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Cascaded energy-optimized
linear volume hologram array
for 1-to-many surface-normal

even fan-outs

J. LIU, C. ZHAO, R. LEE, R. T. CHEN

imizati an-out energy distribution for substrate guided wave optical
Sv?;:?;;ﬂég?silih a surface-?l‘;rmal configuration is addressed in this paper. Up to
nine optimized waveguide holograms are independently fabrlcale_d on the sgmp
substrate. Energy fluctuation affected bv the deviation of the dl}s.n(_;m:d diffraction
efficiency is theoretically analysed. Using DuPont photopolymer film
HRF-600X001-20, we demonstrate 1-10-5 and 1-t0-9 surfa::u-nrirmni ian—mol!
devices operating at 850 nm. The output naq—t1|1|lorrn||rc§ of ar':_u. and +10%
are experimentally confirmed for the two devices, respectively, © 1998 Elsevier

Science Ltd.
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Introduction

Optical interconnects have been demonsirated (o be one
of the most important alternatives 1o overcome the
bottlenccks of the existing high bandwidth eleetrical
interconnects'. Among many optical interconnect
demonstrations, substrate guided wave oplical
interconnection, using holographic optical elements
(HOEs) together with total internal reflection is an
eflicient approach for intra- and inter-module
interconnects, optical clock distributions, and oplical
backplane buses® *. Several holographic optical elements
for 1-to-many surface-normal optical interconnec
been reported using dichromated gelatin (DC
integrated on wave guiding plates' * However, a
an equalized fan-out energy distribution and
HOE with a high diffraction efliciency is still required,
Furthermore, the wel-processing requirement afliliated
with DCG complicates the prablem®. In practice, the
non-umformity of o I-to-many fan-out device makes it
mare difficult to integrate with optical detector arrays
and with other optical signal processing elements.

chieving
an input

In this paper, the optimization of
energy disiribution for subsirate euided wave optical
Interconneets with a surfiace-normal configuration is
addressed. A method is developed 1o integrate u
cascaded volume hologram array on a glass substrate
using DuPont photopolymer film HRF 600X001-20,

i cascaded fan-out
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are demonstrated at an

sl 850 nm

and expenmental resull

operating light wavelengih «

Hologram formation in DuPont

photopolymer films

(Liut

DuPont photopolymer ont Holographic
Materials, Wilmington vare, USA) are promising
holographie films due to their dry processing, long sheif
life, good photo-speed, and large index modulation’ 19,
The holographic photpolymer 15 usually coated from
solvent onto a clear support, typically a Mylar polyester
film. A removable cover sheet is used as a protecting
cover. Photopolymer thicknesses are available from

10 to 100 pm

The hologram formation mechanism in the
photopolymer films is known te be a three-step process.
First, an exposure initiates the interference pattern,
which causes initial polymerization and diffusion of the
monomer molecules to bright fringe areas from the dark
fringe neighbourhoods in the photopolymer. A higher

concentration of polymerization means a higher
refractive index, Second, a uniform UV light 15 required

for dye bleaching and complete polymerization. Third, a
baking pracess can further enhance the refractive index
modulation of the hologram formed in the
photopolymer film. It is shown that the dynamic
properties ol diffruction efficiency versus exposure time
cin be controlled by the two recording beam intensities,
which are related with the polymerization rates and the
diftusion rates in the photopolymer films®. Before
stturation, iff the two recording beam ratio is 1+ 1 and the
recording intensities are relatively low, the diffruction
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:cg{nm wre oo low. On the other hand, if high intensitics

are employed, it causes the difTusion rates |.n l‘m:.h'\'\' lhl;:I:
the polymerization rates in ic dark fringe rt}.,lull'l.\-. .In i
the resulting diffraction efliciency curve shows i l. l.i.'ﬂ.l.!ll.l
when the diffusion processing stops through the rigidity
of the polymerized portion of the film. For !.I‘I'II oplimum
recording light intensity, a smoothly mcn:;t.\u‘
diffraction efliciency curve Il'l||‘1 i saturation region
should be obtained, resulting from the monomer :
diffusion rates compatible with the polymerization
in the dark fringe regions o the ;_ahnmpulymf:.r4I1|_m. In
our experiment, HREF 600X001-20 (20 pm _llm.k] is
selected as the recording num_-n_:ll h_cuuuu: it t‘\hl‘!;llﬁ
lower scattering and higher diffraction efficiency |‘
Higher refractive index medulation in this type of
photopolymer film has been rq?nﬂcd. and ;[]urg}' 2
dynamic range of diffruction clhcu:m.'__v as a function ol
exposure time can be .u:luc\'_cd by -.ni_m)vlmg light
intensities of the two recording beams’™*,

