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Addressing and imaging microring resonators with optical evanescent light

R. Quidant
ICFO-Institut de Cie`ncies Foto`niques, Jordi Girona 29, Nexus II, 08034 Barcelona, Spain

and LPUB, UMR-CNRS 5027, 9 Avenue A. Savary, F-21078 Dijon, France

J.-C. Weeber and A. Dereux
LPUB, UMR-CNRS 5027, 9 Avenue A. Savary, F-21078 Dijon, France
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We show thatoptical evanescent lightcan be used to simultaneously address and image microring resona-
tors. The optical addressing function is based on control of the overlap between a three-dimensional evanescent
light spot and a linear dielectric ridge connected to the resonator. When detected with a Photon Scanning
Tunnelling Microscope~PSTM!, the evanescent light tailing off the device provides precise optical images of
the light distribution inside and around the resonator. The complete phenomenon has been calculated numeri-
cally using the three-dimensional Green Dyadic Method.
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Current theoretical and experimental work on integra
optics devices aims to solve the problem of light guiding a
addressing microring resonators or cylindrical optic
microcavities.1–6 In addition to their fundamental interest fo
studies of cavity QED,7,8 microstructures can be integrate
on a single wafer and therefore display high-speed com
nications functions such as add-drop wavelength switch
and high-order, dense-wavelength filtering.2,4,5 These struc-
tures exhibit high resonance quality factors, well-suited
low-threshold microlaser technology.9 In these examples, th
guiding light process is supported by localized electrom
netic modes that have been tailored by an ensemble of s
conductor or dielectric guiding structures, lithographica
designed at the surface of a sample. In order to inject
light energy inside a bus waveguide, these modes are us
excited by a propagating light beam focused into one end
the guide.10

Recent experimental work, building on developments
near-field optics instrumentation, investigates an alterna
proposal of remote optical addressing based on the contr
optical evanescent waves in coplanar geometry.11 A new
class of subwavelength optical experiments, applying eit
the optical tunnel effect~OTE! or lower mode based trans
mission~LMBT !,12 shows promise in the control light trans
fer through bent or segmented structures integrated in co
nar geometry.

In this Communication, a similar but complementary a
proach investigates addressing microring resonators fea
ing: ~a! transverse sizes ranging in the subwavelength
main ~down to s.1503250 nm2) and ~b! optical modes
confined laterally within a width of about half of the incide
wavelength. To handle the difficulty of coupling such tin
structures, the key idea is to use evanescent optical fi
instead of conventional propagating laser beams. Such a
0163-1829/2004/69~8!/081402~4!/$22.50 69 0814
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of the incident field can be produced by focused Gauss
beams incident on the transparent substrate in such a
that they are totally reflected in the absence of any struc
deposited on the substrate surface. Recently, the usefu
of this coupling mode was studied in various configuratio
by extensive numerical simulations based on the Green
adic technique,11 and then confirmed by severa
experiments.12 Here, this technique addresses (l0
5633 nm), a bus waveguide connected to a microring c
ity. After launching light inside the bus, we measure the o
tical electric field distribution established inside the dev
by frustrating the electric near-field that tails off the upp
sides of the TiO2 structures. This last step is achieved
raster scanning the tip of a Photon Scanning Tunneling
croscope~PSTM!.13–15With an unprecedented imaging qua
ity, the PSTM data reveal many details related to the str
ture of the light field inside the whole device~energy losses,
light intensity distribution around the connection area, effe
tive wavelength of the excited mode, etc.!. Finally, a com-
parison between experiment and numerical simulation for
ideal microring resonator, reveals the role of surface imp
fections in the building of the standing wave pattern ins
the cavity.

