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Abstract
Wepresent the simulation andexperimental demonstrationof a coupled-cavity 1Dphotonic-crystal/
photonic-wire (PhC/PhW) structure that producesmultiple resonancewavelengths.The combinationof
several cavities results in the assembly of a spectral response that exhibitsmultiple resonancewavelengths
andpotentially leads to thewavelength control required forwavelengthdivisionmultiplexing (WDM)
applications. Byusing a structurewith threedistinct in-line cavities,wehaveobtained three distinct
resonancewavelengths—in conformitywith the rule that thenumberof distinct resonancewavelengths is
proportional to thenumber of cavities. The experimental photonicwirewaveguide structure had cross-
sectional dimensions of 600 nm (width)×260 nm (height)—with an embeddedphotonic crystal (PhC)
micro-cavity—all basedon a silicon-on-insulator (SOI)platform.The embeddedPhCstructurewas
tailored to give resonancewavelengths in theC-bandandL-bandfiber telecommunication range.With the
introductionof tapering in themultiplemicro-cavity structure, itwas possible to obtain three resonance
wavelengths that correspond toWDMwavelengths of 1534.87, 1554.63 and1594.86 nm—whereas,
without tapering, the resonancewavelengthswere 1645.60, 1670.76 and1698.68 nm, respectively.Wehave
observed an asymmetric free spectral range (FSR) situationwithun-equal resonancewavelength spacing.
The taper regions are also responsible forhighoptical transmission and lowerQ-factor values at resonance.
Transmissionvalues of 0.17, 0.47 and0.43were obtained, togetherwithQ-factor values of 1179.32, 930.05
and970.35, respectively,without using tapered sections—while transmission values of 0.45, 0.74 and0.43
were obtained, togetherwithQ-factor values of 1083.24, 850.10 and885.22, respectively, using tapered
sections. (Thenormalisation values for the experimentswere obtainedwith respect to anunstructured
photonicwire).Wehavedemonstrated that the taper structures usedmust bedesigned accurately, in order
tomaximize the transmission values at thedesired resonancewavelengths.Thedemonstrationof
fabricateddevice structures that havemeasuredproperties that are in close agreementwithpredictions
obtainedusingfinite-difference time-domain (FDTD) computational software is an indicationof the
precisionof the fabricationprocess.With the introductionofmultiple cavities into the structures realised,
thenumber of resonancewavelengths canbe tailored for application asWDMcomponents or other
wavelength selectivefilters, such as arrayed-waveguide grating structures (AWGs) andBragg gratings.

1. Introduction

Wavelength divisionmultiplexing (WDM) is currently the predominant technology used for the transport of
high bandwidth data [1]. As the demand for large data bandwidth increases, the capital expenditure involved
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steadily rises. Standard currentWDMequipment typically occupies large spatial volumes, due to the bulky
nature of components such asfilters andmultiplexers. As a result, researchers are now investigating smaller
footprint devices with higher performance in order to address the large costs involved. Progress in nano-
fabrication technology has led to the emergence of high-quality combinations of photonic crystal (PhC) and
photonicwire (PhW) structures [2] that are suitable forWDMdeviceminiaturization. The realization of
embedded nano-scale holes in silicon photonic wires has brought the accuratemanipulation of light to a higher
level [3]. Photonic crystals (PhCs) are periodic structures that exhibit photonic band-gaps over defined
wavelength ranges and, with the introduction ofmicro-cavities formed by PhCmirror sections, specific
resonancewavelengths can be generatedwithin the band-gap spectral region [4]. Photonic band-gaps are
produced by periodic structures with alternating regions that have different (effective) refractive indices
interlaced tomodify the optical propagation in themedium. Because of the challenges of realizing three-
dimensional (3D) photonic crystal (PhC) structures, photonic crystal device research has largely concentrated
on 1D and 2DPhC structures. Using 1DPhC concepts, simple and compact structures with strong optical
confinement can be fabricated and used as components in the realization of photonic integrated circuits (PICs)
[5]. Silicon—a high refractive index (n∼3.46)material that has a clear transparencywindow atwavelengths
from1200 nmupwards [6]—requires gratings or other structures for exploitation in different applications
in the aforementionedwavelength region. Silicon photonic wires have been designed to give strong optical
confinement for TE-mode light propagation in structures with an approximately 2:1 width/height ratio [7]—
and, with the ready availability of silicon-on-insulator (SOI) technology for integrated photonics applications
and SOIwafers with silicon layer thicknesses of 220, 260 and 340 nm, photonic wires withwidths of 500 to
700 nmcan be fabricated tomatch the ratiomentioned. The compactness of PhCphotonicwires hasmade this
approach a possible solution for the future realization of components for optical interconnects that can replace
purely electrical interconnects and thereby potentially overcome limitations associatedwithMoore’s law [8].
Our previous studies on single-cavity photonic crystal structures have shown that the 1DPhC/PhW structures
can be designed and fabricated to exhibit quality-factor (Q-factor) values of several hundred thousand [9, 10].
The present study shows that the introduction and control of the taper sections [3, 11] results in a highQ-factor
at the designedwavelength, whichmakes this design potentially suitable formultiple-wavelength device
applications. Previouswork has shown that havingmore than a single cavity in a 1DPhC/PhWstructure leads to
splitting of the resonancewavelengths, in accordance with the number of cavities [12].

