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High-efficiency continuous surface-relief gratings for
two-dimensional array generation
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Continuous surface-relief phase gratings for two-dimensional (2-D) array generation have been realized by
laser-beam writing lithography. For a 9 X 9 fan-out element, a diffraction efficiency of 94% and a uniformity
of better than 8% have been achieved. These are, to our knowledge, the best published results for 2-D surface-

relief fan-out elements. Separable and nonseparable solutions for the design of 2-D fan-out elements are

discussed.

Space-invariant fan-out elements split a single laser
beam into quasi plane waves, which are focused by a
lens as shown in Fig. 1. Such phase gratings that
generate arrays of light spots are widely used in par-
allel processing systems.

In order to realize highly efficient fan-out ele-
ments, recent efforts have concentrated on multi-
level phase structures' and continuous phase
profiles.? The fabrication of multilevel phase struc-
tures involves microlithographic technologies that
are well mastered and widely available. The draw-
back of this approach is that the number of masks
increases with the number of phase levels. Thus
precise alignment has to be performed at each pro-
cess. Continuous phase profiles are recognized as
providing the highest diffraction efficiency. On the
other hand, their fabrication is considerably more
challenging.?

In this Letter we report on a successful implemen-
tation of the optimized continuous phase function
for a two-dimensional (2-D) fan-out element as a
continuous surface-relief grating in photoresist.
The fabrication was possible by using the laser-
beam writing system developed at the Paul Scherrer
Institute in Ziirich* (PSIZ). The advantage of this
technology is that the structure is written in one
single step, thus errors due to successive alignments
are avoided.

The optimization used for the design of one-
dimensional (1-D) fan-out elements is described in
detail in Ref. 5. In this Letter the theory is general-
ized for 2-D design. The optimization process con-
sists of two basic steps: the first leads to high
efficiency, and the second yields perfect uniformity
of the generated array of light spots with only a
slight decrease in efficiency. One of the basic ques-
tions of optimizing continuous phase profiles is the
relevant parameter set to describe the continuous
surface relief. Contrary to the optimization of
multilevel phase gratings,' we describe the fan-out
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elements by the array of spots that appear in the
Fourier plane. This approach defines a minimum
set of parameters for the exact representation of the
continuous surface relief. The parameters to be op-
timized are the amplitudes and phases of an array
of point sources. The desired field distribution in
the back focal plane of the lens (Fig. 1) can be writ-
ten as

M N
U(x,y) = E EAmn exp(i¢mn)6(x - xmay - yn)7

m=1 n=1

@

where A,,, is the amplitude, ¢.. is the phase, and
(X, ¥») is the position of the m,nth spot of a 2-D
array. As we are only interested in the intensity
distribution of the object, the phases ¢,.. are free
parameters. .

The field distribution U(u,v) in the grating plane
is related to the field U(x, y) by a Fourier trans-
form (FT):

Uw,v) = [U,v)lexpli¥w,v)] = FT{Ux, )}, (2)

where lﬁ(u,v)l is the magnitude and ¥(u,v) is the
phase of the field distribution in the grating plane.
The irradiance distribution I(z,v) in the grating

2-D spot
phase grating array
Fig. 1. Readout of the fan-out element.

Fan-out Lens

© 1992 Optical Society of America



plane can then be written as
Iu,v) = [Uw,v)|?

= Elqmn2 + 2 2 2 AmnAm’n‘

mn m<m' n<n’'
X cos{2m{ulx, — x,)

+ v(yn - yn’)] + ¢mn - ¢m’n’}, (3)
where the first term on the right-hand side of Eq. (3)
is constant and equal to the mean object irradiance.
The second term describes the variations of the ir-
radiance. These intermodulations are due to inter-
ference between the object waves in the grating
plane.

To reproduce the desired object U(x, y) perfectly,
the hologram must have a transfer function propor-
tional to U(u,v), which means an intensity transfer
function proportional to I(u,v) and a phase transfer
function equal to exp[i¥(u,v)]. With a single ele-
ment, the intensity transfer function can be realized
only by absorption. In order to minimize the losses
due to the required intensity transfer function, the
variations of the object irradiance in the hologram
plane have to be minimized. Therefore the opti-
mization criterion can be formulated as

f [I(u,v) — {I)]? dudv — min. (4)

The variables of the optimization are the phases ¢,,.,
of the point sources, given in Eq. (1), while the am-
plitudes of the point sources for a uniform fan-out
are dll equal (A,,, = 1). The optimization problem
is solved by applying a downhill simplex algorithm.
The optimization criterion (4) reduces the inter-
modulation terms of Eq. (3) to a minimum. The re-
sidual intermodulation still causes some absorption.
In order to reach the highest diffraction efficiency,
we opt for a pure phase element and clip the residual
intensity transfer function to I(u,v) = 1. Clipping
the residual intermodulation terms hardly alters
the high efficiency but reduces the uniformity of the
fan-out. In order to improve the uniformity of the
fan-out, we use an additional optimization process.
By iteratively changing the amplitudes of the initial
point sources A, slightly to A,..”, where i counts
the number of iteration loops, the resulting ampli-
tudes of the output can be perfectly balanced. This
second optimization decreases only slightly the opti-
mized diffraction efficiency from step one. The
substitution of the optimum set of phases ¢,,, and
the new amplitudes A,,,” into Egs. (1) and (2) de-
fines the optimized phase function ¥(u,v) of the

fan-out element, which generates a perfectly uni-.

form array of spots. This phase function is imple-
mented as a continuous surface-relief element
without quantization. - '
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In order to reduce the computing time, separable
solutions are attractive for generating large M X N
arrays. In this case the object is described by
Ulx, y) = Fi(x)Fy(y). Thus only the 1-D problem, as
described in Ref. 5, has to be solved. On the other
hand, if the 1-D solution of an N X 1 array yields a
diffraction efficiency of 7, the corresponding 2-D so-
lution of the N X N array will be less efficient,
namely, n°. Since 2-D nonseparable solutions have
more free parameters for the optimization, the
minimum intermodulations of the irradiance distri-
bution will be smaller than for the separable solu-
tion, We have found for a 3 X 3 array a theoretical
efficiency of 85.7% for the separable solution and
93.9% for the nonseparable solution. For a 5 X 5
array the efficiency was calculated to be 84.8% for
the separable solution and 93.0% for the nonsepa-
rable solution.

The 9 X 9 fan-out element has the best perfor-
mance. In this case, we have found for the sepa-
rable solution as well as for the nonseparable solu-
tion the same diffraction efficiency. Theoretically
this element has an efficiency of 98.6% and perfect
uniformity. We have realized the separable solu-
tion, which is symmetric for all axes of the array.
The 2-D solution is obtained by crossing two 1-D so-
lutions. The phase distribution of the 1-D optimum
phase profile is then described by nine point sources
with amplitudes A; and phases ¢;. The numeri-
cal values are given in Table 1. The amplitudes
and phases of the optimum point sources for the 2-D
solution are then determined by A, = A, A,
and ¢m, = ¢ + &, where m,n =1...9. One unit
cell of the optimized phase profile for the 9 X 9 fan-
out element is shown in Fig. 2.

The optimized phase function for the 9 X 9 fan-
out element was realized in photoresist with the
laser-beam writing system at the PSIZ, which results
in a continuous surface-relief element. A complete
description of the laser writing system at the PSIZ
can be found in Ref. 4. This system uses x—y scan-
ning and is therefore well suited for the fabrication
of periodic 1-D and 2-D diffractive optical elements,
such as kinoforms. The resist-coated substrate is
mounted on a precision air-bearing x—y translation
table and scanned under a modulated focused laser
beam. The writing light source is a HeCd laser op-
erating at a wavelength of 442 nm. The beam in-
tensity is computer controlled by an accousto-optic
modulator, which is synchronous with the raster
scan movement. The exposure data are computed
from the desired microrelief and the measured (non-
linear) resist development characteristics. Develop-
ment of the resist then results in a microrelief of the
desired structure. We have used Shipley AZ 1400
resist and AZ 303 developer, diluted 1:7, to obtain a

Table 1. Optimum Amplitudes A; and Phases ¢, for the Nine-Beam Fan-out (i = 1...9)

A;

1.059 0.957 0.987 0.998

1.022 0.998 0.987 0.957 1.059

¢; (rad) 1.772 0.135 3.887 2.455

3.142 2.455 3.887 0.135 1.772
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Fig. 2. One period of the optimized phase -};rofile for a
9 X 9 fan-out element.
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Fig. 3. 9 X 9 array of generated spots.

relatively linear dependence of the developed micro-
relief on the local exposure.

The spot size of the writing beam and the spacing
of the raster lines are chosen according to the struc-
ture size of the microrelief. As our fan-out element
has a slowly varying phase function (Fig. 2), a rela-
tively large spot size can be used. This, together
with a sufficient overlap of the raster scan,® reduces
the sensitivity of the laser writing system to vibra-
tions and therefore improves the quality of the relief
surface. A spot size of 8 um (1/e intensity points)
and a' raster line space of 2 um have been used for
the fabrication. The periodicity of the 9 X 9 fan-
out element was chosen to be 400 um. One unit cell
of the optimized phase function was represented
by ZQO X 200 pixels. The phase data were then
converted into resist thickness values, with a recon-
struction wavelength of A = 488 nm and a refrac-
tive index of the resist at this wavelength of
n = 1.64. These parameters determine the maxi-
mum modulation depth of the surface-relief grating
to be 1.55 um.
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Fig. 4. Measured intensity profile of the central row.

For the reconstruction, the 9 X 9 fan-out element
was illuminated by a collimated argon-ion laser
beam. The generated spot array was evaluated by
using a CCD camera. The experimenal results
show an efficiency of 94% (relative to the total
transmitted light) and a uniformity error within
+8% of the average diffracted beam power for the
whole 9 X 9 arrray. Within one line or one row the
uniformity is better than +5%. Figure 3 shows the
generated 9 X 9 pattern of light spots in the back
focal plane of the lens (see Fig. 1), and Fig. 4 shows
the intensity profile of the central row, which also
contains the zero order. Once a master microrelief
has been fabricated in photoresist, it can be repro-
duced by modern replication technology. Casting or
embossing from a metal shim enables.the fabrica-
tion of a large number of high-quality replicas.
Such replicas are currently being fabricated.

We have shown that high-quality fan-out elements
can be realized as continuous surface-relief grat-
ings. The laser-beam writing system permits the
fabrication of accurate master microreliefs in a pho-
toresist that are suitable for further replication.
The diffraction efficiency of 94% and uniformity of
better than *+8% over the whole 9 X 9 array are, to
our knowledge, the best results so far published for
2-D surface-relief fan-out elements.
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Continuous-relief diffractive optical elements
for two-dimensional array generation

Michael T. Gale, Markus Rossi, Helmut Schitz, Peter Ehbets, Hans Peter Herzig, and

Damien Prongué

Continuous surface-relief diffractive optical elements for two-dimensional array generation (fan-out) are
designed and fabricated. Separable and nonseparable solutions for the two-dimensional element design
are compared. The phase-grating microstructures are generated by laser-beam writing lithography in a
single exposure step and converted to nickel shims by electroplating, enabling low-cost replicas to be

produced by using laboratory and commercial replication processes.

Results are presented fora 9 x 9

fan-out diffractive optical element with a measured efficiency of 94% and an overall uniformity within
+8%; replicas in epoxy have the same efficiency and a uniformity of +15%.

Key words:

Introduction

Space-invariant fan-out optical elements split a single
laser beam into an array of quasi plane waves that can
be focused by a lens to generate an array of equally
intense light spots. Such diffractive optical ele-
ments (DOE’s) have applications in optical-comput-
ing and parallel-processing systems.! The perfor-
mance requirements include high efficiency and good
uniformity of the array. Recent research has concen-
trated on the realization of multilevel elements? and
continuous surface-relief elements.?

Continuous surface-relief microstructures repre-
sent an attractive alternative to multilevel structures
and are, in general, capable of offering higher efficien-
cy.* They can be fabricated by laser-beam writing in
photoresist by using a high-precision scanning sys-
tem with tight control of the resist processing.’
Once this technology has been established, it can be
effectively used for the fabrication of a wide variety of
phase DOE’s and other micro-optical components;
the writing procedure is a single-step process, so the
main effort in fabricating new microstructures would
be in the design and programming. The fabrication
of replicas by embossing or casting from a metal shim

M. T. Gale, M. Rossi, and H. Schiitz are with the Paul Scherrer
Institute, Badenerstrasse 569, 8048 Zurich, Switzerland. P. Eh-
bets, H. P. Herzig, and D. Prongué are with the Institute of
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Received 29 June 1992.

0003-6935/93/142526-08%$05.00/0.

© 1993 Optical Society of America.

2526  APPLIED OPTICS / Vol. 32, No. 14 / 10 May 1993

Diffractive optical elements, fan-out, laser-beam writing lithography, replication.

enables large numbers of elements to be generated
from a single recording.

A laser-beam writing system for the fabrication of
continuous-microrelief structures with programma-
ble complex phase profiles has been built at the Paul
Scherrer Institute in Zurich (PSIZ). The basic sys-
tem has been described in an earlier study, together
with results for one-dimensional (1-D) fan-out DOE’s.5
The theory for the design of the optimized continuous
phase-transfer function of such 1-D fan-out elements
is described in Ref. 6 and is generalized for two-
dimensional (2-D) design in Ref. 7. Here, nonsepara-
ble solutions for a range of 2-D fan-out elements are
proposed and compared with separable solutions that
are obtained by crossing two 1-D solutions. Detailed
experimental results are presented for an original
photoresist recording and a replica of a 9 x 9 fan-out
element, both of which have high efficiency and good
uniformity.

Design of Two-Dimensional Fan-Out Elements

Theory

The design process for fan-out elements consists of
two basic steps: the first leads to high efficiency, and
the second optimizes the uniformity of the generated
array of light spots with only a minimal decrease in
efficiency. In contrast to the optimization of multi-
level phase gratings described in Ref. 2, the transfer
function of the fan-out element is defined here not in
the grating plane but by the array of light spots in the
Fourier plane. This approach results in a minimum
set of parameters for the exact representation of the



continuous phase function in the grating plane. The
parameters to be optimized are the amplitudes and
the phases of an array of point sources.

The desired field distribution in the back focal
plane of the lens (Fig. 1) can be written as

= 2 gAmneXp ld’mn (x_xm:y—yn): (1)

where A,,, is the amplitude, ¢,,, is the phase, and
(Xm, ¥») is the position of the (mth, nth) spot of a 2-D
array.

The field distribution U(x, v) in the grating plane is
related to the field Ulx, y) by a Fourier transform:

A

Ulu,v) = f"" f"" Ulx, y Jexp[2mi(xu + yv)]dxdy

M N
= 2 2 mn €XP(id,,)exp(2mE (xu + y,v)].
m=1n=1
(2)

The field U (u, v) can be written in terms of magnitude
|U{u, v)| and phase ¥(u, v):

U(u,v) = | Uy, v)expli¥(x, v)), (3)
where ¥(x, v) = arg(D).

The irradiance distribution I{x,v) in the grating
plane can then be expressed as

I(u,v) = |qu|2—22Am,.2+ AnnAnn
m=1n= mn m'n’
X COS{2‘n‘[u(xm — Xm ) (y — Y )]
+ d)mn - (bm'n'}! (4)

wherem #m',n=n',andm +n <m’' +n’.

The first term on the right side of Eq. (4) is
constant and equal to the mean object irradiance (I).
The second term in Eq. (4) describes the variations of
the irradiance in the grating plane. These irradi-
ance variations are intermodulation effects and are
caused by interference between the waves associated
with the M X N point sources in the focal plane. In

Fan-out Lens 2-D spot
phase grating array
Fig. 1. Readout of fan-out DOE to produce a 2-D array of light
spots.

the case of regular arrays the expression for the
intermodulation terms can be further simplified if the
interference terms of equal spatlal frequency are
collected. We then obtain

Iu,v)-I)

= 2 2 2 AmnAm'n’

mn m'n’

{21TS[ ( ,) + v(n - n,)] + (bmn - d)m’n’}

1N-

X o

M-

2 EB scos[2ms(ui + uf) + Oy, (5)
=1

where i = m — m',j = n — n', s is the distance
between two neighboring point sources, and B;; and
®; are the amplitudes and the phases, respectively,
for one spatial frequency component of the intermod-
ulation terms.

To perfectly reproduce the desired object Ulx, y),
the fan-out element must have a transfer function
proportional to U(u,v), which means an intensity
transfer function proportional to I{u, v) and a phase
transfer function equal to exp[iy(u, v)]. In order to
reach the highest efficiency a pure phase element is
chosen and the intensity transfer function is clipped
to I{u, v) = const. Clipping the intensity variations
changes the transfer function of the fan-out element
and introduces errors at readout. In order to mini-
mize these errors the intermodulation effects in the
grating plane have to be reduced as much as possible.
The optimization criterion can be formulated as

-1N-1

ff ( 2 B, cos[2ms(ui + vj) + Dy dudv — min.
i=1 j=1

(6)

Since the intermodulation terms in Eq. (6) have
different spatial frequencies, they are orthogonal, and
the merit function of the efficiency optimization
becomes

M-1N-1

BU -> min. (7
i=1

~,

The variables of the efficiency optimization are the
phases ¢,,, of the point sources, given in Eq. (1), while
the amplitudes of the point sources for a uniform
fan-out are all equal (A,, = 1). The optimization
problem is solved by applying a downhill simplex
algorithm.®? Asaresult of the first optimization step,
a set of optimum phases ,,,° is obtained. The
transfer function of the fan-out element, defined in
Eq. (3), is characterized by the phase-transfer func-
tion exp[iv(u, v)], calculated for uniform amplitudes
and the optimum set of phases. It was found that
clipping the minimized intermodulation terms hardly
alters the high efficiency, but it reduces the unifor-
mity of the generated array.