The sample used in this work was fabricated by stand
electron beam lithography and reactive ion etching. Firs
150 nm thick TiO2 layer was coated on a glass substra
~residual roughness 1 nm! by ion assisted deposition. Thi
deposition technique produces a TiO2 layer with a residual
roughness of 3 nm, sufficiently smooth for carrying out t
optical measurements. In a second step, the electron b
patterning was performed by a JEOL 840-A operating at
keV energy on a single layer of polymethylmethacryla
~PMMA! resist~950 K molecular weight and 150 nm thick
ness!. After development of the PMMA film, a nickel coatin
©2004 The American Physical Society02-1
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is evaporated onto the surface and the part in contact with
PMMA is lifted off by dissolution of the PMMA. The reac
tive ion etching is then performed in a GIR 300 Alcatel sy
tem. The etching process uses a SF6 ~5/6!/Ar~1/6! equal flow
rate gas mixture at a pressure of 0.015 mbar and a rf po
of 40 W. The etching rate is typically 50 nm/min and th
reactive ion etching parameters are optimized for steep s
walls. Finally, the remaining Ni mask is removed in nitr
acid solution. The resulting sample consists of a planar g
surface supporting a large number of microring resona
that all display the same geometrical parameters (6mm in
diameter, 250 nm wide, and 150 nm high!. Figure 1 presents
a SEM picture of a typical microring resonator. The sam
was then mounted on the prism of a PSTM.13–15 In these
near-field microscopes, a pointed tip is piezoelectrica
driven to scan close to the sample surface so as to act
local probe of the optical field in the near-field zone. T
sharply elongated tips are obtained by pulling an optical
ber, subsequently coated with about 7 nm of Cr, resulting
no aperture at its very extremity. The PSTM tip scans
constant height. In this mode of operation, the signal
tected by a PSTM is well-known to be related to the spa
distribution of the intensity of the optical electric field in th
near-field zone (I nf).

16 This configuration of scanning nea
field optical microscope has proved to be an efficient te
nique to characterize, in direct space and with subwavelen
resolution, the optical properties of waveguides10,17–19 or
nanostructures integrated in coplanar geometry.20 Specifi-
cally, the PSTM has turned out to be well-suited to map
propagation of light at the submicrometer scale.21,22

For our purpose, the specific feature of the PSTM setu
the incident field. Instead of the usual extended plane wa
we used a focused Gaussian beam which is totally refle
at the substrate interface. Some years ago a similar con
ration was introduced by Dawson to trigger localized pro
gations of plasmon-polaritons at the surface of thin meta

FIG. 1. Scanning electron microscopy picture of a TiO2 micro-
ring coupled with a linear waveguide ridge.
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layers.23 In the present work, this local illumination is pro
duced by a He–Ne laser~633 nm! injected in a lensed single
mode fiber. The extremity of the fiber is oriented in such
way that the beam can be focused at the interface betw
the dielectric ridge and the glass substrate. We only con
ered the case of a transverse magnetic~TM! polarized inci-
dent beam where the coupling effect is expected to be m
pronounced.

Figure 2 shows that the Gaussian beam is focused at
right extremity of the straight guide in such a way that t
components of the incident wave vector parallel to the s
face of the substrate align along the longitudinal axis of
guide. The tip is scanned at a constant height above
sample surface while monitoring the light intensity leve
Successive images were recorded while moving the
closer and closer to the surface of the sample. The last
age, recorded at about 50 nm from the top surface of
lithographically designed structure, is presented in Fig.
This is the first image showing really what happens to lig
inside a microring resonator. A clear identification of wor
ing modes of such systems is only possible by using a n
field optical microscope because evanescent component
ing at the surface of the guiding structures cannot propag
and must be converted by the tip into propagating light
order to be observed.

In spite of the subwavelength transverse dimensions
both linear and annular structures, the mode remains w
confined with some radiative loss localized around the
croring. In this case, curvature loss can be attributed to
ergy escaping through the air—substrate interface. The
width at half maximum of the spatial distribution of the in
tensity of the mode along a transverse direction with resp

FIG. 2. Principle of simultaneous near-field optical address
and PSTM imaging of a microring resonator. The adjacent
waveguide is used to couple with the microring resonator. Index
refraction of the glass substrate is 1.46, of the TiO2 is 2.3.
2-2
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to the straight guide is found to be around 300 nm. It may
seen, that the light field established inside the microring d
plays a standing-wave pattern resulting from the interfere
of the incoming light in the ring with the light reflected bac
by the junction between the bus waveguide and the r
Depending on its location inside the ring, the fringe patte
appears more and less fuzzy, due probably to residual ro
ness~estimated at.15 nm with AFM measurements! at the
surface of the TiO2 structures. These surface imperfectio
can produce random scattering that locally degrade the
pected ideal fringe pattern. However, the scattering by th
imperfections cannot completely explain the two bright sp
visible on the PSTM image at both sides of the ring circu
ference. These two spots are probably generated by forw
scattering spots related to a direct illumination of the micr
ing by a residual part of the incident field. This assumption
supported by the fact that the bright spots are created by
part of the microring perpendicular to the plane of inciden
for which the scattering of the incident light is expected to
the largest. The existence of these forwad scattering s
does not prevent the measurement on the PSTM image o
standing wave pattern periodicity observed over the mic
ing. A closer examination of the data following a cross-c
along a circle segment located inside the microring~cf. Fig.
3! reveals a periodicity of 220 nm corresponding to an eff
tive index of the guided mode of about 1.44.