2.Device structure

PhC/PhWdevices weremodelled and fabricatedwith SOI (top silicon,∼260 nm, silica,∼1μmand silicon
substrate,∼625μm) inwhich the refractive index of siliconwas assumed to be 3.46, in thewavelength range of
interest. The ridge photonic wire structures, with dimensions of 600 nm (width)×260 nm (height), were
supported on a silica buffer layer having an assumed refractive index of 1.45, with air (refractive index 1)
surrounding the photonicwire. The selection of wider wire dimensions (600 nm instead of 500 nm [12])was to
havemore dialecticmaterial for guiding the light that results in higher optical transmission. The PhCmirror (air
holes with 260 nmetching depths) sections had a designed lattice constant of a=370 nm. The radius of the PhC
holes, r, was designed to be 90 nm. The basic structure was repeated as three coupled cavities, eachwith an inside
cavity length of 400 nm cavity, as shown in the simulation schematic offigure 1.

3. 3D-FDTD simulation using Lumerical software

Commercial 3D-FDTDsoftware supplied by Lumerical [13]has been used for the device simulation.A
compatible layout format is exported for simulation, in order to avoid re-drawing errors. The simulation
boundary is specified as a perfectlymatched layer (PML). ThePMLhas been chosen so as to absorb all the
radiation emitted from the structure, without any reflectionback into the simulation area [14]. To perform this
simulation, thePMLboundariesmust be positioned at least half of an operatingwavelength away fromanypart of
the structure beingmodeled—thereby avoiding reflection of the evanescentfield from thePML,whichwould
cause a shadowing effect that influences the simulation results. In order to obtain accurate simulation results that
closely represent the fabricated device, a 3Dversion of the FDTDsoftwarewas selected—and this choice resulted
in a significantly time-consuming simulation. But the accuracy obtained is necessary in order to proceedwith a
proper comparisonwith experimental results obtained for the fabricated structure. Inmost simulation packages,
the size of themesh is important for accurate results to be obtained. In the Lumerical software thatwe have used, a
gradedmesh approachwas used for simulation accuracy purposes as shown infigure 3.

In the simulation, the source usedwas the ‘mode source’—and themode selectedwas the TEmode, with a
wavelength range from1200 to 1800 nm. Light was injected at the left side of the device, with propagation in the
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x-direction. A frequency-domainmonitor was used to record the results. In FDTD simulation, awide range of
frequency points is needed to ensure that thewhole wavelength response is captured and displayed, but obeying
this condition results in a slow simulation process. Figure 4 shows the structure, the PMLboundaries—and the
positions of both the light source and themonitor represented in the Lumerical FDTD software.