In order to improve the uniformity of the fan-out
an additional optimization process is used. By itera-
tively changing the amplitudes of the initial point

10 May 1993 / Vol. 32, No. 14 / APPLIED OPTICS 2527



sources A,,, slightly to A,,,¢), where i is the number of
iteration loops, the resulting amplitudes of the gener-
ated array can be perfectly balanced. The second
optimization process is equivalent to the 1-D case,
which is presented in Ref. 6; it results in only a slight
decrease in the optimized diffraction efficiency from
step one. The insertion of both the optimum set of
phases ¢,,,°"* and the new amplitudes A,,,%) in Egs. (1)
and (2) defines the optimized phase function {(u, v) of
the fan-out element, which generates a highly uni-
form array of spots.

Separable and Nonseparable Solutions

The above theory is used to design nonseparable
solutions for different N X N arrays. In order to
treat the most general case, no symmetries of the
N X N arrays are considered. This means that
(N x N — 1) variables ¢,,, have to be admitted for the
efficiency optimization. The phase of one light spot
can be kept constant. The number of variables can
be a limiting factor for the optimization of large
fan-outs. Separable solutions are attractive for gen-
erating large N X N arrays in order to reduce the
computing time. In this case the object is described
by Ulx, y) = F(x)F(y), and thus only the 1-D problem
has to be solved. On the other hand, if the 1-D
solution of a N X 1 array yields a diffraction efficiency
7, the corresponding 2-D solution of the N x N array
is less efficient, namely n2 The results for the
separable and nonseparable solutions are summa-
rized in Table 1. The efficiencies of the N x N
fan-out are shown after the first and second optimiza-
tion steps. After the second optimization the unifor-

Tabie 1. Optimized Efficiencies for 2-D Fan-Out Eiements

Efficiency after Efficiency after

First Second
Optimization  Optimization Type of
N x N Array (%) (%P Solution

2x2 64.1 64.1 Separable
2x2 91.8 91.8 Nonseparable
3x3 884 85.7 Separable
3x3 94.1 93.9 Nonseparable
4 x4 84.6 84.4 Separable
4x4 95.6 95.5 Nonseparable
5x5 96.0 84.8 Separable
5x5 93.6 92.6 Nonseparable
6%x6 86.7 78.7 Separable
6x6 94.0 93.0 Nonseparable
7% 7T 96.0 93.7 Separable
7%x7 96.1 94.2 Nonseparable
8x8 92.5 92.1 Separable
8x8 95.1 93.6 Nonseparable
9x9 98.8 98.6 Separable
9x9 98.8 98.6 Nonseparable

10 x 10 96.4 91.0 Separable

10 x 10 96.5 94.1 Nonseparable

11 x 11 97.6 95.5 Separable

11 x 11 97.6 95.5 Nonseparable

aFirst optimization is the efficiency optimization.

bSecond optimization is the uniformity optimization.
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mity error of the generated array is smaller than 0.1%
for all calculated solutions.

As expected, the efficiencies of the nonseparable
solutions after the uniformity optimization are al-
ways higher than the corresponding separable solu-
tions. The only exception is the 9 x 9 fan-out. . It
provides the highest diffraction efficiency, and in this
special case a better solution for a nonseparable
design has not been found to our knowledge. The
results from Table 1 show that nonseparable solu-
tions are mainly of interest for N X N fan-outs with
N < 9. For larger 2-D fan-outs the separable solu-
tion already provides an efficiency higher than 90%.
It can be observed that the efficiencies of the nonsepa-
rable solutions decrease less during the second optimi-
zation step than those of the separable solutions.
The reason is that the intermodulation effects can be
better eliminated for the 2-D design.

Symmetries for the phases &,,, of the 2-D array
reduce the number of optimization variables for 2-D
nonseparable solutions. The obtained efficiencies lie
between the two limit values given by the separable
and nonseparable asymmetric solutions presented in
Table 1. '

Fabrication Tolerances

The realization of these efficient 2-D fan-out elements
with the predicted small uniformity error requires
accurate fabrication of the surface-relief profile.
Figure 2 shows the computed tolerances for the relief
profile of the 9 x 9 (separable design) array of Table 1.
Errors in the relief profile are represented by an
overall linear scale factor in the profile modulation of
the microrelief. Whereas a scaling error of 1% in the
amplitude of the microrelief leads to a reduction in
efficiency of less than 0.1%, it results in a uniformity
error of almost 10%. Achieving good uniformity
thus requires accurate control over the microrelief
amplitude and profile.

Fabrication by Laser Writing

A 9 x 9 fan-out element of separable design was
fabricated by laser-beam writing. The 2-D solution
was obtained by crossing two symmetric 1-D solu-
tions, which created an element with a theoretical
efficiency of 98.6% and an almost perfect uniformity.
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§ 98.3 .. =
° =
. —_
& 98.2 ~ R
.
98.1 - AN
..
T T T T T Y
0.96 0.98 1.00 1.02 1.04

Scale tactor

Fig. 2. Computed dependence of the efficiency (solid curve) and
the uniformity (dashed curve) upon linear scaling errors in the
profile modulation for the 9 x 9 fan-out element.



The numerical values of the optimized 1-D array are
given in Table 2. The amplitiudes and phases of the
optimum point sources for the 2-D solution are then
determined by A,,, = A4, and ¢,,, = ¢,,, + &, where
(m,n) = 1...9. The unit cell of the optimized
phase profile for the 9 x 9 fan-out element is shown
in Fig. 3.

The optimized phase function for the ¢ x 9 fan-out
element was obtained in photoresist by using the
laser-beam writing system at PSIZ, resulting in a
continuous surface-relief DOE. The basic writing
system and data processing are shown in Fig. 4, and
they are described in more detail elsewhere5® A
resist-coated substrate is mounted on a precision
air-bearing xy translation table and is scanned under
a focused laser spot with a typical raster line spacing
of 1 or 2 pm and a dynamic rms positioning accuracy
of ~150 nm. Exposure data are computed from the
desired final microrelief and from the (measured)
resist development characteristic. Shipley AZ 1400
resist is used for film thicknesses up to 5 um and is
developed in AZ 303 developer to obtain a relatively
linear dependence of the developed microrelief as a
function of the local exposure.® The resist exposure
is controlled by an acousto-optic modulator driven by
custom-developed hardware that enables a complete
line of 8-bit intensity data to be synchronously clocked
out by interferometer pulses that are derived from
the table-positioning controller. The xy table scan-
ning speed is ~1 cm/s, which, combined with the
deceleration and acceleration ramping overhead at
the end of each line, leads to an exposure time of ~6 h
for a 10 mm x 10 mm DOE. Development of the
exposed resist film results in the required microrelief
structure, which can be then further processed to
produce a replication shim.

The periodicity of the 9 x 9 fan-out element was
chosen to be 400 um. As the 9 x 9 fan-out element
has a slowly varying phase function (see Fig. 3), a
relatively large writing spot size and considerable
overlap of the raster scan lines can be used. This
improves the quality of the relief surface by minimiz-
ing modulation at the scan-line periodicity'? as well as
by reducing the sensitivity of the laser writing system
to vibrations. A spot size of 8 pm (1/e intensity
points) and a raster line spacing of 2 pm were used for
this fabrication work. One unit cell of the optimized
phase function was represented by 200 x 200 pixels,
and the DOE phase data was converted into microre-
lief profile by taking into account the refractive index
n of the final microstructure material and the readout
wavelength A.

DOE’s were fabricated and evaluated as original
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Fig. 3. One period (unit cell) of the optimized phase profile for a
9 x 9 fan-out element.

resist recordings {(n = 1.64 for A = 488 nm) and as
replicas in Epo-tek 301-2 epoxy!! (n = 1.56 for A\ = 633
nm) and polyvinyl chloride (PVC) (n = 1.54 for
A = 633nm). The modulation depth of the resulting
microstructures varied between ~ 1.5 and ~2.4 um.
A reproducibility of approximately +3% in the profile
depth was achieved with careful control of the resist
film preparation and the development procedure.
Because of the tight fabrication tolerances (see Fig.
2), DOE’s were typically fabricated in groups of nine
with programmed 1% or 2% steps of the modulation
amplitude around the design value. The DOE with
the best uniformity was then selected from the
developed or replicated microstructures.

Replication

An important feature of DOE’s recorded as surface-
relief microstructures is the ability to reproduce the
structures by replication techniques such as emboss-
ing and casting. For small quantities this can be
carried out in the laboratory with relatively simple
apparatus; low-cost mass production can benefit from
commercial replication processes for holograms and
other surface-relief structures.

All replication technologies require the fabrication
of a metal shim (a copy of the surface-relief microstruc-
ture). Figure 5 illustrates the route from the origi-
nal recording in photoresist via nickel shims to
replicas (further details can be found in Ref. 12).
The first step is to fabricate the master (first-
generation) shim by evaporating a thin silver film
(~100-nm thick) to form a conductive coating on the
photoresist surface. A nickel shim is then produced

Table 2. Optimum Ampilitudes A, and Phases ¢, for the Nine-Beam Fan-Out(i=1...9)

1

Point-Source

Parameter 1 2 3 4 5 6 7 8 9
A; 1.059 0.957 0.987 0.998 1.022 0.998 0.987 0.957 1.059
&; (rad) 1.772 0.135 3.887 2.455 3.142 2.455 3.887 0.135 1.772
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Fig. 5. Fabrication of replicas from an initial photoresist DOE recording. Casting and hot stamping are relatively simple processes
suitable for replication in the laboratory. Roll embossing and injection moulding are industrial replication technologies suited to low-cost

mass production.

2530 APPLIED OPTICS / Vol. 32, No. 14 / 10 May 1993



Fig. 6. Fan-out DOE in photoresist:

by electroplating Ni to a typical thickness of 60-100
pm (the photoresist microstructure is destroyed on
separation from this metal copy). Subsequent gener-
ations of shims are obtained by passivating the shim
surface in dichromate and electroplating a further
copy. In general, third-generation shims are most
suitable for the replication process, since the profile
polarity is correct for producing a replica identical to
the original photoresist recording, and multiple cop-
ies can be generated from a single second-generation
shim without risking the first-generation master.

The main approaches for replication (see Fig. 5) are
the following:

Casting. High-quality replicas can be fabricated
in the laboratory by casting into a thin film of curable
epoxy (e.g., Epo-tek 301-2) coated onto a glass sub-
strate. Curing is typically thermal, although UV-
curable materials can also be used.

Embossing. Both flat-bed (stamping) and continu-
ous-roll embossing are currently used for the commer-
cial replication of surface-relief microstructures such

»: ‘P
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Fig. 7.
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measured spot pattern and intensities along the central line.

as security holograms and diffractive packaging
film.1213 Roll embossing into thermoplastic film
(such as PVC) is capable of achieving fast replication
(up to 1 m?/s) at low cost (down to $1/m?). Current
hot-embossing technology has been developed for
microstructures up to ~1 pm in amplitude; success-
ful replication of deeper microstructures requires
careful optimization of the materials and process
conditions.

Injection moulding. Replication using injection-
moulding processes such as those used for the produc-
tion of compact disks have been shown to produce
high-quality replicas of microrelief structures in
poly(methyl methacrylate).!4 Although this technol-
ogy probably has the higher costs per unit area, the
basic process is well established for compact disk
production and is capable of producing excellent
replicas.

The current PSIZ laser writing system produces
recordings and shims of typically 5 cm X 5 cm in size.
These are used for laboratory replication tests and
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Same as Fig. 6 but for the fan-out DOE replica in epoxy.
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Fig. 8. Profile measurements of (a) a nickle shim and (b) the
replica in epoxy. The slight difference in the profiles and modula-
tion amplitudes are due to different measurement line positions.

small volume production by casting or flat-bed emboss-
ing. Commercial equipment for flat-bed and roll
embossing of holographic microstructures requires
shims of typically 20 cm X 25 cm in size. For test
embossings in PVC, such production shims were
generated by recombination from the smaller shims
produced from the laser-written microstructure.1®

Results

DOE’s with 9 x 9 fan-out (separable design) were
fabricated in photoresist by laser-beam writing and
converted to nickel shims by electroplating. Repli-
cas were then produced by casting into epoxy on glass
and by embossing into PVC sheet. Large, recom-
bined shims are currently being used for test replica-
tion in PVC on a commercial embossing system.
Figure 6 shows the image recorded by the CCD
camera at the back focal plane of the lens (cf. Fig. 1)
for the reconstruction from a 9 x 9 fan-out DOE in
photoresist illuminated by a collimated argon laser
beam (A = 448 nm). The figure shows the image of
the reconstructed spots and the intensities in the

2532 APPLIED OPTICS / Vol. 32, No. 14 / 10 May 1993
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Fig. 9. .Atomic force microscope image showing a 2-D profile at
the center of a fan-out DOE unit cell.

central row (which includes the zero order). The
spot intensities were measured by using a detector
with an aperture diameter equal to one fifth the spot
spacing. Uniformity is defined as (Imax — Imin)/
(Imax + Inin), where I, and I, are the maximum
and minimum spot intensities. The efficiency values
given are the sum of the spot intensities as a fraction
of the total light transmitted through the DOE. The
measurements for this DOE obtained an efficiency of
94% and a uniformity of +8% over the whole 9 x 9
array. Within one line or one row the uniformity
was better than +5%.

Corresponding results for a replicated fan-out DOE
in epoxy are shown in Fig. 7. The structure was
designed for a refractive index n = 1.56 (Epo-tek
301-2) and a readout at A = 633 nm. The efficiency
is also ~94%, but the uniformity is somewhat lower,
~ +15%, which can be traced to errors in the record-
ing process leading to a relief amplitude that is deeper
than the design value (cf. Fig. 2). Line surface
profile measurements for a nickel shim and the
replicated DOE in epoxy are shown in Fig. 8 (the
slightly different modulation amplitudes are due to
different measurement line positions). An atomic
force microscope profile measurement of the central
140 pm X 140 um of the 400 pm X 400 wm unit cell is
shown in Fig. 9.

Conclusions

The design of continuous-relief DOE microstructures
for 2-D array generation has been investigated, and
the performance of separable and nonseparable solu-
tions has been compared. Nonseparable solutions
are of interest mainly for N X N format with N < 9.
For larger 2-D fan-out structures the separable solu-
tion already provides a satisfactory efficiency of > 90%.

Fan-out DOE’s have been fabricated by laser-beam
writing in photoresist. Replicas were produced from
the photoresist recording by electroplating a nickel
shim and hot embossing into thermoplastic film or by



casting in optical epoxy. Replicated 9 x 9 fan-out
DOE’s fabricated with the latter approach showed an
excellent efficiency of 94% and a uniformity of +15%.
The technology enables a wide variety-of DOE micro-
structures to be fabricated by using a single-step
writing process and reproduced in large or small
volume at reasonable cost.

The authors are grateful to C. Appassito, G. K.
Lang, and J. M. Raynor for their contributions in
developing the control hardware and software for the
laser writing system and to J. S. Pedersen for electro-
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Déndliker, K. Knop, and R. E. Kunz for numerous
fruitful discussions and ideas. This work was sup-
ported in part by the Board of the Swiss Federal
Institutes of Technology.
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Abstract

The design of kinoform fan-out elements with high efficiency and reduced sensitivity to vertical
profile scaling errors is presented. We start from a high-efficient continuous-phase fan-out solution
and optimize the positién of the 0-27 transitions in the phase function, in order to achieve a high
fabrication error tolerance. The sensitivity of Fourier-transform and focusing fan-out elements to
vertical etch depth errors is analyzed. The limitations for the fabrication of such structures by laser
beam writing are discussed. In particular, the influence of the finite writing spot diameter on the
fan-out performance is investigated. Design rules for fan-out elements, which consider fabrication
constraints, are derived. Experimental results are presented for cylindrical focusing fan-out
elements with small uniformity error (2%) and weak profile scaling dependence.

Subject terms: kinoform, fan-out, diffractive optics, laser beam writing.



1. Introduction

Space-invariant fan-out elements are key components for optical interconnections and find also
applications in optical senors and in material processing. They split an incoming laser beam into an
array of diffraction ordcrs of equal power, which are focused by a Fourier-transform lens. The
requirements on fan-out elements are a high efficiency and, in general, an uniformity error in the
generated spot array below 10%.

On-axis diffractive optical elements (DOEs) with high diffraction efficiency require the fabrication
of a kinoform which can be realized by either a continuous! or a multi-level? surface-relief grating
structure. Unfortunately, low uniformity errors need a very accurate fabrication of the surface-relief
profile, which is with both techniques difficult to achieve 13 Asa consequence, fabrication error
tolerances are an important parameter and have to be included in the design process of kinoform
elements. -

In this paper, we concentrate on the design of continuous-relief fan-out elements which can be
fabricated by laser beam writing.. Alternative fabrication approaches for such structures are direct
electron-beam writing4 or gray-tone mask lithography?. These technologies produce the desired
surface relief in a single lithographic step. Therefore, they can achieve a high lateral positioning
accuracy. However, vertical profile depth errors are more difficult to control and are mainly
responsible for poor fan-out performance. The goal of this paper is to present a design approach
for continuous-relief fan-out elements which have high diffraction efficiency and a reduced
sensitivity of the fan-out reconstruction quality to vertical profile depth errors.

In the second section, we review the design of highly efficient fan-out gratings. In addition, we
consider the inclusion of focusing power to the fan-out element. The combination of multiple beam
splitting and focusing in a single planar DOE enables the realization of compact micro-optical
systems. In the third section, we analyze the sensitivity of Fourier-transform and focusing fan-out
elements to profilé depth scaling errors. In the fourth section, the fabrication by laser beam writing

is discussed and the influence of the finite writing spot diameter on the fan-out performance is



analyzed. Finally, in section five, experimental results for cylindrical focusing fan-out elements

with small profile scaling dependence are presented.