In order to complete our experimental study, we have p
formed extensive numerical simulations based on thelocal-
ized dyadic Green function method. Suchab initio investiga-
tions of the optical near-field distributions only require
specification of the frequency dependent dielectric cons
and the precise shape of the lithographically designed st
tures. Consequently, they can stand alone, complement
even anticipate experimental studies. Under some circ
stances it is possible with this method to perform compu
tional experiments before effective realization. In this Co
munication, we have simulated the observed penetratio

FIG. 3. ~Color online! PSTM image recorded above the micr
ring. The probe tip scans in plane parallel to the sample locate
50 nm from the TiO2 structures.
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light inside a TiO2 bus ridge addressing a microring reson
tor of 6 mm diameter by computing the electromagne
near-field distribution in a plane parallel to the sample s
face, when it is illuminated with an evanescent Gauss
beam. On the basis of the knowledge of the Green dya
Gref(r ,r 8,v),24 which defines the response of a reference s
tem ~in our case, an air–glass interface!, the method com-
putes the electric fieldE(r ,v) associated with the optica
wave by solving numerically the discretization in dire
space of the following integral equation:

E~r ,v!5E0~r ,v!1E
V

dr 8Gref~r ,r 8,v!•x~r 8,v!•E~r 8,v!,

where the integral runs over the volumeV occupied by the
device deposited on the surface andx(r 8,v)5(«21)/4p,
where« denotes the dielectric constant of TiO2. In the case
of a Gaussian beam incoming under the condition of to
internal reflection, the calculation of the incident fie
E0(r ,v) is detailed in Refs. 11, 25. We repeated the com
tations of 11 for the parameters of the section of the Ti2
structures studied here but, in order to keep a reason
calculation time, the length of the bus waveguide was
duced to 4mm. The modeling assumed perfect structures
TiO2 ~optical index 2.3! supported by a half space filled o
glass~optical index 1.46!.

In Fig. 4, we present a map of the numerical output c
culated in a plane located 50 nm over the sample. W
examining this image, one can see that the light homo
neously fills out the ring core without significant radiativ
losses outside the device. Consequently, the radiative lo
actually observed in the PSTM image Fig. 3 could be p
duced by residual surface roughness existing along the s
of the ring. According to the experimental map of Fig. 3, t
period of the fringe pattern is found to be about 220 nm

at FIG. 4. ~Color online! Map of the electric near-field intensity
computed 50 nm over a 4.0mm long homogeneous waveguid
coupled to a microring of 6m diameter.
2-3
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well. We note also that the intensity pattern inside the r
core is two times smaller than the intensity inside the b
waveguide. This means that the wavelengthl05633 nm
does not exactly correspond to a resonance of the phy
ring structure. In both experimental and theoretical image
single maximum occurring along the transverse direction
the structures, suggests that the light propagation inside
dielectric structures of higher optical indexis supported by
the their lowest frequency modes. Except for a less p
nounced fringe pattern of the field intensity, we notice
striking similarity between the measured field intensity, F
3, and the numerical simulation, Fig. 4.

To summarize, the experiment described in this pa
clearly demonstrates thatoptical evanescent lightcan be
used to simultaneously address and image microring res
tors or other integrated optics devices. When the transv
dimension of the microwaveguide is subwavelength,
n,
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guiding process relies on the lowest frequency mode s
tained by the device. Such a mode can be excited locall
the entry of a bus waveguide by focusing a totally reflec
Gaussian beam and detected, in a subwavelength volu
We have thus shown that this nonstandard coupling te
nique is efficient to excite narrow waveguides and resona
in coplanar geometry. In agreement with theoretical pred
tions, PSTM images have revealed, in direct space, poss
energy transfers inside a microring with a mode confin
laterally within a width of about the half of the inciden
wavelength. These new kinds of near-field optical expe
ments could stimulate promising applications in the dom
of integrated optics, especially for the design of more co
pact microring resonators.

We have benefited from the computing facilities provid
by the massively parallel center CALMIP of Toulouse.
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