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ABSTRACT

We fabricate and investigate wavelength selective components utilizing channel plasmon polaritons (CPPs) and operate at telecom
wavelengths: a waveguide-ring resonator-based add-drop multiplexer (WRR-ADM) and a compact (3.75- pm-long) Bragg grating filter (BGF).
The CPP waveguides represent 0.5- gm-wide and 1.3- gm-deep V-grooves in gold, which are combined with a 5-  gm-radius ring resonator (in
the WRR-ADM) or 0.5- gm-long wells milled with the period of 0.75  @m across a groove (in the BGF). The CPP-based components are characterized
in the wavelength range of 1425 -1600 nm by use of near-field optical microscopy, exhibiting the wavelength selectivity of ~40 nm.

Channel plasmon polaritons (CPPs) are electromagneticthe sample surface plane) radiation into a metal groove by
waves that are bound to and propagate along the bottom ofpositioning a tapered-lensed polarization-maintaining single
grooves cut into a metalThey are expected to exhibit useful mode fiber (Figure 1a). The adjustment of the in-coupling
subwavelength confinement, relatively low propagation loss, fiber with respect to the sample facet was accomplished when
and single mode operatibfias well as efficient transmission  monitoring the light propagation along the sample surface
around sharp bend<ur previous experiments showed that with help of a far-field microscopic arrangement in which
the CPPs at telecom wavelengths propagate over tens othe CPP scattering (out of the surface plane) was producing
micrometers along grooves in gold and exhibit strong the track of radiation propagating along a groéveshould
subwavelength confineméralong with low bend losses in  pe also noted that in the course of our SNOM experiments,
large-angle S-bends and Y-splittérthereby enabling the  we routinely verified that the detected signal is primarily
realization of ultracompact plasmonic components, such asrelated to the total CPP field intensity distribution along the
Mach—Zehnder interferometers and waveguide-ring (WR) groove structures area by recording optical images at different
resonator§. The results obtained with the above set of fiper tip—surface distancés.The sample containing V-
structures encouraged us to further exploit the potential of grooves with the angles close te25° and depths of-1.3
CPPs and to investigate more sophisticated and/or new,m has been fabricated (using a focused ion-beam milling
functional plasmonic components. In this letter, we report technique) in a 1.9em-thick gold layer deposited on a
the fabrication and investigation of CPP-based wavelength sypstrate of fused silica covered with an 80-nm-thick indium-
selective components: a WR resonator-based add-droptin-oxide layer. Special care has been taken to fabricate

multiplexer and a compact Bragg grating filter (BGF). V-grooves with smooth walls and prevent contamination of
The experimental setup employed in this work for the CPP ¢ completed structures with dust particles.

observation and characterization is essentially the same as
that used in our previous experimefit§.It consists of a
collection scanning near-field optical microscope (SNOM)
with an uncoated sharp fiber tip used as a probe and an
arrangement for launching tunable (1428500 nm) trans-
verse electric (TE)-polarized (the electric field is parallel to

As a first example, we have chosen a WR resonator-based
add-drop multiplexer (WRR-ADM) arrangement that is
expected to demonstrate relatively high drop efficiehtry.

the design of WRR-ADM, we used a/bn-radius ring and

the same V-groove waveguides. The groove profiles turned
out to be similar to triangular ones (see scanning electron
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Figure 1. (a) Schematic layout of the experimental setup: (1) TE-
polarized radiation from tunable laser (1428600 nm); (2) X, Y,

Z stage; (3) input fiber; (4) sample; (5) microscope objective; (6)
mirror; (7) IR vidicon; (8) X, Y stage; (9) SNOM head; (10) InGaAs

photoreceiver. Inset in (a), SEM image showing typical groove
profile (d and 6 are the groove depth and angle, respectively). (b)
SEM image of the investigated WRR-ADM composed of two
triangular gold grooves combined with 8n-radius waveguide-
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Figure 2. Pseudocolor (a) topographical and (b, ¢) near-field optical
images (25x 35um?) obtained with the investigated WRR-ADM
at 1 = (b) 1450 and (c) 1485 nm. (d) Normalized cross sections
obtained from the optical images shown in (b) and (c) for two
different output (through and drop) channels with the signal being
normalized to be at the same level in the input channel.