2. Design of fan-out elements
We restrict the discussion for the following to a one-dimensional geometry. The extension to the
two-dimensional case is straight forward. The goal of the fan-out design process is to determine a

phase function ¢¢(x) which equalizes and maximizes the power in the N fan-out diffraction orders,

which are defined by the Fourier coefficients

d
A, =éJ exp{ iq)f(x)} exp{-i21tpx/d} dx, 1)

where d is the grating period. In order to achieve the highest diffraction efficiency, we use the
phases of the complex amplitudes of the diffraction orders A, as free optimization parameters and
calculate, as described in Refs. [1,6,7], an analog phase function ¢¢x). For the optimization

process, we describe the quality of a Nx1 fan-out function ¢«(x) by the diffraction efficiency

N (-]
n=glv/21p, @)

and by the uniformity error

Imax - Imin (3)

b

g =
Imax + Imin

where Imax, Imin represent the maximum and minimum intensities of the N fan-out diffraction
orders Ip = IApl2. For regular fan-out elements (no suppressed diffraction orders in the fan-out
pattern), high diffraction efficiencies over 90% are achieved. The dashed curve in Fig. 1 shows
one period of the continuous phase function ¢(x) for a 9x1 fan-out element which produces the

fan-out pattern with a diffraction efficiency of 1 = 99.3% and perfect uniformity.

Focusing fan-out elements
A focusing fan-out element performs simultaneously the multiple beam splitting and the focusing

operation. We assume illumination with a monochromatic plane wave and consider the read-out

-4 -



geometry for a transmissive focusing fan-out element shown in Fig. 2. In this case, the phase
function of the focusing fan-out element is the combination of the periodic Fourier-transform fan-
out function ¢g(x) and a spherical phase function ¢s(x). Using paraxial scalar diffraction theory8,

the focusing fan-out elgmént is described by the complex-amplitude transmittance function

t(x; Ao) = P(x) exp{i[9r(x) + 0s(x)1} , “)
where A, is the design wavelength in free space, P(x) = rect(x/D) is the rectangular aperture of

diameter D, and the spherical phase function ¢s(x) can be written in the paraxial approximation as

2
05(X) =—%, | 5)

where f is the focal length. The field propagation to the detection plane is then described by the

Fresnel diffraction integral

U®x', z) = exp(ikz) f t(x; Ao) exp{i % [x' - x]Z} dx, (6)

A ' 1 —o0
where k=27/A and A is the read-out wavelength. Inserting Egs. (4) and (5) into Eq. (6) and using

A = Ao, the field distribution U(x', z = f) in the focal plane at z = f becomes essentially the Fourier

transform (FT') of the fan-out phase function ¢g(x)

U(X, z = f) o« FT{ rect(D)exp(ioex)) } = Y, Apsinc(k—D} [x' — pAof/d] J .,

p=~°o

where sinc(x) = sin(mx)/(nx). The spot spacing Ax' in the focal plane becomes

o Aof
Ax-d ) (3)

In order to separate the spots and not to introduce noise, several periods of the fan-out element

have to be illuminated. In particular, we chose the aperture diameter D to be an integer multiple of

the fan-out period d, i. e. D = Md with M > 10. The efficiency N and the uniformity error u of the
focused spot array are then determined by the quality of the initial fan-out function ¢¢(x). Figure 3

shows the calculated irradiance distribution I(x', z=f) = lU(x', z=)|2 for a 9x1 focusing fan-out

element with D = 2.56 mm, A, = 632.8 nm, d = 160 pm and f = 25 mm, which results in a spot

5.



spacing in the focal plane of Ax' = 99 um. The 9x1 focusing fan-out element yields a maximum
diffraction efficiency of N = 99.3% and perfect uniformity.

The realization of the transmittance function t(x; A,) as a planar surface-relief DOE requires the
wrapping of the phase funétion in Eq. (4) to an interval between 0 and an integer multiple of 2x. In

the following, we restrict the discussion to the general case of a maximum modulation depth equal

to 2n. Therefore, the maximum depth h of the corresponding surface-relief grating structure

becomes
Ao
h=————, 9

where n is the refractive index of the grating material. The resulting phase function ¥(x) of the
element can then be written as

P(x) = (9e(x) + ¢5(X) + Qo) modulo 21 , (10)
where @, is a constant phase offset. The consequence of the phase wrapping are discrete transitions
from O to 2r in the phase profile. Using the phase offset ¢, in Eq. (10), the position of the

transition points can be laterally shifted. This has no effect on the fan-out quality for an ideal

element with the calculated phase function W(x) of Eq. (10). However, as we show in the next

section, the fabrication error tolerances for the kinoform surface-relief element, that generates the
phase function phase W(x), depend strongly on the position of the transition points. Therefore, the

phase offset ¢, can be efficiently used to reduce the sensitivity of the kinoform element to

fabrication errors.

3. Fabrication error tolerances
In this section, we consider the influence of vertical etch depth errors on the reconstruction quality

of the ideal fan-out phase function W(x) and minimize the sensitivity of the fan-out function to such

fabrication errors.



For the analysis, we assume a linear scaling of the phase function W(x), which can result from
either a wavelength change (A # A,) or a linear surface relief error. The scaling results in the new
transmittance function

{506 1) = P(X) explia¥(x)} , | (11)
where o represents the linear scaling factor which has for a surface-relief DOE in transmission the

form

o = Moln@) — 1] B . (12)

Mn(Ao) — 1]
The first factor in Eq. (12) takes into account the wavelength and material dispersion dependence9
and P represents the relief depth scaling. In order to understand the influence of the scaling errors
on the fan-out performance, it is useful to note that the scaled phase function o’'¥'(x) has the same
periodicity as the ideally wrapped phase function W(x). As a consequence, the transmittance

function of the scaled element ty(x; A) can be expressed by a generalized Fourier series expansion

of the variable W(x) 10,11.

ts(x; A) = P(x) D, Bg exp{ig¥(x)} , | (13)

q_,—oo
where the coefficients are given by

2n
Bq=21—n Oj exp{i(a - q)¥(x)} d¥(x) = exp{in(a - q)} sinc(ax-q). (14)

The term (q = 1) in Eq. (13) corresponds to the desired fan-out signal. As a consequence, scaling
errors do not influence the optimized phase function W(x), but they reduce the power in the signal
wave by a factor IB12 = sinc2(o. — 1) and produce additional noise orders (q # 1) with amplitudes
Bg, which affect the fan-out signal through interference. Inserting Egs. (10) and (14) into Eq. (13),

we can rewrite the transmittance function of the scaled element as

oa

t(x; M) = P(x) D, exp{iq(qo — ) }sinc(a~q) exp{iqlog(x) + ¢s(x)1} , (15)

q':.—oo



where multiplicative phase factors have been omitted. The constant phase offset @, changes the
relative phase of the different orders (q) in Eq. (15) and can be used to minimize the interference
effects without reducing the high diffraction efficiency 1 of the initial fan-out function ¢g(x).

In order to define a critérién for the sensitivity of the fan-out function to scaling errors, we calculate

the average diffraction efficiency

ns=0.5{n(a=0.9) + n(a = 1.1)} (16)
and the average uniformity error
0s=05{c(a =0.9) +c(a = 1.1)} , (17)

resulting from scaling factors o« = 0.9 and a = 1.1.

This criterion corresponds to a large tolerable scaling error of 10%, which can be achieved even
in an industrial fabrication environment. It follows from Eq. (15), that the power in the signal fan-
out order is reduced by the factor IB{I12 = sinc2(0.1) = 0.9675, and the spurious noise orders
contain 3.25% of the total power. In the next two sections, we have investigated numerically the

sensitivity of the efficiency ng and of the uniformity error G5 to scaling errors for Fourier-transform

and focusing fan-out elements.

Fourier-transform fan-out elements

We first have analyzed the scaling error sensitivity of Fourier-transform fan-out elements
(¢s(x) = 0). Using direct write technologies, the continuous phase function ¢¢«(x) of a Fourier-
transform fan-out element can either be directly realized or it can be wrapped to the interval [0, 27]
for the fabrication. Both possibilities are shown in Fig. 1. In the ideal case, both approaches yield
the same efficiency and uniformity. However, as will be shown in the following analysis, they
have a fundamentally different behavior to scaling errors.

In the case of continuous-phase DOEs without discrete phase transitions, scaling errors modify
directly the fan-out phase function ¢¢(x) and therefore, affect directly the angular spectrum of the
diffraction orders in Eq. (1). The generalized Fourier expansion in Eq. (15) is not valid for

continuous phase functions. As a consequence, a strong dependence of the uniformity error on
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scaling errors results. We have calculated the far-field of the scaled continuous fan-out phase
functioq exp{iode(x)}. The sensitivity criterion (Eq. (17)) produces an uniformity error of o5 =
46% for the 9x1 fan-out element and of o5 = 91% for a 45x1 fan-out element. In the absence of
scaling errors (o = l.Q), both optimized fan-out elements generate an uniformity error ¢ below
0.1%.

In order to analyze Fourier-transform fan-out elements with the wrapped phase function, the
Fraunhofer diffraction pattern of the scaled transmittance function t(x; A) in Eq. (15) has to be
calculated. Since the fan-out phase function is periodic, the Fraunhofer diffraction pattern is a
discrete function. Therefore, the fan-out diffraction orders and spurious noise orders are
overlapping and interference effects are expected. The dashed curve in Fig. 4 shows the sensitivity
o, of the uniformity error for the 9x1 fan-out element as a function of the phase offset ¢,. For
comparison, we have also plotted the uniformity error sensitivity o of the continuous phase
function without discrete transitions. It is shown that by choosing an optimum value for @, the
interference effects between the fan-out orders and the spurious noise orders are minimized and the
uniformity error sensitivity Oy is reduced from over 40% to 8%. The phase function of the 9x1 fan-
out element with the location of the transition points optimized to get minimum scaling error is
represented in Fig. 1 by the solid line. Similar resulfs have been obtained for fan-out elements with
fan-out numbers N < 9. For larger fan-out numbers N, the uniformity error sensitivity us can be
reduced by a similar amount, but no longer below 10%. This result can be seen in Fig. 5 for the
45x1 fan-out element, where only a minimum uniformity sensitivity of 65 = 30% is achieved. The
main problem for the remaining large uniformity error is the interference with the zero-order term
of the generalized Fourier expansion in Eq. (15). The zero-order term is not spread out by the fan-
out function ¢g(x) and produces in the far-field a single peak on the optical axis. Since the
amplitude of one fan-out order scales as (n/N)0-5 with increasing fan-out number N, the
interference of the central fan-out order with the zero-order peak on the optical axis can no longer
be compensated. As shown in Ref. 3, further improvement is possible by shifting the fan-out array

off-axis and separating the fan-out orders from the zeroth order. A lateral shift of half the spot



spacing Ax' in the far-field, which corresponds to the addition of a linear phase varying from 0O to
T over one period of the fan-out function ¢¢(x), is sufficient to reduce the uniformity error
sensitivity o of the 45x1 fan-out-element to about 15%, as shown in Fig. 5. In this special case,
the uniformity sensitivi’ty-()'s dependence on the phase offset @, has a periodicity of &, since only
odd numbered (q) terms of the generalized Fourier expansion overlap with the fan-out diffraction

orders in the far-field.

Scaling errors have only a small influence on the diffraction efficiency of fan-out elements in the
far-field. This holds for continuous and wrapped fan-out phase functions. Note that due to the
presence of uniformity errors, the efficiency can even increase above the efficiency of the ideal fan-

out function n.

Focusing fan-out elements

Adding focusing power ¢4(x) to the fan-out function increases the number of 0-27 transitions in the
phase function. Therefore, a further improvement of the uniformity error sensitivity to scaling
errors can be expected. This behavior has been demonstrated experimentally in a previous
publication!2. For the analysis of focusing fan-out elements, we have calculated the Fresnel

propagation of the scaled transmittance function into the detection plane. By inserting Eqgs. (5) and

(15) into Eq. (6), we obtain for the Fresnel propagation of the scaled transmittance function tg(x; A)

oo

> exp{iq(eo - ) } sinc(o—q)
iAz g==°

U, z) =

oo

_;[ P(x) exp{iq(bt(x)}exp{inxz[t - X%f:l} exp{—i%gxx'} dx , (18)

where multiplicative phase factors have been omitted. Similar to the analysis of the blazed Fresnel
zone plategv1 1, the diffraction orders (q) of the generalized Fourier series expansion are focused in

different planes at the locations
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24 =;°qf .

(19)

The fan-out pattern is focused in the plane z; = Aof/A. The spot spacing Ax'(z = z;) of the fan-out

orders in the plane z = z; can be calculated from Egs. (18) and (19)

A £
AX'(z = z;) = —g‘l = %’— . (20)

Therefore, in contrast to Fourier-transform elements, focusing fan-out elements have the property
that the spot spacing in the focal plane z; is independent of the read-out wavelength A. However,
focusihg fan-out elements are not achromatic, because the focal plane position z; depends on the
read-out wavelength A.

The defocusing of spurious noise diffraction orders in the focal plane z; of the fan-out function
produces a continuous noise distribution and increases the signal-to-noise ratio. We have calculated
the uniformity error sensitivity o and the efficiency n of the focusing 9x1 fan-out element as a
function of the focal length z; = f for the parameters A = A, = 0.6328 um, D =2.56 mm and d =
160 um. The results have been obtained for a fixed value of the phase offset (p(; and are represented
in Figs. 6 (a) and (b). On the top axis in Figs. 6 (a) and (b), we have given the inverse of the
Fresnel number N¢ = D%/(4Af) for the focusing term ¢4(x) in the phase function W(x). The
transition between the far-field and the near-field behavior can clearly be seen in both curves. The
fluctuations for f < 103 mm and N¢ > 2.6 indicate that the zero-order term is sufficiently defocused
over more than one fan-out order. Thus, the fan-out performance is determined by the interference
with a continuously distributed background noise. The efficiency s converges for decreasing f to
the value 1 = sinc2(0.1)n = 0.961 predicted by Eq. (15). In this limit, the interference effects on
the efficiency and the uniformity become negligible.

Similar to the case of Fourier-transform fan-out elements, the uniformity error sensitivity of
focusing elements can be minimized by optimizing the phase offset @,. It is important to note, that
already a weak focusing power adds sufficient supplementary transition points to the phase

function, in order to create fan-out elements which are almost insensitive to scaling errors. This
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result is shown in Fig. 7, where the uniformity error sensitivity Oy is plotted as a function of the
phase offset @, for a focusing 9x1 fan-out element with a focal length of f = 103 mm, which
corresponds to a small Fresnel number of N¢ = 2.6. For an optimum choice of @,, an uniformity
error sensitivity ug below .2% can be achieved.

As shown in this section, the optimization of the position of the 0-2rt transition points in the
kinoform relief reduces efficiently the sensitivity of the uniformity error to profile scaling errors.
The position of the transition points can be optimized through the phase offset ¢, which is
therefore an important parameter for the fabrication of high-quality fan-out elements by direct-write

technologies.

4. Fabrication by laser beam writing

Our approach for the fabrication of kinoform DOE:s is direct laser beam writing in photoresist. By
using successive replication of the master photoresist micro-relief, this technology has the potential
of a low cost mass-fabrication process. The laser beam writing system at the Paul Scherrer Institute
1s described in detail in Refs. [1,13,14]. It uses for the writing a x-y raster scan movement which
allows the realization of arbitrary two-dimensional structures. The resist is exposed by a focused

HeCd laser beam at the wavelength A = 442 nm. The writing spot diameter has been determined to
0 = 1.6 um at 1/e intensity points by knife edge measurements. For relief depths h <3 pum the
Shipley Microposit S1828 photoresist is used, which after exposure is developed for 30 s, using
the Shipley AZ 303 developer diluted 1:10 with deionized water. This process results in a very
linear relief depth to exposure energy characteristic. Therefore, small errors during the exposure
and the development process produce the linear relief scaling errors, which we consider for the

fabrication error analysis.

The finite spot size of the laser beam writer does not allow to produce sharp steps at the 0-27

transitions in the surface-relief profile. The resulting surface relief can be described by a

convolution of the ideal shape and the focused writing spot of diameter 8. The smoothed transitions
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have a width approximately equal to the diameter 3 of the writiﬁg spot. For small diameters & in the
order of the wavelength, the smoothed transitions in the surface relief can no longer be accurately
described by amplitude transmittance and paraxial scalar diffraction theory. However, if we assume
that the minimum segmeﬁt size s between two transitions is much larger than the writing spot
diameter 9, paraxial scalar diffraction theory gives accurate results. In this limit, we describe the
resulting phase function W(x) after the surface-relief element directly by a convolution of the ideal

phase function W¥(x) and a Gaussian point spread function (PSF), namely,

Fe(x) =¥(x) * g(x) , 21

where * represents the convolution operation and
\/"‘ o 4x2
g(x) = \m 5 exp] - Y (22)

is the normalized PSF of the laser beam writing system. The consequences on the profile shape are
shown in Fig. 8, where the ideal phase function P(x) and the resulting phase function ¥(x) after
the convolution are shown. The laser beam writing process introduces rounded transitions and
reduces the modulation depth. As a consequence, the diffraction efficiency and the uniformity of
the ideal phase function are reduced. We have analyzed, how these PSF effects can be
compensated. In addition, we have veryfied, whether they change the optimized scaling error
behavior of the kinoform function, which was derived in section 3 for perfect transitions.

