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ABSTRACT

Theoretical designs of chirped grating lenses have yielded very high efficiency and moderately large angular

fields of view.
dians) have been obtained in low index glass waveguides.

Experimentally, high efficiency (0.7dB insertion Joss) and large angular field of view (0.1 ra-
Performance in high index waveguides such as LiNb03 will

be Timited by the ngff-ns, the index of the groove material and the tolerance of the microfabrication processes.

For signal processing in planar waveguides, it is
necessary to integrate, focus, collimate, image- or
Fourier-analyze guided-wave beams by efficient lenses
that have both diffraction-1imited performance and low
noise.

Currently, the most commonly used guided-wave
Tens is a geodesic Tens that requires the precision
grinding of the non-spherical surface contour for each

1ens]. Lens effect can also be obtained by diffraction
from surface relief patterns made by much-less expensive
planar microfabrication techniques, as illustrated in
Fig. 1. Fresnel lenses have been reported to give dif-
fraction-limited focused spot size, 109 angular field

of view, and 23% efficiency at F 2.52. An experimental
linear chirped grating lens with F = 15 has been re-
ported to give a diffraction-limited focused spot size

with 90% efficiencyz. Both of these lenses were made
on low index waveguides. Optical signal processing is
usually performed on electro-optical waveguides, such
as LiNbO3, that have a high index. Questions have been

raised concerning the effectiveness of diffraction
Tenses on high index waveguides where the index of
grating grooves are limited by available materials.

We discuss in this paper the design of the chirp-
ed grating lenses in optical waveguides obtained from
three types of theoretical analysis plus experimental
evaluations. The design data includes (a) the efficien-
¢y n (i.e. the insertion loss), (b) the angular field
of view 28, (c) the spot size o and (d) the main Tobe
to side lobe intensity ratio, IO/Is of the diffracted

patterns for (1) waveguides and grooves that have dif-
ferent refractive indices, thicknesses and patterns and
(2) lenses that have various aperture size H, F-number,
focal length f and (3) incident beams that have various
radiation patterns.

The theoretical design4 predicts that high effi-
ciency (n # 90%) can be obtained with relatively large
A8 (A6 = 0.1 radians) for linear chirped grating lenses
that have large diffraction coupling coefficient KC(ch

0.05 to 0.1) on waveguides that have an effective index
Natf signicantly different than the refractive index of
the substrate ng.
lated diffraction efficiency n, of a few LiNb0y chirped

grating lenses. Notice the performance improvement
that can be obtained by large coupling coefficient KC

and shape control. KC is defined here as the change in

the effective-index of the region inside and outside of
the grating groove divided by half of the free space
wavelength. A large coupling coefficient KC allows us

For example, Fig. 2 shows the calcu-

to obtain medium Q-factor lenses that will have a larger
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the importance of m

angular field of view than the high Q-factor lenses
that are typically obtained when K¢ is small. UTti-
mately the angular field of view A6 will be limited by
Neff Msubstrate S° that the incident beam will not be
diffracted significantly into substrate modes. Aemax=
-1 .

cos ("substrate/neff)' Fig. 3 shows the calculated Ke

values for deposited T1'O2 film (n = 2.57) thicknessess

(solid curves) and for various etched thicknesses in
Ti-indiffused LiNb0, waveguides (dashed curves). Notice
gintaining a mode depth 6m of 1 um

in addition to large index for the deposited grooves
for obtaining even moderately large KC values.