periodic with respect to the pha8eaccumulated by the CPP
mode per circulation, implying the possibility of wavelength
adding and dropping. Our main interest was in verifying the
principal possibility of realization of a plasmonic WRR-
ADM, achieving thereby the wavelength division and

ring resonator. (c) SEM image of the investigated BGF composed multiplexing functionality with CPPs.

of 750-nm-period structure composed of 5 wells cut across the input

V-groove.

The typical near-field optical images obtained with the
transmitted (through) light power at maximum and minimum

the groove. The main system parameters are transmissiorf'® Shown in Figure 2 along with the corresponding normal-

coefficients,t; andt,, through the coupling regions (Figure
1b) and the transmission around the rimgexp(i#). The
power transmissions in the throudgPrf and drop Pp) chan-
nels of WRR-ADM under the condition that a single unidi-
rectional mode of the ring resonator is excited are giveh by

(at)?+ 1% — 2atyt, cod
T 14 (atyt,)’ — 2ot,t, cosd’

-t t)a
1+ (otyt,)’ — 2atyt, cod)

0= 27” N, 27R )

ized cross sections for two different wavelengths, exhibiting
a clear difference in the transmitted CPP power for different
output (through and drop) channels. The signal cross sections
made at the intensity maxima are very close to the Gaussian
distributions in shape with the full width at half-maximum

of ~900 nm (Figure 2d). It is also seen that the signal does
not go to zero outside the groove indicating the presence of
a homogeneous background at the level-0% compared

to the maximum signal. However, it is not clear to what
extent it influences the signal measured in the middle of a
groove with the SNOM fiber tip being actually below the
sample surface by40 to 100 nm, depending on the groove
and tip shapes. Similar cross sections were used to evaluate
the normalized outputs (in the through and drop channels)
for the investigated WRR-ADM as a function of the light

where we neglected losses in the system except for duringwavelength. The data obtained for both output channels were

the propagation in the ringR is the ring radiusNe¢ is the
CPP effective index, andlis the light wavelength in air. It

fitted with the dependences calculated according to eq 1
demonstrating quite good agreement (Figure 3). When fitting,

is seen that the power transmissions are out of phase andve used the following CPP parametefdss = 1.015,00 =
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Figure 3. WRR-ADM transmission spectra obtained for the 1470 nm

through and drop channels along with the fitted curves correspond-
ing to the modeled WRR-ADM response. The output-to-input ratio
obtained by using average (along 10 lines) cross sections of near-
field optical images (similar to that shown in Figure 2) for both
channels. The error bars are estimated from the maximum variation
in the ratio when placing the averaging windows at different
positions along the input and output channels.