Designing principle and theoretical
analysis

For a substrate guided-wave oplical interconnect with
ideal 1-to-n energy-equalized surfuce-normal fan-outs,
as shown in Fig. 1, the diffraction efliciencies for the
output holographic optical elements are given by!!

o= 1n=i+1) (1

In (1), the subscript ¢ (i =1, 2, 3,..., n) represents the
order of the putput HOEs in the designed substrate
guided wave optical [an-out device. For example, an
ideal 1-10-5 energy equalized fan-out device needs 20%,
25%, 33%, 50% and 100% diffraction efliciencies. For a
1-10-9 fan-out design, diffraction efliciencies of the order
of 1%, 12%, 14%, 16%, 20%, 25%, 33%. 50% and
100% are needed for the output HOEs, The key (o
obluining an energy equalized fan-out distribution is to
find an optimum recording light dosage which can
provide an accurate diffraction clliciency between 10%
and 100%,

I diffraction efficiency for the kth HOE has a deviation
of diffraction efliciency of + Ay [rom its designed value
while diffraction efficiencies of other HOEs remain
accurate, the resulting deviation ¢ of fan-out intensity
over average fan-out light intensity oceurs at the kth
output HOE and is given by

k=1
eE=n n{l =n) | An | (2)
(]

If the tolerable encrgy fluctuation of u device with 1-to-n
fan-_oqm is desired 1o be ¢, from (2), the corresponding
deviation of diffraction efliciency for the kih oulput
HOE s allowed 1o be

{ 4
e o
10 =) G)

Figure 2 shows the muximum fluctuation of diffraction
cﬂiqncncy tolerance for each channel of the 1-9 fan-out
device (11=9) which is caused by a maximum cnergy

fluctuation of 10% und 5% for the designed device, 1 is
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Fig. 1 HOE based surface-normal fan-out optical intarcon nect
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Exposure time (s)
Fig. 3 Dilfraction sfficiency varsus axposure time for DuPont
phatapalymar HRF 600X001-20 (20 jum thick), The film thickness
16 20 um. The recording light wavelength is £, = 514 nm. The ratio
of twa recording beams is abaut 1,1, The total Intensity of the
beams is ~3.0 mW cm % Elficiency is measured at /4, = 850 nm

shown that the tolerance of deviation of diffraction
clficiency for the first few fan-aut channels is much less
than for the last few channels, For example, for a 10%
maximum energy fluctuation at the last fan-out, the
diflraction efficiency change for the first channel is
restrieted o be within + 1%, which can be carefully
achieved,

In reality, the diffraction efliciency adjustment of each
HOE is always required based on the highest efficiency
achicvable, If the maximum efficiency achievable is s
(1) becomes

0=y /(n =i+ 1)




Fig. 4 (a) Far fi ¢ 101 0 1-10-5 fan-out res

intensity fluctus

Assume the maximum efficiency that can be routinely
achieved expenimentally is 90%, the corresponding

difftaction efficiencies for the 1-10-9 fun-out device :
determined 10 be 10%, 117, 13%. 1

30%, 45% and 90%, respectively

Experiment

A two-beam interference method? js employed 1o
fabricate hoth nput and output HOFEs. An argon ion
laser operating at 514 nm is used in the hologram
recording. The reconstruction wavelength is set ay

850 nm, which is the cmitting wavelength from most of
the commercially available vertical cavity surface
emitting lasers (VCSELs) The diffraction angle for cach
HOE is designed ay 45°, greater than the 41 3 critical
angle of the o1l internal reflection of 4 BK-7 glass
substrate. The Bragg phase matching |.‘Ull(|lli|\llh {

8

Snell’s

Lhc

evaluate the diffracted angle in

then to convert the
AT

raphic medi

record S to those in

For our experimenial set-up, dif

rent beam intensities
and beam intensity ratios are nvestigated to find
optimum recording light intensities by which the
diffusion rates of monomer molecules in the
photopolymer film are close to the polymernization rates
in the dark fringe areas as discussed above. At a certain
fixed recording intensity and beam ratio, a set of single
holograms with exposure times from 0 to 80 s at
intervals of 5 s are recorded. The holograms are post-
exposed UV light with 100 mJ em =2 und are buked for |
hour at 120°C. A Coherent Ti sapphire tunable laser is
used to measure the diffraction efliciencies of HOEs at
850 nm under s-polarization An optimum recording
condition is found to be that the intensity ratio of the
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Fig. 5 (o) Far fiold image for a 1-10 9 optical fan-out device, (b) relative in1es ty V fuctuaton is within
+10%, 4 = B0 nm
: L 0 ' ouls is within + 10%
wo recording beams is 1:1 and the 1otal intensity of the non ‘-‘ M ‘ i "“ ok B (B e
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two beams is ~3.0 mW ecm =2 The diffraction efliciency 186 My 4 ; 5 | "‘ ottt s
versus the exposure time under such a condition is given fan-put devi e P the L“”-, ot
in Fig. 3. We clearly observe that the higher efliciency fan-ouls, th mor <|i” L 4 con r." ! L[ f :l,‘”i -.,.h ‘
(>90%) oceurs at the 40 s exposure time, and different efliciencies of \h. 5. | I|‘1- umy L.‘I\I‘ s di .N .i
dilfraction efficiencies ranging from 0% to ~90% are control experimentally the diffraction ¢ ' |;|1l"mu_~-\ i
obtained between 0 s and 40 s, This large dynamic neighbounng channels having 1% and 12% preciscly