For this purpose, we have calculated the Fresnel propagation (Eq. (6)) of the convolved phase
function W.(x) for the focusing 9x1 fan-out element into the focal plane z;. The calculated
diffraction efficiency 1 and the uniformity error ¢ are shown in Figs. 9 (a) and (b) as a function of
the focal length z; = f and the inverse of the Fresnel number N¢ of the focusing element. The
results have been calculated for A = A, = 0.6328 um, D = 2.56 mm, d = 160 um, & = 1.6 um and
for a fixed phase offset value @,. We observe a reduction of the diffraction efficiency n which is
proportional to the number of transition points in the surface-relief profile. This efficiency loss

becomes the major problem for the realization of focusing elements with F-numbers = f/D < 10. In

this case, PSF compensation!3 and clipping of the phase function ¥(x) to a multiple of 27 have to

- 13 -



be considered. The uniformity error decreases with the focal length f. Focusing kinoform elements
behave already for weak focusing power similar to off-axis elements3, where the signal phase is
encoded by the position of the transition points (detour-phase principle). As a consequence, the
rounding of the transitions has only a small influence on the uniformity provided that the center of
the transition remains at the correct position. Therefore, the optimized set of transition points,
obtained for the ideal phase function ¥(x), yields also the best scaling error tolerances and should
be used for the fabrication of focusing fan-out elements.

For the analysis of Fourier-transform fan-out elements, we have calculated the Fraunhofer
diffraction pattern of the convolved phase function ¥(x). The influence of the convolution with
the writing spot size has been analyzed for continuous-phase fan-out elements and fan-out elements
with optimized 0-2x transitions. Figure 10 represents the efficiency 1 and the uniformity error u
for the 9x1 fan-out element after convolution for both types versus the ratio of the grating period d
to the writing spot diameter G.

For continuous-phase elements, the efficiency 1 (solid line) is almost independent of the ratio d/é.
- However, the unifdrmity error © (dashed line) increases for small ratios d/8. For ratios d/6 > 200,
the remaining small uniformity error ¢ is essentially due to a small scaling error, which can be
directly compensated to achieve again perfect uniformity. This is no longer possible for smaller
ratios d/o, because the convolution changes the profile shape. In this case, the convolution
operation has to be directly included in the design algorithm for the fan-out phase function ¢g(x).
For this purpose, we use an iterative approach, as described in Ref. [16], and can achieve perfect
uniformity and high diffraction efficiency in the case of the 9x1 fan-out element for ratios d/6 > 10.
For ratios d/d < 10, uniform fan-out solutions can be found, but no longer with the optimized
shape of Fig. | and therefore with lower diffraction efficiency.

For fan-out solutions with optimized transitions, the efficiency loss for low ratios d/6 < 30
becomes the main problem. In addition, the optimized scaling error behavior starts to fail at about
the same limit. For ratios d/8 < 100, the position of the transition points for optimized scaling error

behavior starts to depend on the width & of the PSF. Therefore in this domain, the position of the
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transition points has to be reoptimized by taking into account the convolution with the writing spot
size. For still smaller ratios d/d < 30, the solution behaves similar as a continuous-phase funcfion.
In this case, the scaling error tolerances can no longer be optimized and only poor diffraction
efficiencies are achieved.

In conclusion, it is reasonable to fabricate Fourier-transform fan-out elements with small ratios d/8
as continuous-phase gratings, in order to achieve high diffraction efficiency. For larger ratios d/9,
it is preferable to introduce discrete transitions to the phase function and optimize the scaling error
behavior, as shown in section 3, in order to achieve better fabrication error tolerances. The above
limits have been calculated for the 9x1 fan-out element. However, numerical simulations have

shown that the critical values of ratio d/c are proportional to the fan-out number N.

5. Experimental results

Experimental results have been achieved for the fabrication of cylindrically focusing 9x1 fan-out
elements in photoresist. The elements have been designed for the wavelength A, = 0.6328 pm,
with a diameter D = 2.64 mm, a fan-out period d = 165 pum, and focal length f = 25 mm, which
corresponds to a F-number = 10. This results in a smallest segment size of s = 12 pm at the border
of the structure. In order to use a standard fabrication process of the laser beam writer, the phase
function has been rounded to a 1x1 um? pixel grid. Smaller pixel sizes are possible but increase the
Writing time of the structure. The rounding shifts the position of the transition points and
introduces detour-phase errors to the signal phase function. However, since the local phase error is
not repetitive for focusing elements, the rounding operation produces a negligible uniformity error
(< 1%). Figure 11 shows an atomic force microscope measurement of the profile shape in the
central region of the focusing fan-out element. Clearly visible is the surface roughness, which is
due to the varying overlap between neighboring scan lines due to positioning errors along the scan
movement. We have fabricated on the same substrate 8 different fan-out elements with varying
exposure energy, linearly scaled with factors o from 0.85 to 1.20. In Fig. 12, we have represented

the measured efficiency 1 and the measured uniformity error ¢ of the 8 elements, as well as the
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simulated scaling behavior of the ideal phase function convolved with the Gaussian PSF of
diameter 6 = 1.6 pm. Good agreement between the experiméntal results and the theoretical data is
observed. Note, that for a non-optimized choice of the transition points, the scaling error behavior
can be 10 times worse. The measured uniformity error is smaller than 5%, even for a large scaling
error of 20%. A maximum diffraction efficiency of 74% has been measured (compensated for the
Fresnel reflection at the photoresist-air and glass-air interfaces). The 10% efficiency loss compared
to the calculated values is due to the scattered light from the surface roughness. As shown in Fig.
12, the surface roughness has a basic periodicity equal to the interscan distance (1 wm). Therefore,
the major quantity of scattered light is diffracted out of the fan-out signal pattern and does not affect

the uniformity.

6. Conclusions

Continuous-phase DOEs can be calculated by using design concepts based on either geometrical
optics or physical optics. The resulting continuous phase function can always be wrapped to an
integer multiple m of 2m, in order to reduce the modulation depth and to enable the realization by a
planar surface-relief DOE. In the ideal case, the phase wrapping has no influence on the optical
performance of the element. However, the phase wrapping and, in particular, the position of the
transition points determine the stability of the kinofom phase function against fabrication errors. In
this paper, we have shown that in the case of kinoform DOEs which produce a discrete intensity
distribution in a desired image plane, the position of the 0-2rnm transition points in the phase
function can be optimized, in order to achieve high tolerance of the kinoform reconstruction quality
against vertical profile scaling errors. As a result of this optimization process, the sensitivity of fan-
out kinoforms to profile scaling errors can be reduced by about a factor 10. Scaling errors represent
a major problem in the fabrication of kinoform surface reliefs by direct-write techniques. As a
consequence, fabrication error tolerances and scaling error optimization should be included in the

design process of the phase function, in order to realize high-quality elements.
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Numerical results have been presented for the design of Fourier-transform and focusing fan-out
elemen.ts which enable high diffraction efficiency and have optimized profile scaling error
tolerances. The fabrication of such elements by laser beam writing is discussed and limits for the
validity of the fabrication error tolerance optimization are derived. Experimental results have been
achieved for the fabrication of focusing 9x1 fan-out elements by laser beam writing in photoresist.

Uniformity errors smaller than 5% for profile scaling errors up to 20% have been demonstrated.

- 17 -



References

(1]

[2]

(3]

(4]

(5]

(6]

(7]

(8]

[9]

M.T. Gale, M. Rossi, H. Schiitz, P. Ehbets, H.P. Herzig, and D. Prongué,
"Continuous-relief diffractive optical elements for two-dimensional array generation,"

Appl. Opt. 32, 2526-2533 (1993).

J. M. Miller, M. R. Taghizadeh, J. Turunen, N. Ross, E. Noponen, and A. Vasara,
"Kinoform array illuminators in fused silica," J. of Mod. Opt. 40, 723-732 (1993).

J. Turunen, J. Fagerholm, A. Vasara, and M.R. Tagizadeh, "Detour-phase kinoform
interconnects: the concept and fabrication considerations,” J. Opt. Soc. Am. A 7,1202-

1208 (1990).

M. Larsson, M. Ekberg, F. Nikolajeff, and S. Hard, "Successive-development
optimization of resist kinoforms manufactured with direct-writing electron-beam

lithography," Appl. Opt. 33,1176-1179 (1994).

Y. Oppliger, P. Sixt, J. M. Stauffer, J. M. Mayor, P. Regnault, and G. Voirin, "One-
step shaping using gray-tone mask for optical and microelectronic applications,"

Microelectron. Eng. 23, 449-454, (1994).

U. Krackhardt, J.N. Mait, and N. Streibl, "Upper bound on the diffraction effciency of
phase-only fan-out elements,"” Appl. Opt. 31, 27-37 (1992).

H. Liipken, T. Peter, F. Wyrowski, and O. Bryngdahl, "Phase synthesis for array
illuminator," Opt. Comm_. 91, 163-167 (1992).

J. W. Goodman, Introduction to Fourier optics (McGraw-Hill, New York, 1968).

D.A. Buralli, G.M. Morris, and J.R. Rogers, "Optical performance of holographic
kinoforms,” Appl. Opt. 28, 976-983 (1989).

- 18 -



[10]

[11]

[12]

[13]

(14]

[15]

[16]

J.W. Goodman and A.M. Silvestri, "Some effects of Fourier-domain phase

quantization," IBM J. Res. Dev. 14, 478-484 (1970).
H. Dammann, "Blazed synthetic phase-only holograms," Optik 31, 95 - 104 (1970).

M. Rossi and R. Kunz, "Focusing fan-out elements based on phase-matched Fresnel

lenses," Opt. Comm. 112, 258-264 (1994).

M.T. Gale, G.K. Lang, J.M. Raynor, H. Schiitz, and D. Prongué, "Fabrication of
kinoform structures for optical computing,” Appl. Opt. 31, 5712-5715 (1992).

M.T. Gale, M. Rossi, J. Pedersen, and H. Schiitz, "Fabrication of continuous-relief
micro-optical elements by laser beam writing in photoresist,” Opt. Eng. 33, 3556-3566

(1994).

M. Ekberg, F. Nikolajeff, M. Larsson, and S. Hard, "Proximity-compensated blazed
transmission grating manufacture by direct-writing electron beam lithography,” Appl.

Opt. 33, 103-107 (1994).

J. Bengtsson, "Direct inclusion of the proximity effect in the calculation of kinoforms,"

Appl. Opt. 33, 4993-4996 (1994).

- 19 -



Figure captions

Fig. 1.

Fig. 2.
Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

One period of the efficiency-optimized phase function for the 9x1 fan-out element: (dashed
curve) continuous phase function, (solid curve) phase function with 0-27 transitions,

optimized for highest profile scaling error tolerance.
Read-out geometry for a transmissive focusing fan-out element.
Calculated irradiance distribution in the focal plane of the focusing 9x1 fan-out element.

Uniformity error sensitivity o5 for the 9x1 fan-out element as a function of the phase
offset parameter @, for a phase function with 0-2x transitions (dashed curve). The value

of & for the continuous phase function is indicated for comparison (solid curve).

Uniformity error sensitivity o5 for the 45x1 fan-out element as a function of the phase
offset parameter @,: (dashed curve) phase function with 0-2r transitions, (dashed dotted
curve) off-axis reconstruction of the fan-out function by half of the spot Spacing distance
Ax'. The value of 6, for the continuous phase function is indicated for comparison (solid

curve).

Efficiency sensitivity n; (a) and uniformity error sensitivity G (b) for the focusing 9x1
fan-out element as a function of the focal length f and the inverse of the Fresnel number

N¢. The curves are calculated for a fixed value of the phase offset parameter Q.

Uniformity error sensitivity G as a function of the phase offset parameter @, for the
focusing 9x1 fan-out element with diameter D = 2.56 mm, fan-out period d =160 wm,

wavelength A = 0.6328 pm and focal length f = 1000 mm.

Influence of the writing spot diameter 6 on profile shape: (dashed curve) ideal phase
function W(x), (solid curve) resulting phase function W (x) after the convolution with the

Gaussian PSF of diameter d = 1.6 um at 1/e intensity points.
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Fig. 9.

Fig. 10.

Fig. 11.

Fig. 12.

Efficiency m (a) and uniformity error ¢ (b) as a function of the focal length f and the

* inverse of the Fresnel number Ny, produced by the phase function ¥.(x) of the focusing

9x1 fan-out element after the convolution with the Gaussian PSF. The curves are

calculated for -a fixed value of the phase offset parameter (.

Efficiency i and uniformity error ¢ of the convolved phase ‘¥'.(x) as a function of the
fan-out period d to the writing spot diameter J ratio for the 9x1 fan-out element. (a)
efficiency and (b) uniformity error of the continuous phase function; (c) efficiency and (d)

uniformity error of the phase function with optimized 0-2rx transitions.

AFM measurement of the profile in the central region of a cylindrical focusing 9x1 fan-
out element designed for the wavelength A = 0.6328 um with diameter D = 2.64 mm,

fan-out period d = 165 pm and focal length f = 25 mm.

Efficiency 1} and uniformity error G of the fabricated element as a function of the scaling
factor o.. (solid curve) calculated efficiency, (dashed curve) calculated uniformity error,

(o markers) measured efficiency, and (+ markers) measured uniformity error.
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Abstract. A breadboarcs for beam shaping of high-power laser diode arrays
(LDAs) has been realized. The coherent beams are added with the aid of a
continuous surface-relief fan-in element. It results in a nearly symmetric single
lobed beam of collimated light with maximum conversion efficiency. The
theoretical efficiency is determined to be 96-7%,. Experimentally, one third of the
total power is now in the central peak.

1. Introduction

Semiconductor lasers are used in optics as compact, monochromatic light
sources, that can be directly modulated. Some applications, such as communication
between satellites and pumping of'.fibre lasers, require high power and near
fundamental mode beam quality. High power can be achieved by phase-locked laser
diede arrays (LDAs). Unfortunately, LDAs generate poor quality output beams,
which cannot be collimated properly by conventional diode laser optics. In this
paper we demonstrate the conversion of a multi-lobed near-field emitted by ten
stripes of a LDA into a single-lobed Gaussian beam of collimated light.

The lateral modes of laser diode arrays are defined by the periodic gain and
refractive index distribution across their widths. These modes can be described by
coupled-wave theory [1]. The 180° out-of-phase mode seems to be the most stable
mode in parallel filament arrays. Consequently, these lasers show a double lobed far-
field. In order to improve the optical quality of the LDA output, different
possibilities have been proposed. Using a phase plate, the 180° mode can be
converted in a 0° mode [2], which leads to a relatively strong central lobe with smaller
side lobes, as shown in figure 1. For one-dimensional arrays the light distribution is
highly asymmetric. This is inadequate to fill the aperture of a collimator uniformly.
The side lobes can be eliminated by an additional afocal system [3]. The system uses
ad.c. phase shifter in the back focal plane of the first lens and a binary phase corrector
element in the back focal plane of the second lens. However, the asymmetry of the
light distribution is not removed. Another method uses a lens and a binary fan-in
grating to superimpose N lasing apertures, converting the laser array into a single
emitter with about N times the power density [4]. In this case the shape of the beam is
determined by the aperture of a single laser stripe (figure 1). The coherent addition is
only efficient when the beams are in the correct phase state. This has been achieved
by an external cavity including the laser array and also the binary fan-in grating.

Higher efficiency close to 1009 can be achieved by coherently adding N lasers
with the aid of continuous surface-relief gratings [5]. Our approach is based on the
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In our model, the near-field distribution U(x, y) at the LDA output, after the
phase plate, is approximated by an array of N Gaussian beams. We restrict the
analysis to the case of one-dimensional arrays, but the same principle can be applied
for two-dimensional arrays. Under these assumptions the near-field of the LDA can
be written as

N _ 2 2
Uex,y)= Y Amexp<i¢m>exp[—(ﬁ—’jﬁ——y~z], )
m=1 Wy wy,

where A, is the amplitude, ¢,, the phase, and x,, the position of the mth Gaussian
beam. We assume a constant spacing between two neighbouring beams, defined by
$=Xp 41— %y For index-guided LDAs, the number of Gaussian beams in the near-
field corresponds to the number of array elements and their beam waist radii w, and
w, are mainly determined by the geometry of a single stripe [8]. Whereas, gain-
guided LLDAs can produce lateral modes with more lobes in the near-field than
waveguides [9]. In such a situation, the number of Gaussian beams has to be
increased, in order to describe the near-field distribution accurately.

The far-field distribution U(x, ) is related to the near-field U(x, y) by a Fourier
transform. Thus, we get for the far-field

oo

U(u,v)= f U(x, y) exp [2ri(xu+yv)] dx dy

=¢, exp [—n*(wu? + wfvz)] z A, exp (i¢,,) exp (2mix,u), (2)
or expressed in amplitude and phase
O(u, v)=|0(u, v)| exp [1¥(u, v)], (3)

where ¥(u, v)=arg{U} and ¢, is a constant.

As the emission of every array element interferes with each other, interference
patterns in the far-field intensity distribution with periodicities of 1/s, 1/2s,...,
1/(N—1)s can be observed. If the interference terms of equal spatial frequency are
collected, the intensity distribution in the grating plane can be written as

I(u,v)=|U0*=c, exp [— 2n*(w?u? +wlov?)]
N N-1
x|: Yy A4A2+2 ) B,,cos(2npsu+d5,,):|. (4)
m=1 p=1

For a given set 4;, ¢;, the coefficients B, @, for one spatial frequency component of
the interférence pattern can be calculated from the equations

2

N—p 2 N-p
Blz, =l:mzl AmAm+p cos (¢m _¢m+ p)] +[m21 AmAm+p sin (¢m _¢m+ P)] ’ (S)

N-p
Z AmAm+pSin (¢m"’¢m+p)
; (6)

@, =arctan I'V"—=p
Zl AmAm‘HI cos (¢m“ ¢m+p)

The envelope of the intensity distribution I(u, v) determined by equation (4) is the
desired Gaussian far-field distribution, corresponding to the far-field of a single
stripe. If we are able to eliminate the variations in the interference patttern, the
intensity distribution becomes equal to that Gaussian envelope. According to
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equation (3), the remaining phase distribution could then be converted into a plane
wave by a phase element with transmittance equal to exp[—i1¥(«, v)]. An inter-
ference term close to a constant value can be achieved by requiring minimum
variance, namely

[+ © 2
f J I:Z B, cos (2mksu+ (Dk)] du dv—min. )
-wy —o_k

Since the terms of different spatial frequency are orthogonal, the minimum
condition becomes finally

Y B2 > min. (8)
k

The minimization of equation (8) yields the optimized phases ¢,, for a given set of
amplitudes 4,,.

