Total multimode re ection at facetsof planar high contrast optical waveguides
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Abstract: Basedon rigorousmodeexpansionsimulations,we considerthe problemof guided
light re ection at rectangulaiendfacetsof planardielectricwaveguides. Emphasids on mul-
timode structureswith high refractive index contrastand on con gurationsthat shov a high
re ectivity. Giventhe matrix of re ection coefcients for theguided elds, onecancomputethe
maximumpower re ectancefor anincidentmodesuperposition.While even for a substantial
refractive index contrastacrossthe facetthe maximumre ected power for a singleincoming
modeis alwaysmoderatethe re ectivity mayrise to a level thatjusti es the attribute total, if
oneconsidersspeci ¢ superpositionsf atleasttwo guidedmodes.The papershavs theresults
of numericalexperimentsfor two seriesof symmetricaland nonsymmetricalvaveguidesand
identi es conditionson thefacetgeometryandtheexciting eld, which areprerequisitegor the
full re ection effect.
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1 Intr oduction

At the end facet of a dielectric waveguide an incoming confined light wave is partly transmitted and partly
reflected, where the guided backwards traveling fraction of the optical power depends strongly on the waveguide
geometry and the refractive index contrast. Although the facet problem has been widely investigated [1] in
various settings, with techniques either of a more semianalytical [2, 3, 4, 5, 6, 7, 8] or a more rigorous numerical
nature [9, 10], these studies mostly focus on minimizing the loss of optical power to radiation and reflection at
the transition from the waveguide to the adjacent homogeneous space. Frequently coated [4, 6, 7] and/or angled
[2, 5] facets are simulated and optimized for extremely low reflectivity.

So far apparently only minor attention has been paid to configurations where the ended waveguide supports
more than one mode per polarization, and where the interest is in highly reflecting structures. It will turn out
in Section 4 that these two features are closely related: The relative reflected guided power can reach a level
very close to unity for multimode input fields with specific relative amplitudes. These observations provide at
least a starting point to a quantitative understanding of the pronounced resonance phenomena in some recently
discussed microresonator devices [11, 12], where segments of such wide high contrast waveguides serve as
cavities.

The investigation of multimode waveguide facets in this paper relies on a bidirectional mode expansion tech-
nique as described in Refs. [1, 13]. Section 2 merely introduces the notation; details of the present implemen-
tation can be found in Refs. [12, 14]. The subsequent reasoning is then based on the numerically computed
matrix of reflection coefficients. The reflection levels observed for single mode excitations in Section 3 change
drastically, if one sends in at least two guided fields simultaneously. This is the subject of Section 4, where we
try to illustrate the underlying interference mechanism. The section includes detailed multimode reflectivity
curves as well as a few examples of characteristic field patterns. While the previous parts are concerned with
symmetric waveguides, the last Section 5 assesses the influence of a nonsymmetric layering.
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2 Multimode facetre ectivity

Figure 1 introduces the facet geometry and the relevant setting of coordinates. We restrict the problem to two
spatial dimensions and to TE polarization, where only the single component  of the electric field is present.
Where no other values are given, the simulations in this paper are meant for symmetric waveguides with a

substrate and cover refractive index ¢ c , a refractive index g of the homogeneous half
space beyond the facet, and for a constant angular frequency c ¢ , given in terms of the vacuum
wavenumber , vacuum speed of light ¢, and the vacuum wavelength m.

C

parallel and perpendiculatto the Im plane. The geometryis speci ed in
= termsof the Im thickness andtherefractiveindices s, ¢, ¢, and 5ofthe
s Substratethe Im, thecladdingmaterial,andthemediumadjacento thefacet.
A modeangle is assignedo eachguided eld with propagatiorconstant .
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In common complex notation, the guided part of the optical electrical field at time in the waveguide region
can be written as

. o S el (1)

where the first term represents the incident field, the second term is the reflected part (expression (1) is not

intended to cover the total electric field, see the remarks in the following paragraph). and are the
real planar guided mode profiles and the corresponding positive propagation constants. With each mode a
normalizing power is associated, such that is the optical input power for amplitudes

of the incident modes. Then the total relative guided reflected power reads
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where collects the input mode amplitudes, is the matrix of reflection coefficients of the
facet for guided fields, and denotes the adjoint. Besides and its restrictions to smaller mode sets, individual
mode reflectivities will play a role below: If only mode  has a nonvanishing input amplitude, the relative
power reflected into that particular mode is directly . Motivated by the prospective relevance of these
considerations for the formation of optical cavities, in this paper the term “reflectivity” is always used to indicate
the relative optical power that is received by the backwards traveling versions of a specific input mode set.