4. Fabrication

The SOI samples were spin-coatedwith dilute negative hydrogen silsesquioxane (HSQ) resist at 3000 rpm,
resulting in a 200 nm thickness coating—and then baked on a hot plate at 90 °C for twominutes, to harden the
resist. The sample was thenwritten using an Elionix ELS-F125 electron-beam lithography (EBL) tool with a
pattern designed and exported previously from the simulation software. The patternwaswritten using a 1 nA
beam current over a 500μm2writingfield, with a total of 2×105 dots and a beamdose of∼2500μC cm−2 that
implies a 2.5 nm dot size. The choice of the current used in the EBL process was driven by the requirement for
the small dot size involved inwriting very precise and small features.

After a sample hadbeen exposed to the scanning electronbeam, itwas developedusing tetra-methyl-
ammoniumhydroxide (TMAH) at a concentrationof 25% inde-ionized (DI)water at 23 °C.The samplewas then
immersed in the developer for anoptimized timeof 30 s, aidedbymild agitation to reduce the formationof bubbles
during the development process. The samplewas rinsed inDIwater for 60 s to remove the remainingdeveloper—
and adouble step rinsing stagewas required to ensure that any residue (scum)was thoroughly removed.

The developed pattern then underwent reactive ion etching (RIE) to remove the unwanted silicon regions.
Inductive coupled plasma (ICP) reactive ion-etching (RIE), using an SF6/C4F8 gas combination, was used to etch
out the unwanted silicon, at aflow rate of 30/90 sccm. The chamber pressure used during the etching process
plays an important role in giving smooth sidewalls on the fabricated photonicwire structures.

Figure 2(b) shows a top view of the device imaged by using a scanning electronmicroscope (SEM). As
designedwithCAD, aGDS file was exported to the EBL tool to bewritten on the sample prepared. The fabricated
embedded PhC structure, in a rectangular cross-section photonic wirewith dimensions of 600 nm (width)×
260 nm (height)was then tested andmeasured optically. The inside cavity length cwas, in each case, 400 nm.
Thefirst six holes for thefirst set of PhCmirrors comprised of two identical holes, eachwith a radius of 90 nm
and a lattice constant a of 370 nm, forming one Braggmirror and another 4 holes that form a taper in theNTI

region, with hole radii of 90, 92, 80 and 65 nm, respectively. The distances between these taper holes were 350,
325, 315 and 300 nm respectively. The second set of PhC/PhWmirror structure comprised four holes with radii
of 65, 90, 90 and 65 nm, spaced at distances of 310, 370 and 310 nm respectively. Inwriting a complete device
structure, another two sets of PhCmirrors followed periodically asmirror images of the first two.

5. Experimental results and discussion

For an initial design of the device, a basic photonic crystal hole arrangementwas designed to have SF-6 holes,
SMF-4 holes, SME-4 holes and SE-6 holes—using similar hole radii and separated by equal cavity spacer lengths of

Figure 1.Basicmultiple cavity structurewith 6-4-4-6 periodic holes divided by cavities.
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400 nm. Figure 5 shows the simulated response of the basic 6-4-4-6 device structure, with three distinct
resonances. Three resonant wavelengths are produced—at 1645.60, 1670.76 and 1698.68 nm respectively,
with different resonance peak quality-factor values. Asymmetric FSRs, with values of 25.16 and 27.92 nm
respectively, were observedwhere dispersion quality of thewaveguide contributes to the 2.76 nmdiscrepancies.
The splitting of a single cavity resonancewavelength into three distinct resonancewavelengths was due to the
number of cavities (three) specified in the structure [15, 16].

The cavity length in the basic configuration influences the excitationwavelength proportionally; where a
shorter cavity length by 50 nmwill downshift thewavelength to a shorterwavelength by 50 nm. For example,
with 300 nm cavity length, there are 3 resonances in thewavelength range from1500 to 1610 nm, butwith lower
transmission values. Butwhenevermode-matching tapered-hole sections were added, similar downshifted
wavelengths were observed—with better transmission performance as compared to reducing the cavity length.
Due to the same hole configurations from center of devices, we are expecting equal FSR values butmedium
imperfection results in different light velocity at different wavelengths (shorterwavelengths travels faster than
longer wavelengths). By breaking the symmetrical cavity values, the FSR can be controlled but a complex
mathematical algorithm is needed to calculate the parameters that satisfy themaximumdevice performances.