We summarize the beam shaping process sketched in figure 2. A set of amplitudes
A, and phases ¢}, is known at the LDA output. The optimum set of phases ¢,, can be
found by minimization of equation (8). The phase differences between the optimum
phases ¢,, and the phases ¢,, of the LDA have to be added by a phase plate. The
optimized intensity distribution I(u, v) in the far-field is then given by equation (4)
and the phase distribution ¥(u, v) by equations (2) and (3). In order to generate a
plane wave a second phase element has to be added to compensate ¥(u, v) in the far-
field. Its complex amplitude transmittance is

T(u,v)y=exp[—1¥(u,v)]. )

The optimization of equation (8) is a numerical problem, which has been solved by
using the Downhill Simplex Method [10].

3. Experimental results

Figure 3 shows the breadboard for far-field shaping of LDA mounted on a large
heatsink. The continuous surface-relief fan-in element can be observed in front of
the assembled prototype. The system includes a LDA, a phase plate, a lens, and a
fan-in element as already depicted in figure 2.

For our experiments, we have used a SDL.-2420 LDA from Spectra Diode Labs,
which is a gain-guided device and offers ten phase coupled emitters spaced by 10 pm,
operating at the wavelength A =801 nm. Spectral analysis of the near-field has shown
that near threshold, the LDA operates in a single lateral mode, which is known as the
v=10 mode [8]. For this mode the emitters possess an alternating 0/180° phase state
producing the double lobed far-field shown in figure 4.

The phase plate that should generate the optimized phases consists-of 10 zones
each of 10 um width. The element is fabricated at CSEM by reactive ion etching
(RIE) into fused silica. Repeated etching produces discrete levels. We have
distributed the 10 optimum phases on 16 equally spaced levels between 0 and 2x. It
results that in this special case the etch with depth corresponding to a phase delay of
n/4 is not necessary and therefore, three etching steps were sufficient to generate the
required levels.

The optimized phases ¢; are shown in the first row of the table. In the second row
the quantized values for the phase plate are listed. Illuminated with the v=10 mode
the phase plate generates the optimized phases. The quantization error is within
=+ A/40. Theoretically 97-3% of the power emitted by the LDA can be collimated into
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the ratio of the Gaussian beam diameter and the stripe spacing. In our case, about
three periods of the fan-in element were illuminated.

According to equation (9) the fan-in element has to generate a phase distribution
of — ¥(u,v) in the far-field. This is achieved by a continuous surface-relief element
in the back focal plane of the lens (figure 2). The thickness modulation is obtained
from the phase distribution by the following relation

dx,y)=dy+¥Y(x=Afu,y=21fv) (10)

A
2n(n—1)°
where d, is a constant thickness and (n— 1) is the refractive index difference between
medium and air. In our experiment, we have calculated the far-field from equations
(2) and (3) for constant amplitudes A,, and for the quantized optimized phases ¢,,.
The resulting thickness variation is the continuous function shown in figure 7 (a). It
is known that for even numbered arrays the profile of fan-in elements has phase steps
of ® (e.g. [11]). In order to avoid discontinuity in the profile we have translated our
LDA by half a period, i.e. by s/2 with respect to the fan-in element. This is equivalent
to an additional wedge in the Fourier plane, which slightly deflects the outgoing
beam. '

The element is written in photoresist using the laser-beam writing system at the
Paul Scherrer Institute, Zurich [12]. The photoresist is exposed with a scanning
laser beam of controllable intensity and then etched by a developer. The fidelity of
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Figure 7. Profile of the fan-in element: (a) theory, (b) measured.
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that the amplitude distribution of the source array was not uniform, as assumed for
the design of the element, seems not to be important, either. Numerical simulations
show that the efficiency should only drop down to 96-0% for the observed near-field
amplitude distribution (figure 8 (a)) and to 87-5% for the theoretical half-sinus
amplitude modulation of the v=10 mode. The efficiency of the shaping depends
much more on the relative phases of the emitters. For this reason, it is assumed that
the phase plate was placed at a position where the different beams did already
partially overlap. For future use, antireflection coatings on the elements are
recommended to avoid feedback into the LDA. '

4. Conclusions
We have shown that stable eigenmodes emitted by LDAs can be shaped and
collimated with very small inherent losses. The proposed method produces a nearly
symmetric single lobed beam of collimated light with maximum conversion
efficiency. A compact breadboard has been built for shaping an array of ten elements.
The system includes a multilevel phase plate at the LDA output to produce in the
far-field a smooth intensity distribution, which corresponds to the far-field of a
single stripe of the laser array. The structure of the array is converted into a phase
distribution in the far-field. This phase distribution is then corrected by a
continuous surface-relief fan-in grating. The theoretical efficiency for this set-up is
. 96-7%,. Experimentally, we have found one third of the total power in the central
peak. ¢
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Interferometric fabrication of modulated
submicrometer gratings in photoresist

Peter Ehbets, Hans Peter Herzig, Philippe Nussbaum, Peter Blattner,

and René Dandliker

Interferometric recording is applied to the fabrication of modulated submicrometer gratings in
photoresist. High diffraction efficiency requires optimized recording conditions, which are obtained by
the use of an on-axis continuous surface-relief grating for the generation of the object beam. The
optimized phase function is copied into the resist layer by means of a self-aligned two-step recording
process with an intermediate copy in a volume photopolymer hologram. As a result, we demonstrate
high carrier frequency surface-relief off-axis fan-out gratings for illumination in transmission with visible

light.

Key words: Holography, photoresist, submicrometer gratings, diffractive optical elements, optical

interconnects.

1. Introduction

Modern microfabrication techniques permit the real-
ization of highly efficient diffractive optical elements
(DOE’s) that have multilevel or continuous microre-
liefs.! However, difficulties still arise for the fabrica-
tion of off-axis elements in rigid materials such as
glass or quartz with submicrometer carrier grating
periods. These elements are of interest for building
compact optical systems with a folded optical path.?
Furthermore, they are attractive because high effi-
ciency can already be achieved with a two-level phase
profile. Therefore recent research has focused on
the design and fabrication of modulated high carrier
frequency gratings.®-5

Modulated submicrometer gratings have been fab-
ricated by use of electron-beam (e-beam) lithography
for the patterning of the resist. This technique
offers high flexibility for the generation of arbitrary
structures. The accuracy of e-beam writing is mainly
limited by stitching errors of the order of 100 pm
between scan fields when the elements exceed the size
of a single scan field, i.e., when they are larger than
0.8-1.0 mm.® Within one scan field the positioning
errors are typically of the order of 10-50 nm. These
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positioning errors introduce detour phase factors for
off-axis elements that affect the encoded object phase
function and limit the performance in the case of
submicrometer carrier grating periods.4

Here we present an alternative fabrication method
for binary off-axis DOE’s based on optimized interfero-
metric recording in photoresist. This approach has
the advantage of a parallel writing process that can be
used directly for the fabrication of larger quantities.
In addition, wave fronts can be generated with high
accuracy over large fields, which results in a better
positioning accuracy of the modulated grating lines.
However, interferometric recording is less flexible
compared with e-beam writing.

Most of the research in photoresist recording has
involved the fabrication of regular, high-resolution
gratings. Conditions for high first-order diffraction
efficiency have been derived and experimentally dem-
onstrated.™1° However, only a few studies have
investigated the recording of more general object
beams in photoresist. The recording of photoresist
holograms was studied by Bartolini.l! He observed a
strong trade-off between efficiency and reconstruc-
tion fidelity and could achieve only low efficiencies of
theorder of 5%. The reconstruction fidelity is mainly
affected by the intermodulation noise, which is due to
the recorded object-beam intensity variations in the
hologram. Better performance can only be achieved
if these intermodulations are reduced or even elimi-
nated. For the recording this requires the use of
optimized object beams, which can in general be
produced by computer-generated holograms. The



copying of an optimized wave front with an off-axis
reference beam into a hologram led to the concept of
hybrid holograms.!? Bartelt and Case!? achieved
diffraction efficiencies of the order of 50% and good
fidelity by recording an object beam with random
phase in a volume hologram. High diffraction effi-
ciencies over 90% were then obtained for the copying
of fan-out elements in dichromated gelatin.131¢ In
this case the intermodulations were minimized by the
application of numerical optimization techniques.
We have applied the same concept for the recording of
efficient surface-relief holograms in photoresist.

In Section 2 we discuss the recording conditions for
efficient photoresist holograms. In Section 3 the
generation of optimized object beams is considered
and the recording setup for the copying is discussed.
Accurate positioning of the photoresist plate in the
optimum recording plane is crucial. To achieve pre-
cise alignment we applied a two-step approach for the
copying. In Section 4 experimental results are pre-
sented for the fabrication of an off-axis 9 x 9 fan-out
element. Fan-out elements are key components for
optical interconnects. In this research we use them
as test elements, because the generated spot array in
the far field of the fan-out element can be easily
characterized. The accuracy of the fabrication pro-
cess can be deduced from the uniformity error of the
generated array.

2. Optimized Holographic Recording in Photoresist

The basic configuration for interferometric recording
is shown in Fig. 1. The interference pattern of a
plane reference wave and an object beam is recorded
in a thin photoresist layer. Symmetric incidence of
the two beams is required in order to produce interfer-
ence fringes perpendicular to the hologram plane.
Incidence angle 6 defines the period of carrier grating
s with s = N\/(2 sin 6), where \ is the free-space
wavelength of the recording light. After develop-
ment a modulated surface-relief grating is obtained.
At readout the grating is illuminated at Bragg angle
0z, which is defined by sin 83 = A/(2s). The object-
beam wave front is regenerated in the minus-first
diffraction order of the carrier grating and produces

the desired intensity pattern in the far field. In the
X
F s 0 order
Object B
beam B .
6 R, '
7|k "" 1 order
Readout Lk o
beam
Reference . N
beam Resist-coated Far-field
substrate pattern
(a) (b)
Fig. 1. Geometries of (a) recording and (b) readout for interfero-

metric recording in photoresist.

case of high carrier frequency gratings, the angular
spread of the object beam, o, is much smaller com-
pared with Bragg angle 0.

We restrict the following analysis to one-dimen-
sional object beams, but the same principle can be
applied to the two-dimensional case. The plane of
incidence is the (x, z) plane as shown in Fig. 1, and TE
polarization is assumed. The reference plane wave
can then be written as

E.(x,z) = A, exp(ik[sin(8)x + cos(8)z]}, (1)
where £ = 2n/N. The electric field of the object
beam can be expressed by a spatially varying ampli-
tude and phase function, i.e.,

E,(x, z) = exp[—ik sin(8)x]A,(x, 2)exp(iD,(x, 2)], (2)

where the linear phase factor determines the off-axis
incidence. Inthe general case the propagation of Eq.
{(2) can be calculated by the use of the angular
spectrum approach.!®> We are particularly interested
in the recording of fan-out gratings. In this case the
object amplitude and phase functions, A,{x, 2) and
®,(x, 2), are periodic with respect to the x axis and can
be written as a discrete superposition of propagating
diffraction orders, i.e.,

N
E,(x, 2) = exp[—ik sin(8)x] >, A, explion)

m=-M

X expi(mKx + yn2)], (3)
where (M + N +1) is the total number of diffraction
orders retained in the analysis, K = 2w/A, A is the
period of the fan-out element, and v,, is the propaga-
tion constant of the mth diffraction order along the z
axis, defined by

Ym = (k% — [k sin(8) + mK?}1/2. 4)
The diffraction orders are characterized by their
amplitudes, A,,, and phases, ¢,,. The central N,
diffraction orders form the fan-out signal and create
the spot array in the Fourier plane. All the higher
diffraction orders correspond to undesired noise.
The quality of a fan-out element is characterized by
two parameters: the signal diffraction efficiency, n,
and the uniformity error, e, of the generated array.
The signal diffraction efficiency is the fraction of the
total power in the N, signal diffraction orders.
Uniformity error e can be defined by the contrast
function,

e Imax - Imin
=
Imax + Imin

(5)
where I, and I;, are the maximum and minimum
spot intensities of the N, signal beams.

Using Eqgs. (1) and (2) we can write the interference
of the reference wave with the modulated object beam

10 May 1995 / Vol. 34, No. 14 / APPLIED OPTICS 2541



in a form similar to the two-wave case, i.e.,
I(x, z) = |E,(x, 2) + E,(x, 2)?
= 14r2 + Ao(x’ 2)2 + 2Aer(x’ 2)
X cos[@x — P,(x, z)], (6)

where @ = 2mw/s = 2k sin 6. Optimized recording
conditions are obtained if the intensity variations of
object-beam amplitude A (x, z) are minimized in the
hologram plane at z = 0. This is identical to the
design of an on-axis phase-only DOE. Assuming
A, (x, z) and P,(x, z) to be slowly varying with respect
to the wavelength X\, we can apply the paraxial scalar
diffraction theory. Many different optimization
schemes have been proposed in the literature for this
task, based on either iterative phase-retrieval algo-
rithms!6-18 or parametric optimization techniques.!®
In the case of regular fan-out elements, continuous
phase functions as shown in Fig. 2 for a9 x 1 fan-out
element can be determined.?’ This phase-only solu-
tion produces in the far field a uniform spot array
with a high signal diffraction efficiency of 99.3%.

. The corresponding interference pattern of Eq. (6) is

shown in Fig. 3. For the representation, a low
carrier frequency @ = 4wN,/A has been chosen.
The whole object information is encoded in phase
function ®,{x, z = 0), which modulates frequency @
of the carrier grating.

The recorded sinusoidal intensity distribution,
shown in Fig. 3, is transformed by the photoresist
development into a surface-relief grating. The phys-
ics of the photoresist development process is de-
scribed in Ref. 11. Depending on the type of devel-
oper and the dilution, either a binary or a rather
linear characteristic between the exposure energy
and the photoresist relief depth can be achieved.
In the case of binary development the sinusoidal
interference pattern is hard clipped, and a rectangular-
shaped surface relief results. For linear develop-
ment the sinusoidal form is more or less maintained.
It has been shown that high diffraction efficiencies
with a rectangular or sinuscidal grating require
. carrier grating periods of the order of the optical

Phase [rad]

0 L} I ¥ I
0 2 4

L I 13 I L ] ¥ l—r ' T I T

6 8 10 12 14 16 18
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Fig. 2. One period of the optimized phase function for an on-axis

9 x 1 fan-out element.
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wavelength.”10 In this case only the zeroth and the
minus-first diffraction order are propagating for inci-
dence at the Bragg angle. As a consequence the
diffraction at the high frequency carrier surface-relief
grating has to be analyzed by the use of rigorous
diffraction theories. This is a demanding task be-
cause the period of the modulated grating is defined
by the period of the paraxial object function, which
typically has a size of A > 100 pm. As a conse-
quence, a large number of diffraction orders has to be
retained in the model. A rigorous analysis of this
type of binary high frequency carrier DOE’s was
recently published by Noponen and Turunen.® They
analyzed the validity of the hybrid encoding scheme
and found that the fan-out phase function would be
correctly encoded in the binary carrier grating if the
period of the highest frequency component in the
fan-out function was at least 10 times larger than the
period of carrier grating s, i.e.,

Ns > 10. (7

In the reported experiments we use a factor 10
above this limitation, and therefore encoding errors
can be neglected. The first-order diffraction effi-
ciency is then optimized by the consideration of the
regular carrier grating. We used a model based on
rigorous coupled-wave theory’ and determined the
optimum relief depth, A, of the grating for TE polar-
ization. The efficiency curves are shown in Fig. 4 for
the two cases of a rectangular and a sinusoidal relief
profile illuminated in transmission from resist to air
at the Bragg angle. The results were calculated for a
wavelength of A = 633 nm, a typical photoresist index
of n = 1.63, and a grating period of s = 577.4 nm.
High diffraction efficiencies over 90% can be achieved
for both relief types and require a modulation depth
intherangeof 0.8 pm < 2 < 1.0 pm.

Optimized phases of the recording fan-out beam
achieve minimum intermodulations in a single plane
(z=0). As the object beam propagates out of this
optimum plane, intermodulations will appear and
deteriorate the recording conditions. To specify the
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alignment tolerances for a successful recording, we
determined the depth of the optimum plane. The
propagation of the object beam is described by Egs. (3)
and (4). We assumed off-axis propagation at a record-
ing angle of 8 = 25° and calculated the evolution of
the intermodulations A,(x, z) for the optimized 9 x 1
fan-out element, shown in Fig. 2. The calculated
contrast of intermodulations V resulting from a dis-
placement z = d out of the optimum plane is shown in
Fig. 5 for different fan-out periodicities A equal to
100, 200, and 400 pm. Intermodulation contrast V
was defined by V = (Ijax — Innin) /(I max + I,;,), where
I and I ;. are the maximum and minimum intensi-
ties of the object beam in the plane z = d. Gratings
recorded under the conditions for high diffraction
efficiency cannot linearly reproduce object intermodu-
lations A (x, z = d). Small intensity variations caused
by intermodulations are clipped to a constant value
because of nonlinear development and because of the
strongly nonlinear behavior of the diffraction effi-
ciency curve near its maximum. However, object
phase function ®,(x, z = d) is accurately recorded by

the relative phase of the carrier grating. The clip-

Intermodulation contrast V

0.0 T T — T

0 100 200 300
d [um]
TFig. 5. Contrast V of the intermodulations as a function of
displacement d out of the optimum plane calculated for different
fan-out periods of A = 100 pm (dashed curve), A = 200 um (dotted

curve), and A = 400 pm (solid curve).