Experimentally, we have investigated the deposi-
tion of CeO2 and Nb205 films on glass waveguides by

evaporation and by reactive sputtering techniques and
measured changes in the effective index Ane of the wave-

guide modes created by these overlay films at various
thicknesses. The measured value of Ane agrees approx-

imately with theoretical predictions. Based upon the
measured values of Ane we have fabricated CeO2 grating

lenses on glass waveguides. The mask patterns for the
lenses were fabricated by electron beam 1ithography at
the NSF National Research and Resource Center at Cornell
University. The 1ift-off method using the conformable
contact printing technique has been used successfully
to fabricate the CeO2 chirped grating fingers from these

flexible Cr masks into the glass waveguides. The grat-
ing groove patterns, the length and the thickness of
the experimental lenses were selected according to the
theoretical design. So far the highest thru-put effi-
ciency that has been achieved is 80% (i.e. 0.7dB total
insertion loss). These lenses have a moderately large
angular field of view (approximately 0.1 radians). Ad-
ditional experimental investigation of constant period-
icity gratings has also been carried out in order to
determine the effect of (a) the Q-factor, (b) the mode
polarization (i.e. TE or TM) and (c) the fabrication
tolerance, on the coupling coefficient between the
incident and the diffracted beams, the efficiency and
the angular field of view.

Experimentally the LiNbO3 waveguide differs con-

siderably from glass waveguides in three aspects: (a)
It has a high Naff SO that the material used for the

grating grooves needs to have an even higher index in
order to obtain Targe coupling coefficient at small
thicknesses. (b) Its Naps 15 very close to Nsubstrate

(e.q. Neff = Msubstrate 2 0.005 for Ti-indiffused

waveguides) so that the coupling to the substrate mode
may limit either the maximum angular field of view or
even the efficiency at Bragg angle. (c) The Ti
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indiffused waveguide has a large mode depth caused by
the small Noff ~ Msubstrate” As shown in Fig. 3, the

Jarge mode depth implies small coupling coefficient and
smallangular field of view.

We have investigated the deposition of T1‘O2 films

on L1‘Nb03 waveguides. Hard,transparent and durable

films of T1'02 with refractive index close to the index
of the bulk T1'02 crystal have been obtained. T1'02 Tenses
have been fabricated on Ti indiffused L1'Nb03 waveguides
by a similar1ift-off method as that used for the CeO2

lenses on glass waveguides. However, due to the limit-
ations in Noes and in mode depth, the highest efficiency
obtained so Far is 50%. Subsequently we have investi-
gated the use of a Nb205 transition waveguide as shown

in Fig. 4 in order to obtain a Targer Naff = and

n
sub
a higher coupling coefficient. Alternatively we have
investigated the use of ion exchange in benzoic acid
for obtaining the same effect. Experiment§1 data
collected up to the time of the MTT symposium on the
LiNb03 waveguide grating lenses using these two
transition waveguides will also be presented.
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ILLUSTRATION OF A CURVED CHIRPED WAVEGUIDE
LENS.
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DIFFRACTION EFFICIENCY AS A FUNCTION OF THE
INCIDENCE ANGLE.

Curve (a) refers to a shape controlled
grating lens on L1‘Nb03 waveguide with

aperture H = 2 mm, focus length f = 20 mm,
maximum groove length dB =23 um, Q = 5,

coupling coefficient K. = 0.1 um_].

Curve (b) refers to a grating lens with the
same H, f, dB and QT but with a controlled

1 T 1

B_ - _ -
KC value, KC = 0.07 um  and Kc = 0.28 um .

Points marked 4 refer to a rectangular 1.
grating lens with d = 15.7 um and KC=O.1um A

Points marked @ refer to a rectangular -1
grating Tens with d = 7.85 um and Kc=0.2um .
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FIGURE 3:
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A COMPARISON OF KC FOR ETCHED L1'Nb03 AND
DEPOSITED Ti0, GRATING GROOVES ON L1'Nb03
WAVEGUIDES.

Solid curves are the calculated KC for T1'02

deposited grating grooves. The dashed curves
are the calculated Kc for etched grating

grooves in L1‘Nb03 waveguides. Curve shows

only the region of single mode operation.

(a) The effective mode depth of the waveguide
s 1 um.

{b) The effective mode depth of the.waveguide
is 2 um.
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FIGURE 4: THE sz()5 TRANSITION WAVEGUIDE INTERCONNECTING
TWO SECTIONS OF A LiNbOs WAVEGUIDE.
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