Figure 2. (a) Schematic structure of the basic photonic crystal wire device fabricated on SOIwith siliconwire cross-section dimensions
of 260 nm (h)×600 nm (w). Inset, a top view ofmultiple-micro-cavity structurewith the hole section arrangement to be noted as:
front section SF,middle-front section SMF,middle-end section SME and end section SE respectively. (b) SEM image of the fabricated
device with lattice constant a=370 nm; symmetrical cavity, c=400 nm;mirror radius, r=90 nm forNnumber ofmirror holes
and hole size taper in (NTI) for optimization.

Figure 3.Themesh refinement for accurate simulation that requires high computational power and time in simulation software. In
order to have accurate simulation results, themesh in the circular regions needs to be small by comparisonwith the smallest feature of
the structure and it should increase in size proportionally for bigger simulation regions.
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Figure 6 shows that the quality factor substantiallymirrors the transmission values, i.e. the quality factor
decreases as the transmission increases—and vice-versa.We obtain transmission values of 0.17, 0.47, and 0.43—
togetherwithQ-factor values of 1179.32, 930.05 and 970.35—for resonance wavelengths of 1645.60, 1670.76
and 1698.68 nm, respectively. A higher transmission value typically results in a lowerQ-factor value—and
vice versa.

As shown infigure 7, the introduction of taper regions significantly increases the transmission value formost
of the resonantwavelengths, due to the light being smoothly guided in the cavity region, with less reflection
occurring due to the smoother changes in the effective refractive index andmodal distributions between the
dielectric (silicon) and hole (air) regions [10]. Thewhole set of resonant wavelengths has also down-shifted to
shorter wavelengths, due to the different group index values obtained after altering the tapermirror radius and
lattice constant.With the introduction of tapered hole structures, theQ-factor remainsmuch the same.

Figure 8 shows the experiment setupwhere the tunable laser sourcewith a tunable range from1500 nm to
1630 nmwavelengthwas connected via afiber patch-cord to a ‘bat-ear’ type fiber polarizer—in order to
maximize the TE lightmode optical power coupled into the device under test (DUT). A lensed fiberwas used to
guide and focus the light into the cleavedDUT (end-coupled). The output from the device was coupled into a

Figure 4. Simulation structure 6-4-4-6 hole-sets separated by 3micro-cavities with perfectlymatched layer as the boundary condition.
Tapering is introduced to control properly the transmission level at the resonance wavelengths.

Figure 5.Three distinct resonance wavelengths with unequal free spectral range values for 6-4-4-6 holes, respectively (without any
hole taper sections), obtained fromusing the simulation software.
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fiber patch-cord via a lensedfiber at the other end ofDUT and the outputwas captured by a fast germanium
photodetectormonitored via optical spectrum analyzer (OSA).

The PhC/PhWmicro-cavity has been designed to produce distinct resonancewavelengths in theC-band
and L-band regions, as shown infigure 9.With the structure indicated infigure 4, the simulated resonance
wavelengths were at 1534.87, 1554.63 and 1594.86 nm. TheQ-factor values obtained for the threewavelengths
were 1083.24, 850.10 and 885.22 respectively. Thewavelength spacing or free spectral range (FSR) obtained in
simulation between thefirst resonancewavelength and the second resonance wavelengthwas 19.76 nmwhile

Figure 6.Behavior of the simulated device with respect to the transmission and quality factor (Q-factor), where the values of the two
properties are inversely related.