400 500

ping of the amplitude function to A,(x, z = d) = const.
discards some object information.

The result of the clipping can best be analyzed by
the calculation of the uniformity error of the spot
array generated from phase-only function ®,(x, z = d).
The results are shown in Fig. 6. For most applica-
tions a uniformity error of e < +10% can be tolerated.
Therefore, using Figs. 5 and 6, one can estimate the
depth of the optimum plane and tolerable clipping
level. Significant intermodulations occur of the dif-
fraction orders at the border of the fan out loose the
optimum phase relation with the central beam. The
interference between one marginal diffraction order
of the fan out and the central fan-out beam results in
a periodic function. The period of this interference
pattern in the direction of the z axis gives a good
estimation for the depth of the optimum recording
plane. For small fan-out angles «, the relation

(7

is obtained for the depth as a function of the fan-out
parameters, where ¢ is a constant defined by the
tolerable uniformity errorand N = (N, — 1)/2. The
depth of the optimum plane is mainly determined by
the quadratic dependence on fan-out period A and on
the number of signal diffraction orders N,. Oblique
incidence at angle 6 results only in the cosine factor
and has little influence.

3. Two-Step Recording Setup

The problems at recording are the generation and the
accurate alignment of the optimized object beam with
respect to the hologram plane. Different possibili-
ties exist for the generation of the optimized object
beam in the hybrid recording arrangement intro-
duced by Bartelt and Case. The most common ap-
proach is to encode the optimized wave front in a
low-resolution computer-generated hologram!3:20 and
then copy it in the hologram plane by means of a 4f
imaging system. For the generation of large spot

Uniformity error e
© o o ©
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L1 1 1
\
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A Y
A Y
A Y
A Y
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Fig. 6. Uniformity error e of the generated array as a function of
displacement d out of the optimum plane calculated for different
fan-out periods of A = 100 wm (dashed curve}, A = 200 wm (dotted

curve), and A = 400 um (solid curve).

500
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arrays, the self-imaging properties of periodic fields
become interesting. By considering the free-space
propagation after a pinhole array, one can find planes
of low intermodulations.?! In this research we chose
a third approach by copying the optimized phase
function of an existing on-axis phase-only DOE into
the hologram plane. Problems appear with the hy-
brid recording approach if, for the desired far-field
pattern, phase functions with low diffraction efficien-
cies are found. In this case higher diffraction orders
besides the N, signal diffraction orders become impor-
tant and are necessary to describe the phase-only
solution. As a consequence, spatial filtering of the
imaging system has to be taken into account to
achieve low intermodulation.’3 For regular, discrete
patterns such as fan-out elements, high diffraction

efficiencies can be achieved with continuous or multi-

level DOE’s. In the reported experiment we used a
continuous surface-relief grating as the master ele-
ment for the interferometric copying. The fabrica-
tion of continuous surface-relief gratings is a critical
process, but good results have been obtained by
laser-beam writing.2?

For the required relief depth for transmission
gratings to be achieved, interference fringes perpen-
dicular to the resist surface are required. Therefore,
the optimized plane of low-intensity variations is
tilted with respect to the propagation direction of the
object beam, and the alignment of the imaging system
becomes a difficult task. The alignment tolerances
are shown in Fig. 6 and can be estimated from
relation (7). We have avoided these problems by
using a two-step recording approach for the copying.
The two-step recording process is schematically repre-
sented in Figs. 7 and 8. The optimized phase func-
tion of the on-axis fan-out element is first copied in a
volume hologram. This intermediate copy does not
have to be recorded for high diffraction efficiency.
Therefore a linear recording process can be used,
which can restore the intermodulations.’2 This holo-
gram is recorded with a high reference-to-object-
beam ratio. As we can see in Fig. 7, we imaged
fan-out phase function ®,(x, z = 0) into the hologram
plane by using a single lens. This transformation
adds a quadratic phase term to the fan-out phase but
introduces no intensity variations.

Because of the linear recording conditions of the
volume hologram, small intermodulations can be
tolerated, and the alignment requirements in the

-
2 Mage af

Photopolymer
hologram

On-axis fan-out

elemenit Reference

beam

Fig. 7. Recording geometry of the intermediate copy in the
photopolymer hologram.
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Readout
beam

Photoresist-coated Imaging

substrate

Reference
beam

Fig. 8. Recording geometry of the resist hologram.

image plane become less severe. We used a photo-
polymer as the holographic recording medium for the
intermediate copy. The photopolymer material has
the advantage that it is self-developing during the
exposure. The holographic plate can therefore be
kept in place during the whole process and is automati-
cally aligned. At readout the photopolymer holo-
gram is illuminated by the conjugate reference beam,
as shown in Fig. 8. This illumination generates the
conjugate object beam, which passes inversely through
the same imaging system and compensates on its way
all the acquired aberrations. The complex conjugate
of the fan-out phase function, i.e,, —®,(x,z = 0), is
then reconstructed in the plane where the original
fan-out element was placed. The Fourier transform
properties show that complex conjugation of a phase
function introduces an inversion symmetry in the far
field, but it does not change the intensity distribution.
As a result, the conjugate phase function is again a
uniform fan-out element and the photoresist holo-
gram can be recorded in this predefined plane with a
symmetric off-axis reference beam.

4. Experimental Results

Experimental results were obtained by the use of this
two-step recording approach for copying a continuous
surface-relief 9 X 9 fan-out element into a modulated
binary resist grating. We obtained the two-dimen-
sional phase function by crossing two symmetric
one-dimensional solutions, which are shown in Fig. 2.
The design and the fabrication by laser-beam writing
of this element have been described in previous
publications.???% The fan-out gratings were realized
with a period of A = 400 pm and for a wavelength of
A = 488 nm. For normal incidence, phase function
®,(x, z = 0) and relief height d(x) are related by

P (x,2=0) = ~ (n — 1)d(x), (8)

where n is the refractive index of the medium.
Propagation through the same phase grating at ob-
lique incidence results in phase modulation errors.
The main error is a linear increase of the optical path
length difference, which can be compensated by the
rescaling of relief profile d(x) calculated for normal
incidence. The corrected relief height d (x) for ob-
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Fan-out elements recorded as volume

holograms:

optimized recording conditions

H. P. Herzig, P. Ehbets, D. Prongué, and R. Dandliker

The recording of efficient fan-out elements as volume holograms is investigated by using the coupled-wave

theory.

In contrast to the results published in the standard literature, we find that the efficiency and the

uniformity of regular fan-out elements depend strongly on the relative phases of the object waves, at least,

if the thickness of the hologram is less than ~ 50 wavelengths.
achieved by optimized recording conditions.

High efficiency and uniformity can be
At the same time, the required dynamic range of the

holographic material becomes minimum.

Key words:

. Introduction

Optical fan-out elements divide a single laser beam
into a regular array of equally intense light spots in
one or two dimensions. They are used in many
applications of modern optics, such as parallel optical
processing and fiber-optic communication. Cur-
rently fan-out elements are fabricated synthetically
as surface-relief phase structures hy using microfabri-
cation techniques (e.g., see Ref. 1, Sec. 6). Such
elements are Dammann gratings,? multilevel grat-
ings,® or continuous surface-relief structures.t
However, proper modulation at large carrier frequen-
cies (> 1000 lines/mm) is difficult to achieve by mask
projection. Therefore interferometrically recorded
holograms are still of interest for realizing off-axis
elements and large fan-out numbers. This paper
deals with the recording of efficient fan-out elements
in thick volume holograms. We have applied the
coupled-wave theory for studying recording condi-
tions for high diffraction efficiency and uniformity of
the generated beam array.

Papers on the coupled-wave theory for multiple
beam recording predict high efficiency for replaying N
waves, and only a weak dependence of interactions
between the beams because of the highly selective
Bragg condition.5 This would suggest that the re-
cording of fan-out elements is an easy task. How-
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ever, experimental results show the difficulties in
recording uniform fan-out elements as volume holo-
grams and the precautions that are necessary for
generating a uniform distribution of the irradiance in
the hologram plane.! Fundamental difficulties are
explained in terms of recording nonlinearity. By
using the coupled-wave theory, we have found that
even in the case of prefect linearity a hologram does
not generate a uniform fan-out.” We demonstrate
how to apply the coupled-wave theory to the special
problem of regular fan-out elements. These ele-
ments are called degenerated hecause all gratings
with equal periodicity diffract light in the same
direction and must be added coherently. As a conse-
quence, the results for efficiency and uniformity
depend strongly on the relative phases of the recorded
object waves.

Il. Simultaneous Recording with Minimum
Intermodulations

A fan-out element can be fabricated by recording a
hologram of N object waves E;(x) = A; exp(—jkx +
J&;) with a reference wave Ey(x) = A, exp(—jkox +j
&g). The basic configuration is shown in Fig. 1.
The waves are characterized by wave vectors k; =
(k?, k#), amplitudes A;, and phases ¢;, where x =
(y, 2) are the coordinates. Only the s polarization is
considered.

We assume that the recording material responds
linearly to the accumulated energy during exposure,
ie.,

2

e(y,2) =€, + 8 )

N
D E +E,
i=1




Fan-out Y

/ element™__|

(@) (b)
Fig. 1. (a) Recording and (b) readout of fan-out elements. The

angles are defined inside the recording medium with refractive
indexn = \/G_a [see Eq. (1)]; a is the full fan-out angle.

The dielectric permittivity e(y, z) after exposure then
becomes

N
ey,2) = ¢ + 2 Aeg; cos(Kgix — Dy;)
i=1

N
+ D Ae,, cos(K,x — Dy, ), (2)

g>p=1

where ®,, = ¢, — ¢, and Ae,, = 204,A,. Besides the
desired N primary gratings K;; = ky — k;, N(N — 1)/2
unwanted intermodulation gratings K,, = k, — k, are
recorded. At readout, they generate intermodula-
tion waves, which are coupled with the desired recon-
struction beams. As a consequence, efficiency and
uniformity of the fan-out suffer.

One possibility of reducing the intermodulations
with respect to the primary gratings is to increase the
reference-to-object beam ratio B (see Ref. 5), which is
defined by

Ay?
B= . 3

A?

M=

i=1

Then the modulations of the desired primary gratings
become dominant (Aey; > Ae,,). Unfortunately this
method requires a high dynamic range of the record-
ing material.

It was shown in an earlier paper that for on-axis
regular fan-out elements the intermodulation grat-
ings can be nearly perfectly eliminated.* In the case
of regular elements, the projections K, of the grat-
ing vector K,, in the hologram plane (y axis) are all
integer multiples of the lowest frequency 2wv, which
is formed by the interference between two neighbor-
ing object beams. Thus we can write the intermodu-
lation term in Eq. (2) as

N N
> Aey, cos(K,x — D) = > Ae,, cos(2mmuy

q>p q>p

+ K,z - ®,), @

where m = p — q. There are N — 1 gratings with
m =1, N — 2 gratings with m = 2, etc. By adding

the gratings with the same frequency but with opti-
mized phase shifts ®,,, one can minimize the inter-
modulations.* Note that the grating with the high-
est frequency (m = N — 1) cannot be canceled because
it appears only once.

The intermodulations vary in the z direction with
K, [Eq. (4)]. Consequently, they can be minimized
for only one specific plane parallel to the hologram
plane (z = constant). For on-axis object beams, as
shown in Fig. 1, the z variation is rather slow, i.e., K.
is small. The largest component K, ? is formed by
the interference between the central beam propagat-
ing in the direction of the z-axis and the marginal
beams of the fan-out. We obtain

2w

=’ (5)

[
1—cos—2-

B T
(B;q)mm(= 7;'n
where \ is the wavelength, a is the full angle (k;, ky)
of the fan-out, n is the refractive index, and A is the
periodicity of the grating (K,;*)ma. The intermodu-
lations remain small within a depth A of £A/10, i.e.,

" A A
" 5 5n[1 — cos(a/2)]
We can conclude that for the geometry shown in Fig.
1 the hologram plane must be normal to the z axis
within the tolerances given by Eq. (6). This restricts
the optimum recording geometry.

For thick holograms the off-Bragg interactions
become negligible, and, therefore, the phases of the
object waves are irrelevant. In this case the record-
ing geometry is not restricted by Eq. (6).

(6)

ill. Coupled-Wave Equations

Below we derive the coupled-wave equations for
regular fan-out elements. The electrical field has to
fulfill the Helmholtz equation

AE(y,z) + k2%(y, 2)E(y, 2) = 0, (")

where & = (2w/)\), and e(y, 2) as determined by Eq.
(2).

The total electric field inside the hologram is
written as a sum of M plane waves diffracted in
different directions:

M
Y Ely,2, 8

i=N+1

N
E(y,2) = Eq(y,2) + >, Ei(y,2) +
i=1

where the first N waves are the desired object waves.
Each component of the electric field is of the form

Ei(y, 2) = B;(z)exp(—jk;x), 9)

where B;(z) are complex amplitudes.

The waves E;(y, z) are generated by diffraction of
an incident beam (k,,) at a grating K,,. The wave
vectors k; are then determined by the beta-value
construction, namely
kly =kmy _ K Yy

g s gq>p=0,...,N-1;

i,m=0,...,M. (10)
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For the z components we obtain

k7 =[R2, — (kY)4V2. (11)
The coupled-wave equations are now obtained by
introducing the electric field [Eq. (8)] into the Helm-
holtz equation (7). This yields

dC,,

M
E“cose = —j Zo%nnc,,, m=0,...,M, (12)

where C; = B;exp(—jk?). The reason for this substi-
tution is to separate the wave parameters, which are
described by the coefficients C;, and the independent
grating parameters, which are described by the ma-
trix #;,,. Note that the matrix must be Hermitian,
ie, W = 7/nm , and that the diagonal elements are
equal to zero, i.e., Zmm = 0.

For a simple coupling between two waves E,, and

E, through one grating K,,, we get

27mn = qu qu eXp[J( (bpq )] (13)
Kpg = kA€,,/4 is Kogelnik’s coupling coefficient for the
grating K.

We have to consider that each beam E£,, diffracts at
all gratings. In our degenerated case all gratings
with equal periodicity, i.e., equal K7, diffract light in
the same direction. Their coupling coefficients have

to be added coherently, which means that

Pon = 2 Xpg»

for ¢ — p = constant.

Figure 2 shows the spectrum of the waves included
in our model for a fan-out of N = 3 and possible
interactions for object wave (O wave) number 2
through the three primary gratings Ky, Ky, and Kg;,
and the three intermodulation gratings K;,, K,3, and
K;;. For further reading, I waves are the intermod-
ulation waves generated by diffraction of the readout
wave at the intermodulation gratings K,,, and S
waves are the secondary waves generated by diffrac-

(14)

O-waves Reference

1 23 0
S-waves I-waves

4 5 6 7 8 9 (110 11
K%s—bmllld Koo |
Ky, Kzs—MlM Koz B
K
| 01 |

Fig. 2. Spectrum of the waves included in our model for a fan-out
of N = 8, and possible interactions for object wave (O wave) no. 2
through primary gratings Ky; and intermodulation gratings K.
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tion of the object waves at the intermodulation
gratings K,

For a fan-out of N waves, we have made the
following assumptions for our coupled-wave model:

® Simultaneous recording of N object waves and
one reference wave leads to N primary gratings
Ky and N(N - 1)/2 intermodulation gratings
K, whereq>p—1 , (N =1).

o T e primary gratings are thlck only one diffrac-
tion order is considered.

® The intermodulation gratings are considered to
be optically thin; the * first diffraction orders
are included.

® At readout, N object waves (O waves), 2(N — 1)
secondary waves (S waves), and 2(N — 1) inter-
modulation waves (I waves) are generated.

® Any possible coupling between the waves E,,
through the gratings K,; and K,,, are accepted.

® Coupling coefficients x,, of gratings with equal
periodicity, i.e., equal K, are added coherently.

IV. Numerical Results

The coupled-wave equations (12) have been solved by
numerical integration with a Runge—Kutta equation.
The boundary conditions for transmission holograms
atz=0areCy=1andC;=0fori = , M.
The diffraction efficiency m¢ of all obJect waves is
obtained from Eq. (15):

N
Nr = 2 MNi»
i=1
with

cos 6;

mn; = |Ci|2; i = 1,...,N. (15)

cos 9,

The uniformity error ¢, which is important for fan-
out elements, is described by

My — Wi
— —max __ min (16)

Below we distinguish between the corrected case and
the uncorrected case. The corrected case has opti-
mized phases ®,, for minimum intermodulations at
the point z = 0, i.e., at the surface of the holographic
emulsion. Except in the trivial case of three waves,
the phases ®,, have been determined by numerical
optimization. In the uncorrected, worst case, a
constant phase is assumed. We have calculated the
results for a fan-out of N = 3 (Fig. 3 and Table I) and
N = 9 (Fig. 4 and Table II). The following values
have been used for the calculations:

¢ For three object beams: &, = &3 = 0, &y = 7/2.

¢ For nine object beams: ¢, = dg=1.77219, by =
by = 0.13512, ¢3 = = 3.88710, by = g
2.45465, ¢5 = 3.14159 rad.

® Uncorrected worst case: ¢; = 0.
Note that ®,, = ¢, — ¢,
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Fig.3. Results forafan-outof N =3: (a) Total useful diffraction
efficiency mr versus the modulation amplitude Ae. The solid curve
corresponds to the case of corrected phases and the dashed curve
corresponds to the worst case; (b) uniformity error e versus
Ae. The recording parameters are A = 0.488 um,n = 1.5,B =1,
80 = 30°, A = 1°,and d = 15 pm.