The following discussion assumes that the reflectivity matrix is accessible for each facet, computed numer-
ically with sufficient accuracy. For this purpose we employed rigorous bidirectional eigenmode propagation
simulations as formulated in Refs. [12, 14]. The continuous part of the mode spectrum on the longitudinally
homogeneous segments and is discretized by placing artificial boundaries suitably far apart from
the waveguide core, where  is required to vanish. Separately on both sides of the junctions, the optical field
is expanded into series like Eq. (1), including a fixed number of forward and backward traveling, propagating
and evanescent terms. Then bidirectional projection onto the elements of the modal basis sets yields a linear
relation between the expansion coefficients on the adjacent segments; is the restriction to the confined fields
of the waveguide segment. Hence the transmitted and backwards radiated, nonguided parts of the optical field
are taken fully into account, although they do not show up explicitely in Eq. (1).

All simulations below use a m computational window, centered around the symmetry plane ,
and the lowest order expansion terms on both segments. While the hard boundary conditions are not
undisputed in the present context [1, 10, 8], at least on the scale of Figures 3-8 we found the results to be
converged with respect to the width of the computational window and with respect to the number of expansion



terms. More specifically, varying the width of the domain in the range between m and m and adjusting
independently the number of mode basis elements between and produced hardly any visible effects
on the reflectivity levels displayed e.g. in Figure 5. Apparently, the computational window is wide enough to
sufficiently suppress the oscillatory behaviour of the simulation results as observed for specific configurations in
Refs. [1, 10, 8]. Being interested in reflectivity levels on a scale between and with an indeterminacy of about
one percent only, we may thus disregard the influence of the artificial boundary conditions for the problems
considered in this paper. Note that the computational window is substantially larger that the -intervals shown
in Figures 4, 7, and 9; perturbations of the field in the displayed domains by waves that originate from the facet
and are reflected by the artificial boundaries can be expected to be insignificant.

3 Singlemodeinput

To supplement the numerical computations, occasionally a reasoning based on the ray model for guided fields
is helpful. For each mode  an angle is defined via the relation ¢ . This angle may be
interpreted alternatively as the angle of incidence at the facet of the plane waves that constitute the guided field
in the core, see Figure 1.
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Figure2: Angles associateavith guidedmodepropagatiorconstantsersusthe waveguidethicknessfor symmetrical

planarwaveguidesas speci ed by Figure 1 with corerefractive indices ¢ (a)and ¢ (b); seethe text for

otherparametevalues.Thelowerhorizontallinesindicatethecritical incidenceangles it (a)and it

(b) for total planewave re ection at aninterfacebetweertwo mediawith refractiveindices fand ,, theupperlinesare

placedatthe cutoff angles max (a)and max (b) for guidedwave propagationin the endedvaveguides.

In the framework of the ray model one might then expect that an input mode encounters a high reflection, if its

mode angle exceeds the critical angle i for total reflection at the facet interface, given by crit a f-
According to Figure 2, the condition f a is satisfied for the high order modes in the structures
of this paper. The requirement s for guided fields in the core imposes an upper limit mnax to the mode
angles, where max s f . Consequently, only facet configurations with

f s a (3)

may be subject to a pronounced reflectivity.

Figure 3 gives some evidence for this simplified reasoning. The two waveguides support modes up to order
8 (a) and 12 (b). In both cases the four lowest order fields have mode angles below the critical values i,
the reflectivity remains small. For the higher order modes above the level i, the single mode reflectivity is
significantly higher, with a smooth transition at ;. Nevertheless, large amounts of power still pass the facet,
are radiated, or reflected into other modes. The plane waves that form the field in the core are bounded, with a
certain amount of the mode power traveling in the substrate and cover regions, hence the ray model fails in this
respect.

The first two columns of Figure 4 illustrate the field patterns in the structures of Figure 3, when single high
order modes are launched. Apart from small contributions from other modes, the checkerboard like pattern in
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Figure 3: Modal re ectivities  versusthe (discrete)mode angle, for a facetaccordingto Figure 1 with waveguide
thickness mand Im refractiveindices ¢ (a)and ¢ (b). Dots denotethe relative guidedpower

thatis re ectedif a singleguided eld with the propermodeangleis launched.Horizontalbarsmarkthe guided
re ection, if the facetis excited by a superpositiorEq. (4) of the two modeswith anglesat the bar end points. The
verticallines correspondo the critical incidenceangles .. andthe maximummodeangles max asgivenin the caption
of Figure2.

the core region is constituted by the forward and backward versions of the input mode with different amplitudes;
one observes a partly standing, partly traveling field in the core.