Figure 7.The simulated results as a comparison between a basic hole structure andwith hole taper introduced a. the transmission
performance that can be seen to have a significant changes due to the introduction of hole taper b. the quality factor (Q-factor) values
of the resonancewavelengths.
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the FSR from the second to the third resonancewavelengthwas 35.53 nm. The un-equal FSR obtainedwas due
to the resonance wavelengths being governed by the individual cavities in the PhC structure and the summation
of themultiple cavity effects in the overall PhC structure. Figure 9 also shows the experimental results with
normalized transmission value (i.e. normalizedwith respect to an unstructured photonicwire). The
experimental results agree closely with the simulation, but the intensities differ due to factors that include
imperfect device fabrication (reduction of hole size by approximately 10 percent on average from expected initial
design) and the surface roughness of thewaveguide wall [17, 18]. Afine structure ofmultiple resonances, with
very narrow linewidths was observed in the experimental results. These Fabry–Perot (FP) effects were due to the
gap between the lensedfiber used in coupling and thewaveguide end [19]—and also due to reflection at cleaved
waveguide facets and themirrors of the PhC cavities [20]. In order tominimize these FP effects, solutions such as
using enhanced coupling techniques can be devised. Special optical coatings should be applied on the facets to
prevent reflection. Inclinedwaveguide end facets also reduce such cavity effects [21]. Surface roughness can also
reduce FP cavity effects. The number of holes in the PhCmirror sections and hole tapering also impact on cavity
effects. Figure 10 shows that the experimental results obtained from the fabricated device are similar to those for
the simulation results.

It is clear that the simulationwas accurate enough for the design to be fabricated and that there is substantial
agreement between the experimental and simulation results. The performance of the fabricated device deviated
from the simulation due to various factors—such as scattering, device imperfections due to fabrication errors—
and discrepancies between the single refractive index (RI) value used in the simulation and the RI values at
specificwavelengths. To further demonstrate that the design simulated can be used for reliable and accurate
fabrication, the same structure, with smallermirror hole radii of 80 nm (change from90 nm)—and the same

Figure 8.The experimental setup arrangement with the polarizer placed in between the laser unit and the device under test (DUT), in
order tomaximize the TEmode linear light transmission.

Figure 9.Comparison between simulation and experiment results (where the structure usedwas the onewith taper introduced). The
simulated resonance wavelengths were 1534.87, 1554.63 and 1594.86 nmwhile the experiment resonancewavelengths were 1534.34,
1552.77 and 1591.19 nm respectively.
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taper structures with variation of the cavity distances—was simulated and fabricated. Figure 11 shows a
comparison between the resonance wavelengths of the fabricated device and those resulting from simulation.
The experimental results conform closely to the 3D-FDTD simulation results—and the discrepancies are very
small, due to the true refractive index value of thematerial being used for thewaveguide and the quality of the
device fabricated due to the etching process. The surface roughness of thewaveguide wall also plays an important
role inmodifying the optical confinement. Themesh size will also affect the simulation results. Because of the
computermemory limitations involved in simulating the devices, a feasiblemesh settingwas configured both to
provide an adequate simulation and to avoid sacrificing the quality of the results. The transmission values and

Figure 10.Performance comparison between experiment and simulation. (a)Device transmission at three distinct wavelengths
(b) quality factor (Q-factor) versus wavelength.

Figure 11.Comparison between fabricated device results and simulation results, showing that there are only small differences for the
excitationwavelengths for both fabricated and simulated devices—and leading to positive expectations for the future exploitation of
photonic wire-based optoelectronic devices. Note the use of ‘false zeros’ for both axes.
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Q-factors for smaller radii device follows the same trend as the device with 90 nm radiimirrorwith poorer
performances (Q-factor andwavelength separation) due to theweakermirror configuration.

The intensity profiles infigure 12 showhow the light is confined in the structure under different resonance
conditions and indicates which cavity is primarily responsible for which resonancewavelength. It is obvious in
figure 12(a) that all three cavities contribute significantly to the confinement of the 1534.87 nm resonance
wavelength. Thefield profile infigure 12(b) shows that the light confinement for the 1554.63 nm resonance
wavelength is primarily in the first and third cavities. For the resonancewavelength at 1594.86 nm, the
confinement of the light occurs primarily in the second ormiddle cavity as shown infigure 12(c). It can be seen
fromfigure 12(a) that the energy for thefirst resonance wavelength is significantly confined in all three cavities.
The intensity distribution at the second resonancewavelength shows that the two cavities on either side of the
middle one are responsible for the energy confinement—and,finally, the energy at the third resonance
wavelength is confined to themiddle cavity.

