs to describe the physical (71— 7,)COS 8+ 7, (7= 7.)COSSINS
interaction between the optical eigenmodes supported by the (7j—7,)c0s8siNS (7~ 7, )SiPo+ 7, 3)

TiO, ridge and theevanescent light spoffo achieve this

purpose, we consider the geo'metry depipted in .Fig. 5'_ Firsih which 7, and 7, represent the Fresnel coefficients of the
we start from the known solutions associated with a simpl§ ;e surface. and labels the angle between tRaxis of the

planar optical junction excited beyond the critical angle for_. . S
total reflection by a focused laser bedsee Fig. £a)]. The [xed system of coordinates and the direction kpfe., )

spatial distribution of thisevanescent light spatan be de- = Kx(a,8)X+ky(a,B)y. Finally, the third componenf.” is
scribed from previous modelin@2,23,4. At a given vector ~merely déedéuced from the tangential components by using the
pointr=(x,y,z) above the reference surface we can write relationV-{("=0
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B. Self-consistent field inside the ridge guide

To properly describe the complex optical coupling be- ‘é |
tween the microfabricated SOW and the focused evanescer,. § 1
field Eo(r,w), we first discretize the entire volume of the 3 2 g o

SOW into small elementary cells of volumg. At each Qz% o.
position R; of the discretization grid, the local field is then %
computed from the relation >
FIG. 6. Three-dimensional view of the electric near-field inten-

E(R ,w)zz K(R{ R ,»)-Eo(R;,w), (4) sity computed 50 nm over a 30/m long homogeneous SOW
] ! J locally excited by a Gaussian beam.

whereC labels the generalized field propagator of the entir
system (waveguide plus bare surfgcg24]. Within the
{Ri;R;} representation, it is given by

%ngth in vacuum\x =2xc/w=633 nm and a beam waist
Wo=2\. In this example, the intensity is normalized with
respect to the intensity of the incident field lying under the
. — s 4 . ) ) surface. Revealing the excitation of a guided mode inside the

KRRy @)=, +0;8R Rj,0)-x(Ry,@), () SOW, an electric field intensity of the same order of magni-
where y represents the electric susceptibility of the guide’stude as the reference intensity can be observed around the
material ands is the field susceptibility of the entire system. complete dielectric structure. As expected intuitively, the ef-
This last quantity is usually computed by solving Dyson'sficiency of this coupling is optimized when the Gaussian
equation:

a)
S(Ri\Rj,®)=S(Ri R ,w>+§ vk
><SO(RI ,Rk,(l))'X(Rk,(l))'S(Rk,Rj ,(1)),
©®
in which the dyadic tensdg, describes the electric response %0'2
of the bare surfacg25]. Analytical expressions for this ten- % .. 5 oter)
sor can be found in the literaturesee, for example, Ref. °<‘° ¥ (micro™

[25]). Moreover, efficient numerical evaluation methods of v

these tensors can be found in Rdf26,27. Note that the
implicit character of this last equation ensures the self- b)
consistency of the solution and thereby the self-consistency

of the field calculation inside the dielectric ridge.

C. Numerical simulation of the electric field maps

The local detection of the optical signal relies on the use
of nanometer-sized probes. As already mentioned above %.-2
pointed dielectric detectors usually detect the square modu «002
lus of the optical near field generated by the object under %6 N <0
study. The continuous description of this field vector can be %,
derived from a revised version of the Huygens-Fresnel prin-
ciple in which the elementary sources must be excited by the c)
self-consistent fieldE(R;,w) instead of the incident field:

int
o
o
3]

norm
o
o
o
B

E(r,0)=Eq(r,0)+ X, v;S(r,R;,®)-x(Ri,0) E(R; ,®).
7
&

In the numerical work to be discussed in this section, the %, -

SOW has the same section as that of the sample studie 0‘\00

above but, in order to keep a reasonable calculation time, it %: R 2

length was reduced to 3@m. The modeling assumed a per- %, ¥

fect rod of TiO, (optical index 2.3 supported by a half space

filled with glass(optical index 1.45 FIG. 7. Sequence of three images showing the evolution of the
In Fig. 6, the SOW is locally illuminated by a monochro- field at the SOW exit when the observation distance is incredaed.

matic 3D beam whose angular frequencydefines a wave- Z,,=200 nm,(b) Z,,=500 nm, andc) Z,,=800 nm.

N
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' due to the interferences of the incoming light with the light
. reflected back at the end of the SOW. The topography of the
sample, as recorded by an atomic force microscOpm

~ shown for the sake of brevityreveals a significant rough-

/ 3 ness &15 nm) at the surface of the TjQuires. The result-

10 ing random scattering probably produces the observed
—\/ fuzzier standing wave pattern.

a)

normalized int.

Aol V. CONCLUSION

The experiments described in this paper clearly demon-
strate that dielectric ridges, featuring both transverse sizes in
the subwavelength range, can guide light at visible frequen-
cies. The guiding process relies on the lowest frequency
mode sustained by the device. On the basis of the Goos-
0 , Hanschen effect, such a mode can be excited locally at the
-20 15 -10 “entry” end of the SOW by focusing a totally reflected

x (micrometer) Gaussian beam. We have thus shown that this nonstandard

FIG. 8. Variation of the optical electric near-field intensity along COUPliNg technique is efficient to excite narrow waveguides

the longitudinal axis of the SOWa) The calculation was made at N coplanar geometry. In agreement with theoretical predic-
200 nm from the surfacep) same aga) but for 500 nm. tions, PSTM images have revealed, in direct space, the exci-

tation of the SOW lowest mode over several tens of mi-
beam is aligned with the axis of the waveguide. We carfrometers. This mode is confined laterally within a width of
interpret this phenomenon as a consequence of the Googbout half of the incident wavelength. Finally, the well-
Hanschen shift that usually occurs in this configuration.  localized light spots observed at the SOW “exit” could be

We notice a striking analogy between Fig. 7 and the exlsed to address optically nanoscopic objects deposited on a
perimental map given in Fig. 4. In this case, the field inten-surface. In particular, among the various applications of the
sity is calculated, over the end of the wire, for different ob-Phenomenon demonstrated above, the optical addressing of a
servation distances. Increase of the calculation heigh$ingle molecule in planar geometry can complete the local
partially restores the proportions of the detected intensity aprobe based methods described in the litera®8 Further
the end of the SOW even if the exit spot appears much mor@evelopment of this Concept could lead to the realization of
extended than in the experiments. This tendency shows th&tbwavelength optical devices that could be integrated in
some of the electric field components at the output are radid?lanar geometry.
tive. Of course, this calculation configuration does not match
the conditions of the experiments where the probe is scanned
only several tenths of nanometers above the structure. Nev-
ertheless, considering a higher calculation plane is a way to This work was funded by the Regional Council of Bur-
include effects arising from the finite size of the detector. gundy and by the French Ministry for Education and Re-

Finally, it may be seen that a cross cut along the longitusearch through the program “Nanostructures et Fonction-
dinal (x) axis of the SOW in the calculated image exhibits analites.” In addition, we have benefited from the computing
standing wave pattern which does not show up so sharply ifecilities provided by the massively parallel center CALMIP
the experiment. This standing wave pattéee Fig. 8arises  of Toulouse.
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