For single mode input, the radiated field in the homogeneous region appears as a superposition of two
cylindrical waves, originating from the edges of the core at the facet, where the cylindrical form is disturbed by
the facet discontinuity in the substrate and cover regions. Apart from the edges, almost no traveling fields seem
to traverse the facet plane in the region , where similar to the film/substrate and film/cover interfaces
only exponential tails are visible. Here the ray model is correct.
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Figure4: Snapshot®f the electric eld at selectedimesfor facetsassketchedin Figure1, m, s
(a, toprow) and ¢ (b, bottomrow). For the lower index core(a), the 5th and 7th ordermodesare rst launched

separatelyleft andcenter),thensimultaneouslywith a speci c relative amplitudeaccordingto Eq. (4) (right). For the
higherindex Im (b), the 8th and 10th order modesandtheir superpositiorwere considered.White andblack regions
meanpositive andnegative eld strengththegraybackgroundthesurroundingn thelowerrightinset)indicateghezero
level. There ectivities correspondingo theseplotsare , , (a),and ,

, (b).



Figure 5 displays further results for the reflection of single input modes, reflectivity values as a function of
waveguide thickness. The shape of these curves is found to be quite uniform for all modes. At small thick-
nesses, close to cutoff, the almost flat mode profile spreads wide into the cover and substrate regions. Hence
the curves start at a level that is given by the plane wave reflectivity for perpendicular incidence on an interface
between the substrate and background materials. With growing , the modes become more and more confined
in the core region, with a still large mode angle, resulting in an increase of the reflectivity. For very thick films,
the field strengths at the upper and lower core interfaces become negligible, while the mode angles and conse-
quently the -derivatives of the mode profiles tend to zero. This is again the situtation of perpendicular plane
wave incidence on a dielectric interface, now with the higher refractive index contrast ¢ 4. All reflectivities
approach the corresponding level for large asymptotically according to the Fresnel formula for perpendicular
polarization, with the mode angle used as the incidence angle.
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Figure5: Mode re ectivities  versusthe Im thickness , for facetcon gurationsaccordingto Figure 1 with Im
refractive indices ¢ (a)and ¢ (b). Thethin curvesindicatethe re ectivities of individual modes,where
continuousand dashedines correspondo even respectiely odd input elds. The thicker continuouscurve marksthe
highestre ectivity level max that canbe reachedby ary incomingguided eld superpositionthe dashedine is
meantfor a bimodalinput with relative amplitudesaccordingto Eq. (4). Horizontallines arethe re ectivities predicted
by the Fresnekquationdor perpendiculamcidenceof planewaveson dielectricinterfaceswith refractiveindices ¢ 4
(upperline) and s 4 (lowerline).

If one accepts a guided wave viewpoint for the resonator devices considered in Refs. [11, 12] the moderate
single mode reflectivities of Figures 3-5 are not sufficient to explain the quality of some of the resonances that
are observed in the rectangular cavity waveguide segments. While some of the minor resonances show indeed
single mode standing waves, the most pronounced resonances always include more than one modal basis field
(cf. the plots in [12]). This led to the investigation of the reflection phenomena related to multimode excitations
in the following section.

4 Multimode excitations

Aiming at specific input fields with high reflectivity, one could try to suppress the sources of transmission and
radiation that are visible in the left and center plots of Figure 4. The cylindrical waves should vanish, if one
launches two modes simultaneously such that the total electric field is zero at the facet edges. This will only be
possible for fields that share the same symmetry; Figure 6 shows examples.

Assume that indices and are assigned to these two modes, with the input amplitudes and
connected by the relative amplitude . Then the total field  vanishes at the origin, if
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Figure6: Normalizedguidedmodepro les thatconstitutethe basisfor the high re ection con gurationsof Figures3, 4.
Themodeanglesassociate@vith thesepro les are (TE ) and (TE ) for thelowerindex core ¢ (a),and
(TE ) and (TE ) for the high contrasicon guration ¢ (b). Thewaveguidethicknesss m
in bothcases.

the mode symmetry implies . This choice of input amplitudes results in the two-mode reflectivity
®)
For the two configurations of Figure 4 we indeed obtained very high reflection levels of , where the

difference to unity is well below the accuracy limit that can be expected for the numerical simulations (although
here the artificial boundaries should have only minor influence). The third column of Figure 4 contains plots
of the corresponding field patterns. One observes almost purely standing waves inside the core and evanescent
tails outside.

The data of Figure 5 proves that this is not a singular incidence. The curves show the maximum of the
reflectivity over all pairs of modes at the particular thickness. Levels of almost one can be achieved, provided
that at least two modes of equal symmetry exist with mode angles above the critical level t, and with a
sufficiently high single mode reflectivity (compare Figures 2, 5).