region makes it easy (o et the aceurate diffraction
clliciencies required for energy equalized fan-out devices,
The curve remains almost flat When the exposure time is
larger than 40 s, This is caused by the saturation of the
modulition of the refractive index”

To integrale HOEs with different diffraction efficiencies
on one photopolymer filr \ 6 em-long mask with a slit
OF 6 mm across is used. This mask is placed in front ol
the film during the HOE: recording, The film is translated
Iwice the thickness of the substrate sequentially between
exposures. The exposure time corresponding 1o the
dillraction elliciency at each designed position is
obtained from Fig. 3

hg!m: 4 shows the CCD image ol a 1-10-5 fan-out
device ar 850 under s-polurized light, for which glass
substrate (3,15 mm thick) is employed, The ntensity
distributions from chinnel 1 1o channel 5 are 1,04, 0,99,
0.96, 1,03, 0,98, with a maximum deviation abou +4%.
I'his shows that it 15 possible 1o control the output
HEnsIty uniformiy precisely. In Fig, 5, we show the
Experimental result for 4 1.1g.9 device, The intensity

The diffraction efficiency versus the deviation of the
input signal from the surface-normal for the first
channel of the 1-10-9 device is also tested. We found that
a4 +0.5 deviation of the input signal from the
surfce-normal position can lead to a 10% deviation of
the maximum diflraction elliciency. The diffraction
elliciencies of the input HOEs for these two devices are
measured 1o be about 90%,

The non-uniformity of the fin-outs of the devices is
caused by the deviation of the required diffraction
elliciency of the HOE at the recorded position, the
cleantiness of the glass, and the | minaling process
Non-ideal interface quality between the gliass and the
photopolymer film also causes non-uniform energy
distribution. Another important fuctor influencing the
outpul energy fluctuations is the alignment of the device
relative (o the input reconstruction laser beam, The
DuPont photopalymer experiences some degree of
shrinkage alter 1y curing and baking. This irinkage
affects the slanted angle of (e hologram gratings, which
leads 10 the deviation of the maximum diffretion
efficiency from the sutlice-normal ineident position®,
Figure 6 shows the deviation angle of the maximum
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Fig. 6 Angle of maximum diffraction efficioney deviated from the
{f | incidant i (i time for DuPont

vorsus
photopalymer HRF 600X001.20, 4, = 850 nm

diflraction efficiency as a function of the exposure time.
The recording conditions are the same as those in Fig, 3,
We can see that the angle deviated rom the
surface-normal incident position increases as the
exposure time (which controls the diffraction efficiency
as shown in Fig. 3) increases. The higher the diffraction
efficiency, the larger the deviation angle. Up to 2.1°
deviation angle is determined for those HOLs with
~90% diflraction efliciency. It scems that the deviation
angle saturates at higher diffraction efliciency. Further
improvements can be made by taking these effects into
consideration.

Summary and discussion

We present the design considerations and the
experimental results for the fabrication ol a l-to-many
energy equalized cascaded fun-out device for
surface-normal substrate guided wave oplical
Interconneets. Satisfuctory results are demonstrated for
1-10-5 and 1-10-9 fan-out devices at 850 nm. This
approach can be easily employed 1o fabricate energy
cqualized fan-out devices at other wavelengths. It should
be noted here that the optimum recording condition
depends on (he reconsiruction wavelength which affects
the hnlusmp]lic grating slanted angle. With the Tan-out
energy equalization problem solved, if s expecied that
these subsirate Buided surfuce-normal oplical fan-out
HOES will find wide applications in muny integrated
lics and aptoclectronic applications. These include
optical bickplane bus, optical clock distribution, and
optical true-time.delay lines!* 14, gy employing these
cqualized fan-out devices, (he non-uniform
istributio ncerned with these optical
MINECLS s no | et an obstacle. This also eases

nto photodeiector arrays

for practical system designs. Meanwhile, the energy
equalized fan-outs device can also serve as an optical
array illuminator!® distributing oplical power to optical
logic gates and bistable devices in aptical computing.
Furthermore, the energy equalized fan-out opueal
interconnects can be puckaged with VCSELs,
photodeteetor arrays, and optical processing elements
for inter multi-chip module (MCM) and intra MCM
parallel optical processing. This approach is currently
under investigation,
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