1500 nm

120 | —o— .= 1440 nm |
—h—7.= 1470 nm

—8— .= 1500 nm 1

0.71 (which are close to the values used previdushy are
calculated by using the effective-index approximation,
neglecting the bend loss), and allowed for small variations
in the ring radiusR. The fitted values were found to lhe=
0.31,t; = 0.78, andR = 5.12 um, which were consistent
with the previous experimerftaind with the investigated
WRR-ADM configuration. In particular, one notices that the
ring-channel separation is smaller (k500 nm) at the input-
through channel compared to that at the add-drop channel
(Figure 1b), implying the transmission should be larger in
the latter (i.e.t, should be larger thaty as was deduced
during the fitting procedure). Such a sensitivity of the WRR- / . : o _
ADM performance with respect to the system parameters 0 3 6 9 12 15
implies stringent requirements on the fabrication, a feature Cross section coordinate (um)
that is in fact typical also for (conventional) compact
photonic components based on high-index-contrast (photonicTgure 4. Pseudocolor () topographical and—#) near-field
wire) waveggideé‘? Note that the suppregsion of the dropped g‘g“ﬁa;t'ﬁnaie?b)(lfﬂé ?3)1 )lf%awf?f ;\ggh (Ellh)e 1?(\3/8829'“?@(2)
wavelength in the through channel is quite large (on average,corresponding cross sections (averaged along 10 lines along the
~5) allowing for the efficient wavelength filtering with the  CPP propagation direction) of the topographical (stars) and near-
bandwidth of~40 nm. field optical images (filled circles, triangles, and squares) shown
Our next step was to try out one of the simplest N (a—d), respectively.
wavelength-sensitive waveguide component, a BGF. A
conventional waveguide BGF incorporates typically a peri- 750-nm-period BGF configuration consisting of five 500-
odic stack of layers made of materials with different optical nm-long and J#m-wide wells was fabricated using the usual
refractive indexed! The CPP propagating along a metal design of V-grooves (Figure 1c).
groove features the subwavelength confinement and effective  The SNOM images recorded for different light wave-
refractive index larger than that in dir? implying the lengths demonstrate clearly the filtering effect, showing
impedance mismatch with the propagating in free spacestrong attenuation in transmission of the CPP at the
modes. Our idea was to periodically mill deep and wide wells wavelength of~1470 nm (Figure 4), which is close to the
across a V-groove, forcing the CPP mode to “jump” over double BGF period as expected. Note that the near-field
free space junctions (Figure 1c) and to experience periodicoptical images are rather complicated reflecting interference
reflections (as well as out-of-plane scattering) that can between the propagating CPP (incident on the BGF), the CPP
eventually add up to the efficient reflection and filtering at reflected by the BGF structure, and free-space propagating
the Bragg wavelength. It was also clear that a compromisefield components scattered at the fib€PP coupling and
should be sought between the filter efficiency and scattering by the BGF well-groove junctions. The scattering processes
loss, both being proportional to the number of periods. A occur at all wavelengths, resulting in the signal increase

40
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Figure 5. BGF transmission spectra representing the output-to- ’;
input ratio obtained by using average (along 10 lines) cross sections . 100
of near-field optical images (similar to that shown in Figure 4) taken L
perpendicular to the CPP propagation direction before and after £ 80
the BGF. The error bars are estimated from the maximum variation 2
in the ratio when placing the averaging windows at different © gp
positions along the groove regions (before and after the grating). 3
% 40
inside the BGF region and the BGF insertion loss, whereas =
the Bragg reflection is most pronounced at the filter o 20 .
wavelength of 1470 nm, leading to stronger signal oscilla- » (b)
_t|0ns befo_re _and |n_S|de the BGF as well as to the attenuation 200 600 300 1000
in transmission (Figure 4e).
We have further evaluated the transmission spectra (the 2r/k (nm)

corresponding output-to-input ratio as a function of the light Figure 6. Spatial-frequency spectra obtained with near-field optical
yvavelength) forthe mveStlgated BGF by. making the Op“c"%" im%ges (shf))wn in thqe inse%s)pstraight regions of the groove tr))efore
image average cross sections perpendicular to propagationyng after (along the lines marked with A and B) the BGR. at
direction (Figure 5). It is seen that the transmission dip iS (a) 1460 and (b) 1495 nm. Positions of the main peaks dominating
surprisingly well pronounced and narrow for such a short the spectrum are indicated with dashed lines. The size of the inset
(3.75um-long) BGF. When applying a periodic-layered OPtical image is 20< 4 um?.
media approach for modeling the BGF, we could not get
a reasonable agreement between the measured and simulateun, implying weak CPP reflection (Figure 6b). On the other
transmission spectra no matter what refractive indexes werehand, our analysis of the spatial spectra for different
used. At present, we cannot thereby offer an explanation of wavelengths has shown that the situation is quite compli-
the measured spectrum, but it could be related to more cated, because these spectra exhibit also several other features
complicated physical phenomena (e.g., cavity effects) in- that are independent of the light wavelength (e.g., spectral
volved in the process of CPP interaction with the periodic peaksP, andP; on Figure 6) and are probably related to the
structure of wells. However, we would rather desist from roughness of groove walfs.
definite conclusions before conducting further detailed In summary, we have realized and demonstrated high
investigations, including accurate modeling of the CPP performance of CPP-based wavelength selective nanopho-
propagation along metal grooves containing periodic wells, tonic components operating at telecom wavelengths: the
which are needed to verify this conjecture. WRR-ADM composed of two 0.xm-wide and 1.3tm-deep