Jugessur et al [22] have studied the effect of introducing two cavities in a 1DPhC/PhWstructure, giving
several phase shift regions inside the cavity. The phenomenon of havingmultiple resonance wavelengths related
to the number of cavities has also been observed by Foubert et al [20], with the observed peak splitting being
determined by the coupling strength between one single-cavity containingwaveguide and another single-cavity
containingwaveguide that are positioned close together—through controlled variation of the separation
distance. This phenomenon can be limited in size due to the number of waveguides needed to producemultiple
resonancewavelengths. The similar objective of producingmultiple resonancewavelengths that are governed by
multiple cavities has been demonstrated byO’Brien et al [23], where—by utilizing ten 2DPhC cavities—ten
peaks are predicted in simulation—but there are fewer obvious peaks in an experimental demonstration, due to
the limitations of instrumentation capabilities (laser source range)—and, probably, imperfection in the
fabricated structure. Another approach tomultiple resonancewavelength generation has been reported by
Mandal and Erickson [24], where side-coupling with the evanescent light from themainwaveguide stripe
coupled to the cavity alongside it, embedded in another stripewaveguide. This approach showsmore even FSR
between resonance wavelengths but results in larger device dimensions by comparisonwith our approach. These
were due to the individual cavity length for different embeddedmirrorwaveguide and the individuals resonant
will be side-coupled to themainwaveguide. Control of the coupling gap requires to be optimized, in order to
minimise the loss and interference by the TMcavitymode. Another side-coupling approachwas used byCluzel
et al [25]—withmultiple parallel PhC embedded stripewaveguide sections and different cavity lengths for

Figure 12. Intensity profiles of the structure that show the optical confinement in different cavities with respect to the three different
resonance wavelengths: (a) the 1534.87 nm resonance wavelength is governed by light being distributed over all three cavities of the
structure, (b) the 1554.63 nm resonancewavelength is governed by light distributed over the two outer cavities—and (c) the
1594.86 nm resonancewavelength is governed primarily by light in the center cavity.
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individual waveguide sections being side-coupled to themain buswaveguide at both top (input light) and
bottom (output light)—formultiple resonancewavelength generation. The PhC embeddedwaveguides were
designed to have tapered dimension profiles at both ends of waveguides for the light to bemaximally guided to
the side-coupledwaveguide sectionswith an optimized coupling gap at 100 nm.Again, this approach can be
considered to be superior in terms of controlling the FSR of themultiple wavelength resonances generated—
with a transmission trade-off to achieve a flattermultiple wavelength response (equal individual transmission
amplitude).

6. Conclusions

The results show that, with the advances in nano-fabrication technology now available, accurate fabrication of
complex nano-structured devices can readily be obtained. The resonances ofmicro-cavity structures can be
tuned to specific desiredwavelengths—whether these are single ormultiple wavelength resonances, using the
required control of the number, detailed specifications and size of the cavities.

A large resonanceQ-factor, together with usefully high transmission values, can be obtained by controlling
the dimensions and detailed design of the tapered sections at the edges of the PhCmirror sections—thereby
enabling smooth optical propagation through the photonicwiremicro-cavity arrangement. The number of
holes in each of the cavity-formingmirror sections also impacts substantially on the overall performance of the
device. Smaller radius holes will contribute to better overall transmission values andwill shorten the forbidden-
gap region. It should be noted that theQ-factor is inversely proportional with the transmission value. The
suggested smallest hole radius in the experiment was optimized to cater for limitation of etchingmethod in our
fabrication technique.We have been able to demonstrate satisfactory agreement between simulation and
experimental results. By adding progressivelymore coupled cavities into PhC embedded photonic wire
structures, we have shown thatmultiple numbers of resonancewavelengths can be introduced thatmake this
very compact photonic device suitable for the next generation ofWDMsystems and for other applications.
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