The recipe Eq. (4) for a high reflectivity obviously fails for lower order modes at small waveguide thicknesses.
Figure 7 addresses such a configuration, where one of the above conditions is not satisfied. At m
in Figure 5(a), the fundamental and second order modes make up the only mode pair with equal symmetry,
where the TE mode angle is much smaller than . Significant traveling parts of the field cross the facet
plane in the central core region for TE input, there is no possibility for destructive interference with the
cylindrical waves originating from the core edges for TE input. In this case the field at the core center should
be diminished to maximize the reflectivity. Consequently the third inset of Figure 7, a field snapshot for the
TE TE -superposition with the highest reflectivity, shows nonzero field amplitudes at the core edges. The
reflectivity value would be below the single mode level for the TE mode, if the relative amplitude would have
been according to Eq. (4), see Figure 5.
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Figure7: Electric eld patternsfor a facetexcitationby low ordermodes,the fundamentaleld (left), the secondbrder
mode(center),andthe superpostiomf thetwo thatleadsto the maximumguidedre ectedpower (right); heretherelative
amplitudedoesnot satisfyEq. (4). Thecon gurationis oneof thestructuref Figure5(a): ¢ , m.



Finally, one might be interested in the maximum reflectivity value with respect to arbitrary superpositions of

guided input fields. The task to find the normalized amplitude vector  with the largest relative reflected power

(2) amounts to solve an eigenvalue problem for the reflectivity matrix, where the largest eigenvalue
gives directly the maximum reflectivity max. Figure 5 includes corresponding curves.

As long as only one or two modes are guided for thin waveguides, max necessarily coincides with the larger
one of the single mode reflectivities. Just as  ,the mnaxcurves exhibit kinks where new modes appear with
growing . As soon as two modes with equal symmetry come into play, maxis significantly higher than the
single mode levels. With further increasing, the maximum reflectivity approaches unity more or less rapidly,
depending on the refractive index contrast. Even in this asymptotic region maxis always slightly higher than
the reflectivity for a bimodal input field: While the simple heuristic that led to Eq. (4) considers reflection
into the input modes only, these two fields couple to other guided modes and to the radiation field. Those
contributions to the field strength at the facet edges are not compensated by Eq. (4). Nevertheless, the extreme
levels in particular for the high contrast configuration (b) for both and max seem to justify the term “total
reflection” for this interference phenomenon.

5 Nonsymmetricwaveguides

Although the previous reasoning relies crucially on symmetry arguments, Figures 8, 9 show that the observa-
tions remain valid for moderately nonsymmetric waveguides. For Figure 8 we consider facets with fixed large
waveguide thickness that allow configurations with complete reflection in the symmetric setting ¢ ¢ With
increasing substrate refractive index, the reflectivities maxand  first stay on their high level. A pronounced
drop in the reflectivity occurs, when the relevant high order modes start to disappear due to the growing asym-
metry.
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Figure8: Modere ectivities versughesubstrateefractiveindex s, for facetsof nonsymmetrisvaveguidesaccording
to Figure 1 with a corethickness mand Im refractiveindices ¢ (a)and ¢ (b). Seethe captionof
Figure5 for theinterpretatiorof the line styles.

Here Eq. (4) has been applied to pairs of modes that differ by 2 in order. Somewhat surprisingly, input fields
weighted in this way encounter a high reflectivity, even for quite unsymmetric waveguides. Seemingly the drop
in the modal field strength at the core/cover interface with growing g compensates for the modal asymmetry,
when the fields are adjusted to a zero total field at the core/substrate interface. Figure 9 illustrates the total
reflection effect for a nonsymmetric facet. The higher substrate refractive index manifests itself by the more
pronounced radiation, the shorter wavelength, and by the slightly longer mode tails in the substrate, when
compared to the cover region.
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Figure 9: Analogueto Figure 4(b), for a nonsymmetriowaveguide with thickness m, Im refractive index
f m anda substrateefractive index of s . There ectivity valuesobsenedin the threesimulationsare
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6 Conclusions

Rigorous numerical experiments on multimode reflection at rectangular facets of thick high contrast slab wave-
guides led to the following observations:

Single high order guided modes propagating towards the facet are subject to a large reflectivity, provided the
mode angles in the core material are larger than the critical angle for total reflectance at the facet. In that
case the transmitted field consists mainly of two cylindrical waves, originating from the edges of the core.
With the shape of the transmission being independent from the input mode, two modes with sufficiently large
propagation angle and a difference of two in the mode order can be launched such that the individual transmitted
fields interfere destructively; the optical power is then almost entirely reflected into the two input modes. We
observed reflectivity levels well above . The effect occurs for properly selected relative input amplitudes if
the optical field strength vanishes at the core edges.

While it may be impossible or irrelevant to realize such a configuration directly experimentally, the conditions
for full reflectivity, the properly selected relative mode amplitudes, are apparently established automatically at
resonance, if such a facet with large enough refractive index contrast is employed as a reflector in a suitably
dimensioned resonator. First evidence for this statement is found in the agreement between the field shapes
observed in the core regions next to the facets in Figures 4, 9 and the standing wave patterns that appear inside
the rectangular cavities of Refs. [11, 12].
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