Figures 3 and 4 show the total useful diffraction
efficiency nr and the uniformity error e as a function
of the modulation amplitude Ae = Aey, of one primary
grating for N = 3 and N = 9, respectively. The
corrected cases (solid curve) show a high diffraction
efficiency and a good uniformity. The efficiency
increases up to a maximum with increasing modula-
tion, similar to the behavior of a single grating in a
volume hologram. In the uncorrected cases (dashed
curve), the efficiency is low and the uniformity is
poor. Note that the modulation amplitude Ae that is
necessary for optimum efficiency is approximately
\/N smaller than in the case of a single grating.

The angular separation of the fan-out is indicated
by the angle Aa = 6,,; — 8; between two neighboring
object beams. Tables I and II present the maximum
diffraction efficiency nr for different interbeam angles
Aa and different beam ratios B, again for N = 3 and
N = 9, respectively, From the numerical results we
can clearly see the importance of using corrected
phases for the object beams. For a reference-to-

Table I.

Results for a Fan-out of N = 3¢

Maximum
Useful

Interbeam Beam Modu- Diffraction Uniformity

10 September 1992 / Vol. 31, No. 26 / APPLIED OPTICS

Angle, Ratio, lation, Efficiency, Error,
Aa B Ae nr e
0.1° 1 0013 0.23 0.63 uncorrected
5 0.017 0.40 0.15
10 0.018 0.44 0.12
0.1° 1 0021 0.62 0.20 corrected
5 0.022 0.78 0.28
10 0.024 0.81 0.30
0.1° 1 0.021 0.62 0.20 corrected?
1° 1 0016 0.32 1.10 uncorrected
5 0.020 0.55 0.58
10 0.021 0.60 0.41
1° 1 0024 0.82 0.33 corrected
5 0.026 0.94 0.16
10 0.026 0.95 0.12
1° 1 0.024 0.82 0.32 corrected?
5° 1 0.024 0.75 1.73 uncorrected
5 0.026 0.94 0.75
10 0.026 0.97 0.51
5° 1  0.025 0.85 1.35 corrected
5 0.026 0.96 0.80
10 0.026 0.97 0.60
5° 1 0025 0.96 0.60 corrected?
%The recording parameters are A = 0.488 um, n = 1.5, 8 = 30°,
andd = 15 um.
bSee Section V.

object beam ratio equal to unity, the fan-out element
already possesses good characteristics. For exam-
ple, for N = 9 and Aa = 0.1° the maximum diffraction
efficiency becomes ny__ ~ 94% with a relatively good
uniformity of e < 0.2.

All calculations have been made with the following
parameters: wavelength A = 0.488 pm, refractive
index of the holographic medium n = 1.5, thickness of
the medium d = 15 wm, and reference beam angle
60 = 300.

V. Discussion

Here we try to explain the results obtained by our
coupled-wave model. We have found that for small
interbeam angles Aa the corrected phases give a much
better efficiency. For larger angles the effect is less
significant. A similar behavior is observed for the
uniformity error e, except that for large Aa the
uniformity may become bad.

In the ideal case, the Bragg condition is fulfilled for
only the reconstruction of the desired N object waves
through the primary gratings K;. In reality, an
unwanted cross coupling between the object waves (O
waves) and intermodulation waves (I waves) through
the efficient gratings K; also occur, as shown in Fig.
2. These interactions are influenced by the phases
®g;, but not by the beam ratio B (see results for
Aa = 0.1°). For fan-out elements, neighboring beams
are rather close; thus the interactions are still close to
the Bragg condition. Figure 5 shows the typical
off-Bragg behavior of a thick volume grating. We
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Fig. 4. Results for a fan-out of N =9: (a) Total useful diffraction
efficiency nr versus the modulation amplitude Ae. The solid curve
corresponds to the case of corrected phases and the dashed curve
corresponds to the worst case; (b) uniformity error e versus
Ae. The recording parameters are A = 0.488 um,n = 1.5,B =1,
8o = 30°% Aa = 0.1°, and d = 15 um.

assume that wave i fulfills the Bragg condition. It
has been generated by diffraction at the grating K.
The neighboring wave i + 1 can alsc receive light
through the same grating Ky;, but this interaction is
now off-Bragg. The coupling remains efficient if the
phase mismatch is less than 2m. We have applied
this criterion to the arrangement shown in Fig. 1.
It turns out that these off-Bragg interactions are
important for a hologram thickness that is smaller
than

t = A (n tan 6,Aa), 17

where Aa = a/(N — 1) is the interbeam angle be-
tween two neighboring beams, 6, is the reference
beam angle, \ is the wavelength, and n is the refrac-
tive index. Consequently for a larger interbeam
angle Aa and thicker holograms the fan-out proper-
ties become less sensitive to the phases. This can be
observed for the efficiencies but not for the uniformi-
ties.
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Maximum
Useful
Interbeam Beam Modu- Diffraction Uniformity
Angle, Ratio, lation, Efficiency, Error,
Aa B Ae nr e
0.1° 1 0.030 0.45 4.20 uncorrected
5 0.050 0.34 4.10
10  0.038 0.47 3.91
0.1° 1 0.015 0.94 0.19 corrected
5 0.015 0.97 0.12
10 0.015 0.98 0.12
0.1° 1 0.015 0.94 0.19 corrected?
1° 1 0.021 0.30 3.21 uncorrected
5 0.036 0.41 2.93
10 0.042 0.42 4.70
1° 1 0.015 0.96 1.51 corrected
5 0.015 0.97 0.73
10 0.015 0.98 0.57
1° 1 0.015 0.98 0.35 corrected®
3° 1 0.024 0.77 1.09 uncorrected
5 0.016 0.89 0.86
10 0.016 0.94 0.79
3° 1 0016 0.83 3.95 corrected
5 0.015 0.95 1.68
10 0.015 0.97 1.11
3° 1 0.016 0.83 2.44 corrected?
2The recording parameters are A\ = 0.488 pm, n = 1.5, 6, = 30°,
andd = 15 um.
6See Section V.

We have assumed that, at recording, the N ampli-
tudes of the object beams are equal A; = 1. For small
interbeam angles Aa, a perfect uniformity (e < 0.01)
is achieved by adjusting the amplitudes A,.

There are different reasons for uniformity errors.
One reason is that the coupling coefficients depend on
the directions of the wave propagation. Another
reason is that, for optimized phases, the intermodula-
tion gratings K are canceled only within a depth A,
which is given by Eq. (6). For larger fan-out angles
«, the depth & becomes short, and therefore undesired
intermodulation gratings are recorded. As a result
the uniformity error increases, as observed for Aa =
5° i.e., o = 10° (Table I), and Aa = 3° ie., a = 24°

e o =
o o ©

0.4 1
V
0.2

Diffraction efficiency

0.0
0.0 20 4.0 6.0 8.0

Ak, d

Fig. 5. Wave i fulfills the Bragg condition when diffracted at the
grating Ko;, whereas wave K., is off-Bragg. If the phase mis-
match becomes 2, the coupling is no longer efficient.



(Table II). This error can be reduced by the beam
ratio B or by the position of the plane of minimum
intermodulations. As already mentioned above, the
corrected case has optimized phases ®,, for minimum
intermodulations at the point z = 0, ie., at the
surface of the holog‘raphic emulsion. If we would
place the plane with minimum intermodulation in the
center of the hologram at z = d/2, the umformlty
error decreases significantly (see footnotes b in Tables
I and II).

The uniformity problems observed for large angles
between the beams are created by the thin intermod-
ulation gratings K,,. We think that these gratings
are not sufficiently described in our model by taking
into account the = 1st orders only. A more rigorous
theory is necessary to treat them exactly for large
angles also.

Note that for sequentially recorded holograms the
intermodulation gratings K,, are not recorded,
whereas the strong cross coupling through primary
gratings K,; is present.

Vi. Dynamic Range

A holographic emulsion has a limited dynamic range
that depends on the material and the thickness. For
an optimum hologram recording the exposure energy
must be within the dynamic range. If the exposure
is increased about saturation, the emulsion does not
generate a higher index modulation. For a high
reference-to-object beam ratio and large fan-outs the
limited dynamic range becomes important. We show
that recording with optimized phases requires a lower
dynamic range.

During recording, N object waves E;(x) = A X
exp[—j(k;x + ¢;)] and one reference wave Ey(x) =
Ay expl—j (kgx + ¢y )] are present. As shown in Eq.
(1), the irradiance I (x) in the hologram plane is given
by

Ix) =

= A2 + NA? + 24,A 2 cos(Koix — ®g;)

N
+24% D, cos(K,x — ®,,),

g>p=1

with ®,, = &, — ¢, and K, = k, —

Figure 6 shows the 1rrad1ance I (x) in the hologram
plane (y axis) for optimized phases and for the worst
case (&g = &,, = 0), respectively. Both cases are
calculated for maximum contrast, i.e., I,;, = 0 and for
the same maximum irradiance I,,,. In the uncor-
rect case (&y; = ¢,, = 0) all gratings are in phase at

= 0 and y = 0; thus all amplitudes add up and
produce a high maximum intensity. In the corrected
case with the optimized phases however, the primary
gratings K, are never all in phase at the same
position, and the intermodulation term, which con-
tains the gratings K,,, disappears nearly perfectly.

(18)
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Interference pattern in the hologram plane (y axis) of nine
object beams with a reference wave for (a) optimized phases, (b)
worst case, for the same maximum modulation level.

Fig. 6.

Then the first summation in Eq. (18) yields 24,A \/N
and the second summation, i.e., the intermodula-
tions, can be omitted. The maximum and minimum
values of the irradiance are found to be

Inaw = (Ao + VNA?, L= (4, - yNAZ  (19)
for the corrected case, and
ax — (AO + NA)Z’ mm = (AO NA)Z’ (20)

for the uncorrected case, where N is the number of
fan-out beams and A is the amplitude of the object
waves for the recording. Maximum contrast is ob-
tained for I, = 0, which gives the relations
Ay = \/—NA and Ay = NA for the two cases, respec-
tively. Then we get a reference-to-object ratio of B =
1 for the optimized phases from Eq. (3), whereas B =
N for the uncorrected case, which means that the
corrected case requires considerably less reference
irradiance.

The modulation of the dielectric permittivity Aeg;
for the primary gratings K;, as shown in Eq. (2), is
proportional to 24;A. Assuming that the recording
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material saturates at a level corresponding to an
irradiance of I ,, = I, we then find from Eqgs. (19)
and (20), with I;, = 0, that

Aey; x 2A,A = 2\/NA? = I,/2/N (21)
for the corrected case, and
Aey; x 2A0A = 2NA?2 = I, /2N (22)

for the uncorrected case, which means that the
recorded modulation Aey; for the primary gratings is
VN times higher for the optimized phases. Besides
the fact that the fan-out is more efficient in the case of
corrected phases, as shown in Figs. 3 and 4, the
required modulation amplitude Ae for maximum
efficiency can be obtained more easily within the
limited dynamic range of the recording material.

VII. Recording Optimized Fan-Out Elements

Figure 7(a) shows the recording setup for on-axis
fan-out holograms. The object is an array of coher-
ent sources. The optimized phases ¢; can be ob-
tained by different techniques. One possibility is to
illuminate a pinhole array, followed by an appropriate
phase plate. Another is to use computer-generated
holograms or kinoforms to generate the desired array
(see Figs. 6 and 7 in Ref. 4). If the sources are in the
front focal plane of the lens (d = f), the recorded
element is nonfocusing; for greater object distances
(d > f) it becomes focusing. Figure 7(b) shows the
off-axis equivalent. Because of the limited depth of
the optimum plane [Eq. (6)], the source array and the
holographic optical element must be parallel.

If the lens is removed, we get a focusing fan-out
element. However, the optimized phases generate a
uniform illumination only if the hologram is in the far
field, i.e., at a distance d > (Ns)2?/\ [see Fig. 8(a)].
Another method of fabricating focusing fan-out ele-
ments without a lens uses the self-imaging properties
of large periodic structures.® In this case the object
is a regular array of coherent sources with identical
phases ¢; = 0. Considering the beam propagation in
free space, we find planes of reduced intermodula-
tions that are suitable for recording efficient holo-
grams. These planes are parallel to the object plane,
as in the case of optimized phases. In Fig. 8(b) we
incline the object; thus we must also incline the
hologram. The self-imaging (Talbot) distance is pro-

Sourcaarray Lens, ) HOE Source array Lens
=% ‘%
@ mp o"o O
omp
o =)

o =p
om=p
\ d f
(@) (b)

Fig. 7. Object waves (a) on-axis and (b) off-axis; the holographic
optical element (HOE) becomes focusing for d > fand nonfocusing
ford =f.
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Source arrey

(@) (b)
Fig. 8. Recording without a lens with spherical object waves by

using the self-imaging properties of large periodic structures:
(a) on axis, (b) off axis.

portional to s2 and for inclined objects is proportional
to (s cos 0)2. If we incline a regularly spaced two-
dimensional array (same spacing s in the x and the y
directions) with respect to the y axis, we get two
different distances for the optimum planes, depend-
ing on s? and (s cos 0)?, respectively. However, a
common minimum plane can be determined. This
problem can be avoided if the initial array has two
different periods A in the x and the y directions,
namely A, = sand A, = s/cos 6.

Because of the self-imaging properties, this method
is suitable for large arrays only. Note that, depend-
ing on the position of the recording plane, this
element becomes either a fan-out (overlapping) or a
lenslet array (nonoverlapping beams).

Fan-out elements in volume holograms can be
fabricated also by copying the phase structure of
already existing fan-out elements as such, e.g., Dam-
mann gratings. A simple image formatlon w1th a
single lens would destroy the phase structure and
therefore the properties of the fan-out. This can be
avoided by using a 4-f imaging system, as shown in
Fig. 9, which twice applies a Fourier transform,
thereby conserving the phase distribution.® Analo-
gous to Figs. 7 and 8, there also exists an off-axis
arrangement of Fig. 9.

VIil. Conclusions

We have investigated the recording of efficient fan-
out elements as volume holograms by using the
coupled-wave theory. In contrast to the results pub-
lished in the standard literature, we have found that
the efficiency and uniformity of regular fan-out ele-
ments depend strongly on the relative phases of the
object waves, if the thickness of the holographic
emulsion is smaller than ¢ = \/(n tan 6,Aa), where 6
is the angle of the reference wave and A« the angle
between the fan-out beams. A typical valueis¢ = 32

Fanout Lans Lens Copy
@ nnp ’%{&
omp ¢
g F |3

b o=
o nip-
g 2
o=
L f1 1 ,f1 1 d 1 f2 ]

Fig. 9. 4-f system for copying fan-out elements, with magnifica-
tion m = fy/ fi, where d = f,. Focusing power can be included if
d > fe



wm for A = 488 nm, n = 1.5, 8, = 30° and Aa = 1°,
High efficiency and uniformity can be achieved by
optimized phases of the object beams, which mini-
mize the intermodulations. At the same time the
required dynamic range of the holographic material
also becomes minimum.

The recording conditions are optimum if the irradi-
ance of the object beam is uniform in the hologram
plane. This can be achieved only in specific planes
that are parallel to the object plane. As a conse-
quence, only specific recording geometries are al-
lowed. Several possible recording techniques for
fabricating efficient and uniform fan-out elements
have been presented.
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A coupled wave model is presented to describe the diffraction behavior of thick total-internal reflection (TIR) holograms. We
have transformed the coupled wave equations inlo a transfer matrix formalism, enabling a general treatment of the boundary
conditions. The off-Bragg characleristic of TIR holograms is found to be completely different from normal volume holograms.
The diffraction efficiency depends strongly on the phase of the total internal reflection and the optical pathlength through the
hologram. High efficiency al the same angle as used for the recording requires careful controt of all paramelers.

1. Introduction

Total-internal reflection (TIR) holography offers
a method to realize transmission holograms with ob-
ject planes in the near-field. This holographic re-
cording geometry was first investigated by Stetson
[1] and has become of recent interest due to its ap-
plications to photolithography [2,3] and optical in-
terconnects [4].

Fig. 1 shows the typical recording set-up for TIR
holography. The object beam interferes with the ref-
erence beam, which is fed through a prism under 45°
into the holographic layer and totally reflected at the
film-air interface. The interface pattern of three
beams, namely the object beam, the reference beam
and the total internal reflection of the reference
(TIR), is recorded in the holographic film. In gen-
eral three thick diffraction gratings are formed. Two
of them involve the object beam, while the third 1s
a Lippmann grating formed by the interference of
the reference with the TIR beam. The electric field
vectors of the reference and the TIR beam are or-
thogonal for recording with p polarized light, there-
fore no Lippmann grating is formed.

We are interested in the conditions for replaying
the object wave with high diffraction efficiency. Us-
ing coupled wave theory, we shall study the influence

TIR beam

I|lIIII||IIII|IIIII|I|| a

Q Il

""II|||||||||||IIIIIIII
I

I

TIR beam Substrate

(b)

Fig. 1. (a) Recording and (b) readout geometry for TIR holo-
graphy.

of the relative phases of the gratings, the phase shift
due to total reflection at the backside, and the phase
propagation through the hologram. -

0030-4018/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved. 5
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2. Coupled wave analysis

The following coupled wave model is developed
for plane waves of infinite extent. The plane of in-
cidence is the yz plane, as shown in fig. 1. At re-
cording, three waves are present. They can be writ-
ten as

E;(y,z)=Au; exp[—i(q;:x—9;)], i=0,1,2,
(1)

where ¢; are the wavevectors at recording, A, the real
amplitudes, u; the unity vectors in the direction of
the polarizations, and ¢; the constant phase factors
defined at y=z=0. The index i denotes the reference
wave (i=0), the object wave (i=1), and the TIR
wave (i=2). Note that 4,=4, and that for the s po-
larization u;= (1, 0, 0).

Since the TIR beam is generated at the film-air
interface, its constant phase at y=z=0 is deter-
mined by

$2 =00 +Qr1r (8) —2pd cos(0) , (2)

where 6 is the angle of incidence of the reference
wave, d is the thickness of the holographic film, £ is
the length of the wavevectors at recording and
£211r(0) is the phase shift due to the total reflection
at z=d. The last term in eq. (2) is the propagation
phase of the reference beam through the holographic
film.

