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A polymer-based graded index (GRIN with n= 1.4-1.6) waveguide lens was demonstrated on 
a semi-insulating GaAs substrate. The transparent bandwidth of the polymer film (photolime 
gel) is from -280 to -2800 nm. Therefore, UV (ultraviolet), visible and near-IR (infrared) 
light can be employed as the signal carrier wavelength. In this letter, an off-axis chirped grating 
lens working at 632.8 nm with 35 mm focal length, 680/mm chirp rate, and angular field of view 
of 6“ was demonstrated. Measured focal spot size of the main lobe is 5.6 pm which is very close 
to the theoretical prediction (4.2 pm). The crosslink-induced index modulation is as high as 0.2. 
Therefore, an array of chirped phase grating lenses can be multiplexed onto the same 
holographic emulsion for one- and two-dimensional massive fanout optical interconnects and 
signal processing. 

Realization of an integrated optic circuit for optoelec- 
tronic interconnects and signal processing applications re- 
quires a myriad of guided wave devices such a planar and 
channel waveguides, gratings, lenses, and electro-optic 
modulators,1-3 etc. To date, integrated optical circuits 
(IOCs) have been demonstrated on GaAs, LiNb03, and 
glass substrates to perform various optical signal process- 
ing and computing functions. These IOCs fabrication tech- 
nologies, however, are substrate dependent and thus sub- 
ject to material system selection. A substrate-independent 
device fabrication method is required to provide a trans- 
ferable guided wave device technology for system integra- 
tion. For example, board-to-board and module-to-module 
optoelectronic interconnects may involve substrate materi- 
als such as glass, Al,Os, Si, BeO, etc. To implement guided 
wave optical interconnects in these interconnection hierar- 
chies requires a universal waveguide fabrication method 
suitable for all these substrates. One of the most important 
motivations of conducting polymer-based photonic device 
research is to provide such building blocks. 

We have recently demonstrated a graded index 
(GRIN) polymer with a transparent bandwidth from 
-280 to -2800 run. The GRIN property makes the poly- 
mer an excellent guiding medium (loss < 0.1 dB/cm at 
1.3 1 pm)4 on an array of substrates regardless of their 
indices of refraction and conductivities.‘-’ Formation of 
planar waveguides, channel waveguides,4S8 single and mul- 
tiplexed waveguide holograms,g current injection collinear 
asymmetrical waveguide modulators,” electro-optic mod- 
ulators with 3/33 equivalent to that of LiNb03,” and poly- 
mer waveguide amplifier*2 were previously reported, based 
on the same polymeric material. 

In this letter, we report the formation of a graded in- 
dex (GRIN, n = 1.4-I .6) single-mode polymer waveguide 
lens on a semi-insulating GaAs substrate. The physical di- 
mension of the waveguide lens is defined by the prede- 
signed mask pattern. The photo-lime gel we used is ex- 
tracted from animal tissue. When dried, this 
biophotopolymer is a rigid glass film that shows very little 
absorption or optical scattering. It is soluble in aqueous 
solutions and insoluble in most organic solvents such as 

benzene, acetone, petroleum ether, and absolute alcohol. 
As a result of this, negative photoresist was used as a mask- 
ing layer for emulsion sensitization. The recording of the 
chirp grating lens can be realized either by mask contact 
printing or by holographic recording. In the reported dem- 
onstration, the waveguide lens was recorded holographi- 
cally using the geometry suggested by Ref. 13. A schematic 
showing the reconstructed waveguide lens is included in 
Fig. 1. This figure shows the reconstruction of the chirped 
grating lens. The incident guided beam is diffracted by the 
chirped grating lens at angles in the range of Or&, . For the 
off-axis chirped grating lens shown in Fig. 1, the incident 
beam cannot be at the Bragg angle across the entire aper- 
ture, L of the lens. It is easy to show that 

and 

(1) 

(2) 

where 8i, 81, and 0, are defined in Fig. 1, /z is the optical 
wavelength, N,, is the effective index of the waveguide 
mode and ‘IAl and “*h are the grating sp atial frequency of 
the chirped grating at the indicated locations. The dif- 
fracted beam coming out of the grating region will thus 
cross at a distanceJ; which is defined as the focal length of 
the chirped grating lens and is determined geometrically by 

f= = 
taneh-- tanf3e (3) 

where L is the lens aperture. It is clear from Eqs. (l)-(3) 
that the focal length of guided wave chirped grating lens is 
controlled by the chirp rate ( l/A,j - (l/A/)/L and the 
effective wavelength, i.e., l’Neff of the waveguide. Chirp 
rate of 68O/mm is demonstrated in our case. A higher 
chirp rate can be realized by using a fast cylindrical lens of 
recording.13 Figure 2 illustrates a section of the polymer- 
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Single-Mode GRIN 
Polymer Waveguide 

FIG. 1. Schematic of the single-mode graded index polymer waveguide 
lens on a GaAs substrate. 

based chirped grating lens. The linear pattern shown in 
Fig. 2 is a phase grating pattern rather than a surface relief 
pattern. The depth of the phase grating (z direction of Fig. 
1) is equivalent to that of the polymer waveguide. As a 
result, the diffraction efficiency derived from coupled mode 
theoryI is stronger than for a surface relief grating struc- 
ture with a partial overlap.” The formation of a phase 
grating structure also reduces scattering when compared 
with a surface-relief structure because of the existence of 
the surface corrugation caused by etching processes such as 
chemical etching and ion milling. 