To verify the occurrence of the Bragg reflection of the gold grooves combined with a /&n-radius ring resonator
incident CPP at the transmission minimum, we have studiedand a compact (3.7bm-long) BGF comprised 0.zm-long
the spatial-frequency spectra in the near-field optical imageswells milled with the period of 0.7%m across a groove.
cut along the CPP propagation direction. The typical spatial- High quality SNOM images of the components have been
frequency spectra obtained before and after the BGF areaobtained in the wavelength range of 1428600 nm and
for two different wavelengths (Figure 6) exhibit significant analyzed to determine their characteristics. For the WRR-
differences in heights of the peak approximately correspond- ADM, the suppression of the dropped wavelength was found
ing to half of the CPP wavelength (peBkat~712 nm). A to be quite large (on averagepb) allowing for the efficient
very pronounced peaR; dominating the spectrum for the wavelength filtering with the bandwidth ef40 nm. The
incoming CPP af = 1460 nm (that is close to the Bragg BGF made of only 5 wells has been shown to suppress the
resonance) might be explained by the efficient CPP reflection transmitted CPP power by a factor of3 at the Bragg
from the periodic structure (Figure 6a). This peak is virtually wavelength. Finally, we should mention that the performance
absent in the spectrum of the optical signal distribution of considered plasmonic structures can be further improved
recorded after the BGF for both wavelengths and is barely by perfecting the quality of fabricated grooves (especially
seen for the incoming spatial spectrum obtainet £t1495 groove walls) and optimizing geometrical parameters.

Nano Lett., Vol. 7, No. 4, 2007 883



Acknowledgment. The authors gratefully acknowledge
financial support from the European Network of Excellence,
PLASMO-NANO-DEVICES (FP6-2002-IST-1-507879), and
STREP SPP (FP6-NMP4-CT-2003-505699).

References

(1) Novikov, I. V.; Maradudin, A. A.Phys. Re. B 2002 66, 035403.

(2) Moreno, E.; Garcia-Vidal, F. J.; Rodrigo, S. G.; Martin-Moreno, L.;
Bozhevolnyi, S. 1.Opt. Lett.2006 23, 3447.

(3) Pile, D. F. P.; Gramotnev, D. KOpt. Lett.2005 30, 1186.

(4) Bozhevolnyi, S. I.; Volkov, V. S.; Devaux, E.; Ebbesen, T.Rtlys.
Rev. Lett. 2005 95, 046802.

884

(5) Volkov, V. S.; Bozhevolnyi, S. I.; Devaux, E.; Ebbesen, T. Appl.
Phys. Lett.2006 89, 143108.
(6) Bozhevolnyi, S. I.; Volkov, V. S.; Devaux, E.; Laluet, J.-Y.; Ebbesen,
T. W. Nature 2006 440, 508.
(7) Xiao, S.; Qiu, M.Opt. Expres2006 14, 2932.
(8) Choi, J. M,; Lee, R. K; Yariv, AOpt. Lett.2002 27, 1598.
(9) Bozhevolnyi, S. 1.Opt. Expres2006 14, 9467.
(10) Xia, F.; Sekaric, L.; Vlasov, YNatur. Photon.2007, 1, 65.
(11) Lee, D. L.Electromagnetic Principles of Integrated Optic¥ohn
Wiley: NY, 1986.
(12) Yariv, A.; Yeh, P.Optical Wases in Crystals John Wiley: NY,
1984.

NLO70209B

Nano Lett, Vol. 7, No. 4, 2007



