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Optical waveguide focusing system with short free-working distance
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In photonics, light usually diffracts in all directions when it emerges from a planar optical
waveguide. Besides this fact, in this letter we show that a waveguide with a rectangular cross section
can be turned to a focusing system by using three-dimensional self-imaging technique. We obtained
a configuration where the focus of the field lies outside the waveguide, in air, with a spot size of
approximately the resolution limit of half a wavelength. This type of waveguide could be used as a
coupling element in integrated optics or in high numerical aperture optical system200®
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Diffraction effects within submicron-sized apertures
have gained considerable interest because of their impor- Wxe=Wx+
tance in optics and semiconductor technolbgn this letter
we present a focusing device, based on self-imaging tectand
nigues, using a multimode rectangular waveguide. Inspection
of the intensity and phase distributions of the focused field W, =W, + NA
outside the waveguide reveals that the quality of a y
diffraction-limited spot can be achieved. This compact focuswheren, andn, are the refractive indices of air and guide
ing system is quite simple to be fabricated or extended tdayer, respectively, andl is the free-space wavelength. The
arrays, and could be used in integrated optical waveguidguantitiesNA, andNA, are defined as
systems.

Self-imaging in a homogeneous planar optical wave- NA= n;—ng and NA,=n7—ng, @
guide was first sugges?edsby Bryngd%hh?' extended 10 \heren, is the refractive index of the cladding layer. If we
strip Wavegwd_es by Ulrl_cf‘i'. Self-_lmagmg within a rt_ectan- require thatW, =W, =W, we obtain
gular waveguide was first studied by Voges, Ulrich, and
Simon®’ The structure of our focusing system is a single-
mode rectangular waveguide connected with a multimode
rectangular waveguide as is shown in Fig. 1. The material o
the guide and cladding layers and their refractive indicgs
and n, are SIN ;=2.05) and SiQ (n,=1.47), respec-
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f:or the specific example shown in this letter, the input field
is the zeroth order TE mode field of a single-mode wave-

guide which excites only the even symmetric modes of the

tively. The thickness of the claddingguide layers are . ; ; . o
1100800 nm for the multimode waveguide and 11260 multimode waveguide since the input field is centered on the
nm for the single-mode guide. The length of the muItimodesymmetry axis. The first self-image of the input field is ob-

. ,: 2 .
waveguide is 3.4um (0.6 um shorter than the self-imaging ;[/\;g\]/ee%ui(?é a length Ly =nWe/A of the multimode
length. We modeled it with a particular application in mind, '

. tical data st t th lenath of 400 H In order to calculate the field outside the waveguide, we
.€., oplical data sforage at the wavelengtn o ) M. FOWri ot analyze the aberration caused by the coating layer. Since
ever, for other applications such as interconnection device,

. o ICCHhe self-imaging lengths in the andy directions are equal,
or general focusing systems, similar results can be obtained

by just adapting the parameters.

In the design shown here, the width and thickness of the Cladding layer
rectangular waveguide are equal. The width corresponds to —
the effective width, including the penetration depth. We ex-
cite the structure with the TE modglectric field vector
parallel to the interface of guide layer and cladding layer X
the single-mode waveguide. The self-imaging effect of the
field in the rectangular waveguide can be analyzed inxthe ’
and y directions separately. For a step-index multimode :
waveguide with width&V, andW, in the x andy directions, e

the effective widthsw,, andW, . are given b§ s / i
Single-mode guide Multi-mode guide  Coating layer
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dAuthor to whom correspondence should be addressed; electronic maiFIG. 1. Structure of the waveguide system used to model the focusing
hwang@nat.vu.nl system.
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FIG. 2. Intensity distributions of the field within the multimode waveguide
in the (@) x- and (b) y-directions. Units are in microns. (b)
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the image in both directions coincides, i.e., there is no astig-
matic aberration. The spherical aberration is calculated ac
cording to Ref. 9. We use SIiON with refractive index 1.43
and thickness 64.34 nm as the coating layer. To calculate th
maximum aberration, we take the convergence angle to bt
90°, resulting in an aberration factor of 0.02610.4 nm,
which is negligible. The field inside the waveguide and at the
guide—air interface is calculated using the computer progran
FIMmwaVE 2% and the field at a distanakfrom the waveguide
in air is calculated with the spectrum propagation mettod.
The intensity distributions inside and outside the rectangular
waveguide for bothx andy directions are shown in Figs.
2(a), 2(b), and 3a), 3(b), respectively. From Figs.(8 and
3(b) one sees that the position of the maximum intensity
(intensity focal planglies outside the waveguide at a dis-
tance of 0.2k from the guide—air interface. By analyzing the N, ) ) S

. . FIG. 3. Intensity distribution outside the multimode waveguide in(the-
phase of the external field we obtain that the phase fOcaalnd(b) y-directions. Top right: the profile of the intensity at the center. Units
plane(i.e., where the phase front is a plane at 0.4 dis-  are in wavelengths.
tance away from the guide—air interface. The full width at
half maximum of the intensity spot in theandy directions

are 0.77 and 0X5 respectively. o .
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