The polymeric material we employed has a transmis- 
sion bandwidth from 280 to 2800 nm,’ which covers UV, 
visible, and near-infrared optical wavelengths. A polymer- 
based chirped grating lens working in the TJV and visible 
spectra can thus be realized in the GaAs substrate. A 
GRIN polymer waveguide lens working at a wavelength of 

.a pm 

FIG. 2. A portion of the polymer-based chirp grating on GaAs substrate. 

FIG. 3. Observation of a polymer-based chirped grating lens on GaAs 
working at 632.8 nm. The equivalent micro-optical components in this 
photograph are illustrated in Fig. 1. 

632.8 nm is shown in Fig. 3 where a guiding layer and 
focusing lens are clearly shown. Demonstration of a wave- 
guide lens at other visible wavelengths was also conducted 
and the results are not presented in this letter. The perfor- 
mance feature and the design parameters for this wave- 
guide lens are summarized in Table I. The range of index 
tuning is around 1.4-1.6. The output end face of the device 
was further cleaved to facilitate near-field imaging. The 
focal spot profiles of the main lobe of the diffracted beam in 
both the horizontal and vertical directions are further il- 
lustrated in Fig. 4. These profiles are very close to the 
theoretical prediction (/2eff * F=4.2 pm). The diffraction 
efficiency at /2=632.8 nm was measured to be 56%. The 
linear dimension of the spot size in the depth direction is 
confined by the waveguide depth which is 10 ym for the 
reported device shown in Fig. 2. The wide transmission 
bandwidth and the GRIN characteristic of the polymer 
thin film allows the formation of a visible waveguide lens 
on a lossy high index substrate such as GaAs. The GRIN 
characteristic makes the formation of guided wave device 
transferable to any substrate of interest and the wide trans- 
mission bandwidth significantly expands the communica- 
tion bandwidth of the signal carrier beams. Availability of 
the waveguide hologram and the GaAs-based transceiver 
circuitry will greatly enhance the chip-to-chip and module- 
to-module optoelectronic interconnects using the polymer/ 
III-V material system combination. Implementation of the 

TABLE I. Designed parameters and measured performance of an off-axis 
chirped grating lens. 

Film index 
Substrate index 
Waveguide thickness 
Graded index profile 
Waveguide effective index 
Chii rate 
Focal length 
F No. AIVeff 
Diffraction limited spot size (pm) (l/e) 
Measured 3 dB width (l/e) 
Angular field of view (deg) 
Waveguide propagation loss 

“Reference 17. 

1.4-1.6 (graded index) 
3.4 

10 pm 
semi-exponentiala 

1.47 
68O/mm 
35 mm 
lo-O.2 

4.2 pm 
5.6 pm 

6’ 
0.1-1.0 dB/cm 
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FIG. 4. Measured focal spot intensity distribution profiles in the (a), 
horizontal and (b) . Depth directions using a linear charge coupled pho- 
todetector array. 

GRIN polymer waveguide lens array will also facilitate the 
waveguide to fiber coupling when the fanout beam size of 
the waveguide-based wavelength division demultiplex’* is 
larger than the diameter of the output fiber.’ 

The locally sensitized photolime gel exhibits an index 
modulation as high as 0.2.6 Using the phase grating char- 
acteristics, we can multiplex a large number of chirped 
grating lenses in the same emulsion area.’ An important 
implication of the multiplexibility is the feasibility of con- 
structing two-dimensional signal processing with a large 
number of fanout channels within the same waveguide de- 
vice. Conventional integrated optical devices sacrifice the 
third dimension which is important for highly parallel op- 
tical signal processing and computing. For example, the 
integrated optical circuits (IOCs) for synthetic aperture 
radar (SAR) I6 signal processing require both spatial inte- 
gration (for range compression) and time integration (for 
azimuth compression). Range compression is realized 

through on-chip diagnosis while azimuth compression has 
to be handled outside of the circuit. The holographic ma- 
terial employed here has a reported index modulation as 
high as 0.2. Therefore, it is feasible to provide a 1000 
x 1000 pixel 2D image by using the proposed technique 
according to the result reported in Ref. 17. The time inte- 
gration associated with azimuth compression can thus be 
realized in the same optical guided wave circuit when ap- 
propriate detector arrays are integrated. 

In summary, we report for the first time the formation 
of a polymer-based otf-axis chirped grating lens working at 
632.8 nm on a GaAs substrate. Both single and multi- 
plexed waveguide lenses were formed. The GRIN charac- 
teristic of the polymer film allows the formation of such a 
waveguide circuit on any substrate of interest. The large 
transmission bandwidth of the polymer film (280-2800 
nm) significantly enlarges the optical signal bandwidth for 
GaAs-based optoelectronic integrated circuits (OEICs) . 
In this letter a chirped grating lens with chirp rate of 680/ 
mm, focal length of 35 mm, and F No. of 10 was success- 
fully demonstrated. A diffraction-limited spot was also 
demonstrated. Unlike surface-relief gratings, where grating 
multiplexibility is not achievable because of their binary 
nature, the holographic waveguide emulsion we employed 
is a phase grating material with index modulation as high 
as 0.2. A large number of grating lenses can be multiplexed 
onto the same area. Finally, two-dimensional pixels-for 
example, CCD arrays-can be fully integrated onto the 
same integrated optical circuit. Therefore, an extra degree 
of freedom for optical signal processing and computing can 
be provided using IOCs. 
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