If we assume that there is no absorption and that
the response of the recording material is propor-
tional to the incident energy during exposure, the re-
sulting dielectric permittivity becomes

€(y,z) =€, +3|Eo+E, +E,|?, (3)

where ¢ is the proportionality factor and ¢, is the av-
erage dielectric permittivity of the recording mate-
rial before exposure.

After substitution of eq. (1) in eq. (3) the re-
corded permittivity can be written as

2 2
€(y,z)=€6+0 Y A?+ Y Ae;cos(Kyx—Dy).
i=0 i<j=1
(4)

Three gratings are recorded simultaneously. Their
grating vectors K, relative phases @; and modula-
tion amplitudes Ae; are given by

6
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K1j=qi—qj ]
¢ij=¢i_¢j> l<.]=1323
Af,:,'=2§A,'Aju,'°uj . (5)

Note that for p polarization the effective modulation
level is u;-u; times smaller than for s polarization. The
recording process of the hologram changes the av-
erage value ¢, of the dielectric permittivity to a new
average value €.

Furthermore, we have considered the possibility
of shrinkage or swelling of the holographic film dur-
ing processing. Since we do not exactly know the in-
fluence of thickness variations on the recorded per-
mittivity, we have used a simple geometrical model.
Shrinkage or swelling in the z-direction alters only
the z-component of the grating vectors:

K?‘; | new =K'1"_;'|old 5

1
Kir new=(_>K1?j|old’ (6)

l+s
where s is the relative thickness variation and s>0
stands for swelling and s<0 for shrinkage.

At readout, the hologram is illuminated with the
plane wave k,, as shown in fig. 1b. According to the
criteria derived in ref. [5], the three gratings work
in the Bragg diffraction regime and will reconstruct
only one diffraction order of significant amplitude.
Thus, we describe the electric field inside the holo-
gram by

2
E(y,2)= _ZOB,-(Z) u; exp(—ik;-x) , (7)

where the index /=0 stands for the readout beam,
i=1 for the reconstructed object beam, and i=2 for
the TIR of the readout beam. The coefficients B;(z)
are complex amplitudes, which vary in the z-direc-
tion due to the coupling between the waves.

At recording (fig. 1), the wavevectors g; are as-
sumed to be in the (y, z)-plane, namely

go=p(0,sin0,cos0), q,=p£(0,0,—-1),
q2=ﬁ(0y Sin 65 —Cos 0) s (8)

where 0 is the incidence angle of the reference wave.
The hologram is reconstructed with the readout wave
ko=p"' (0, sin &, cos 8'), where 8’ is the incidence
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angle. For the choice of readout wave indicated in
fig. 1b, 8’<0. Due to the change of the average di-
electric permittivity ¢,, the length 8'= (2n\/e_; )/ Ais
different from f at recording, even for the same
wavelength A. The directions of the reconstructed
wavevectors &; are then determined by the f-value
method [6]:

k¥ =kl —K{,=8"sin @'+ fBsin @,

k6 = /=Y

Ky =ky—K¥§=f"sin@ }
k3=\/B7?—(k3)*. 9)

The coupled wave equations are now derived by in-
troducing the electric field, eq. (7), and the dielec-
tric permittivity, eq. (4), into the wave equation

AE(y,z)+ (2rn/1)* €(y, z) E(y, 2)=0. (10)

The modulation of the refractive index is assumed
to be small, therefore the weak coupling approxi-
mation can be used [7]. We obtain the following
coupled wave equations:

d

3z Bo=-1

0’ exp[i(Akj2z+ Dy,) ] B,

K .
i 0;’20, expli(Ako 2+ Po2) ] Bz ,

d . .

&Bl =—1K)9 exp[ —I(Ak122+ ¢12)] BO
—iky; exp[i(Akg z+ Doy ) ] B2,

d ;

dz 2= cos 0’

exp[ —i(Akpz+ Dy, ) ] By

+i exp[—i(Akg z+ Py )] By, (1)

cos 0’

where 6’ is the incidence angle of the readout beam
ky. The off-Bragg factors are defined by

Ak, =k§—ki—Ki,,
Akoy =k§ —k3 — K3, ,
Akoy =k —k3 - K5, . (12)

The z-components of the grating vectors K, and the
wavevectors k; are obtained from egs. (5), (8) and

(9).
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In the case of the special geometry shown in fig. 1,
with Ay=A,, we found for the coupling coefficients
ineq. (11) ko) =Ko=Ky =Ky =K and Koo =K =K,
with
K =f'A¢, /de,, K =f"Aego/de,, (13)
for the s polarization and
Ky =(B'Aeoy/4€ ) up uy, Kk =0, (14)

for the p polarization. In addition to the coupled wave
equations (11), the components of the electric field
in eq. (7) must satisfy the following boundary con-
ditions for z=0 and z=d"

By (0) =exp(igs) ,

B, (0)=0,

By(d")=B,(d’) exp{i[@nr(0')—2pd cos(0) ]},
(15)

where Q1 (8') is the phase shift of the total internal
reflection, and d’ is the thickness of the hologram
after processing.

The influence of the different phase factors ¢, can
be seen more clearly when the complex amplitudes
B, are substituted by
C,(z)=B,(z) exp(ip,), p,q=0,2;1,1;2,0.

(16)
From eq. (11) we get the new coupled wave
equations

(d/dz)Cy=—i(x,/cos ') exp(1Ak,,z)C,
—i(k,/cos 8') exp(iAky,z)C, ,

(d/dz)C, = —ik, exp(—iAk;,2)Cy
—ix, exp(1Aky, 2)C, ,

(d/dz)C, =1(k>/cos 8") exp( —1Aky,z) Gy
+i(x,/cos 8') exp(—iAky,2)C, . (17)

The coupled wave equations (17) are now indepen-
dent of the relative phases @,,=¢,—@, of the grat-
ings. The relevant phase information is grouped in
the new boundary conditions, obtained from eq.
(15),

Co(0)=exp[i(go+92)],
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C,(0)=0, ,

. . y KL ICHDI? o0)
Cy(d")=Co(d’) exp(iAy) , (18) Tk 1Co(0)]2°
with  Ay=Qnr(0')—2rr(0) —2[fd cos(0') which is the fraction of the incident powér coupled
—fdcos(8)]. into the reconstructed object beam. The substitution

The constant phase p5 +¢@, of the coefficient Cj,
describing the readout beam at z=0, has no impor-
tance, becaunse it causes only a common phase shift
of the three waves. The phase Ay of the coefficient
C, at z=d’, however, has a strong influence on the
solutions, becaunse it changes the phase relation be-
tween the waves. The phase shift Ay is due to dif-
ferences between recording and readout, i.e. the phase
change of the total internal reflection and the change
of the optical length through the hologram.

3. Transfer matrix for numerical solntions

For the numerical solution of the coupled wave
equations (17), we have used a transfer matrix for-
malism. The advantage of this approach is that the
coupled wave system can be easily combined with
other transfer matrices. This allows to calculate the
integration of the TIR hologram in a more complex
system. In addition, the transfer matrix is indepen-
dent of the boundary conditions. This allows a gen-
eral treatment of possible boundary conditions,
without being obliged to integrate the conpled wave
equations again.

The coupled wave equations (17) represent a lin-
ear system of differential equations for the unknown
coefficients C;(z). Such a system can be described
by a transfer matrix M,,, that transforms an input
vector C(0)=(Co(0), C,(0), C,(0)) at z=0 into
an output vector C(d’) at z=d’, namely

C(d)=[M,]-C(0), p,q=0,1,2. (19)

The transfer matrix M, can be derived by integrat-
ing the system of differential equations (17) for three
different orthogonal boundary conditions at z=0,
namely C(0)=(1,0,0), (0, 1,0) and (0, 0, 1). Each
solution C(d’) defines then one column of the trans-
fer matrix [M,,]. The differential equations (17)
were integrated numerically by a Runge-Kutta
algorithm.

We are finally interested in the diffraction effi-
ciency, defined by

8

of the boundary conditions (18) into eq. (20) yields
for Cy(0)=1

) 2
Moo — M3 exp( —IA'//))’
Mo, — Mo, exp(—iAy) /| -

Kz
m= E‘% M10+M12<
0

(21)

4. Discussion of the results

The figs. 2 to 4 present the diffraction efficiency,
calculated from eq. (21), as a function of the read-
out angle &', for both s and p polarized light. We have
considered different values for the thickness varia-
tion, namely no shrinkage (fig. 2), 1% shrinkage (fig.
3), and 1% swelling (fig. 4). For all calculations the
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Fig. 2. Diffraction efficiency #; versus readout angle 6’ for 0%
shrinkage. (a) s polarization, (b) p polarization.
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Fig. 3. Diffraction efficiency #, versus readoul angle ¢’ for 1%
shrinkage. (a) s polarization, (b) p polarization.

following parameters have been used: 1=0.488 um,
Nny=+/€,=1.5,d=15um, §=45°, and 4o=4,, which
means equal intensity for the reference and the ob-
ject beams. We have assumed the same value for the
coupling factor «, for both s and p polarization. This
means for an interbeam angle of 45°, following eqs.
(13) and (14), that the exposure has to be two times
higher for p polarization than for s polarization.
Therefore a  modulation level of Aegg
=20(A4,)?>=0.026 for s polarization and
Aégy=28(Ay)? cos(8) =0.037 for p polarization has
been chosen. The change of the average dielectric
permittivity is calculated following eq. (4), using the
same proportionality factor & as for the exposure of
the gratings. The resulting values for the refractive
index are n; =1.51 for s polarization and n;=1.53
for p polarization.

A key element is the Lippmann grating K,, which
couples light directly from the readout beam into the
TIR beam. This grating is only present in the case of
s polarization. This is the main reason for the dif-
ferences between the results for p and s polarization.
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Fig. 4. Diffraction efficiency #, versus readoul angle 6’ for 1%
swelling. (a) s polarizalion, (b) p polarization.

The amplitude of the object beam k&, is coupled to
the readout beam kg and to the TIR beam k, through
the gratings K, and K, respectively. These two
contributions are added coherently. Therefore the
phase shift Ay between the readout beam and the TIR
is important. The phase shift Ay is determined by
the boundary condition of the hologram at z=d’,
given by eq. (18). In figs. 2 to 4 we see rapid vari-
ations of the diffraction efficiency with the readout
angle 6’. This can be explained by the angular de-
pendence of Ay. For A8’=1° the phase shift Ay
changes by more than 2.

In the ideal case, i.e. if the recording and the read-
out parameters are identical, the Bragg angle for high
diffraction efficiency is 6’=—45°. Shrinkage or
swelling (figs. 3 and 4), and also the change of the
average permittivity €, (figs. 2, 3 and 4), shift the
Bragg angles at readout. The shift is different for the
three gratings K. Large shrinkage or swelling will
separate the angular regions where the gratings Ko,
and K, are efficient, and therefore the influence of
the coherent grating coupling will diminish. The out-

9
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put of the hologram becomes insensitive to the phase
shift Ay. This can already be seen in the case of 1%
swelling in fig. 4. It shows two separated efficiency
peaks centered at the shifted Bragg angles of the grat-
ings K,, (left) and K,, (right). For readout angles
near to one of the shifted Bragg angles only the cor-
responding grating will be efficient and as a conse-
quence complete power transfer into the object beam
should be possible. Using Kogelnik’s two wave model
[7], we can calculate the optimum modulation level
A¢q, for the transmission grating K, at the shifted
Bragg angle 6’. For 1% swelling we get 8'=—44.6°
and Aey, =0.042 for s polarization, respectively 8'=
—44.3° and A€y, =0.058 for p polarization. Fig. 5
shows that for this modulation level at the shifted
Bragg angle all the incident power is transferred to
the object beam (1,=1).

For many practical applications, the object beam
is not a plane wave but a focused beam or a more
complex structure [2-4]. In these cases it is impor-
tant that the object can be replayed at the same an-

1.0
0.8
0.6
0.4
0.2
0.0
42 44 -46 -48 -50
0 [deg]
(a)
1.0
0.8
_0.6—
=
0.4
0.2
0.0 ™~
42 .44 -46  -48  -50
0' [deg]
(b)

Fig. 5. Diffraction efficiency 5, versus readout angle 8’ for 1%
swelling. Optimized transmission grating K ,. (a) s polarization,
(b) p polarization.
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Fig. 6. Measured diffraction energy 7, versus readout angle ¢'.
Material: photopolymer HRS 352, d~ 16 um, s polarization.

gle, because any change would introduce aberra-
tions. It is difficult to record a hologram without a
change of the average permittivity €}, and therefore
without a shift of the Bragg angle. Fortunately, as
shown in fig. 3, it seems to be possible to compensate
this shift by an appropriate shrink. The highest ef-
ficiency is again achieved near 8'=—45°.

Actually, we have recorded only some few TIR
holograms in dichromated gelatine and photopoly-
mer. For the recording we have used the same ge-
ometry and the same parameters as for the numer-
ical results. Fig. 6 shows the measured off-Bragg
characteristics of a TIR hologram recorded in pho-
topolymer. We observe a high Bragg peak with ef-
ficiency n,~80% at §'= —50° and a second smaller
one at '=—41.5°. The large shift of the Bragg an-
gles indicates that during processing the thickness and
the average permittivity have changed considerably.
It is rather astonishing in comparison to figs. 4 and
5 that the second Bragg peak is much smaller than
the first one. The main problem for quantitative
comparison of theoretical and experimental results
is the lacking detailed knowledge of the behavior of
the holographic materials during recording and
processing.

5. Conclusions

We have presented a coupled wave model, which
allows to simulate the diffraction behavior of TIR
holograms. For the numerical solution of the cou-
pled wave equations we have used a transfer matrix
formalism. This allows to separate the integration of
the conpled wave equations and the treatment of the
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boundary conditions. The transfer matrix represen-
tation of the coupled wave solution can also be used
to calculate the behavior of the hologram in a more
complex system.

In general, three gratings are recorded in a TIR
hologram, except for the case of p polarization and
90° between the reference and the TIR beam. Never-
theless, high diffraction efficiency can be achieved in
all cases. However, the efficiency depends strongly
on the change of the refractive index (average per-
mittivity ), of the hologram thickness (shrinking or
swelling ), and of the incidence angle of the reference
beam. The main influence results from the change
Ay of the total phase shift between incident and TIR
beam at the film-air interface (eq. 18)). It has two
contributions: the phase of the total internal reflec-
tion and the optical path length of the TIR through
the hologram. The consequence of this phase shift
are rapid variations in the efficiency.

For practical applications, the object has to be re-
played at the same angle as the recording was done,
otherwise aberrations occur [4]. However, any vari-
ations of the recording parameters introduce a shift
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of the Bragg angle and reduce the efficiency, there-
fore it is important to control exactly the changes of
the average permittivity and the hologram thickness
during processing. The simulations show that con-
ditions can be found, where the angular shifts due to
these changes can compensate each other and effi-
cient readout at the original recording angle can be
obtained. Experiments in photopolymers and DCG
show efficiency curves similar to the calculated
results.
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1 Introduction

Fan-out elements split an incoming beam into a regular array
of equally intense beams.' They are key components for
optical intercannects, and off-axis elements, in particular, are
of interest for the realization of integrated planar micro-
" optical systems.? In this paper, the fabrication of efficient
binary off-axis fan-out gratings for visible and near-IR light
is investigated. This is a challenging task, because it requires
a fabrication process with submicrometer resolution and also
with high position accuracy over the entire surface of the
diffractive optical element (DOE).
Highly efficient off-axis fan-out elements can be fabri-
cated by holographic -recording in dichromated gelatin or
photopolymer.® In this case, volume diffraction in the thick
grating structure enables high diffraction efficiency for in-
cidence at the Bragg angle. Unfortunately, the high angular
selectivity of volume holograms limits the useful numerical
aperture at readout. Recently, the design of synthetic Bragg
holograms with a binary surface relief has been proposed.*™
The modulated binary relief function of these elements is
‘interesting because it can be realized in stable substrate ma-
terials with a single lithographic step. In addition, the angular
selectivity is reduced compared to volume holograms. How-
ever, Bragg diffraction behavior and high first-order diffrac-

* On leave from University of Joensuu, Department of Physics, Viisild Laboratory,
P.O. Box |11, FIN-80101, Joensuu, Finland.
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Abstract. Total internal reflection (TIR) holographic lithagraphy is ap-
plied to the fabrication of binary diffractive optical elements with submi-
crometer surface relief features. The recording conditions for the inter-
mediate TIR volume hologram, used for high-resolution proximity
printing, are discussed. In particular, the fabrication of efficient high-
carrier-frequency fan-out gratings is considered and experimental results
are presented for an off-axis 9 X 1 fan-out element in photoresist with a
carrier frequency of 1000 lines/mm.

Subject terms: lithography; holography; gratings; optical interconnects.
Optical Engineering 34(8), 2377-2383 (August 1995).

tion efficiency with thin binary phase gratings requires carrier
grating periods of the order of the wavelength. As a conse-
quence, electromagnetic diffraction theory must be applied
to determine the diffraction efficiency of the grating structure.

Synthetic Bragg DOEs with submicrometer carrier grating
periods have been fabricated by using direct electron beam
(e-beam) writing* and by two-beam holographic recording
in photoresist with an optimized object beam.” For industrial
fabrication, however, photolithography is more convenient.
The accurate transfer of submicrometer features (< 0.5 pum)
requires the use of advanced lithographic equipment, such
as deep-UV, x-ray, or phase-shiftlithography. In this context,
total internal reflection (TIR) holographic lithography rep-
resents a very flexible alternative approach that offers the
required resolution over a large printing area.3"'® We have
investigated for the first time the potential of this lithographic
technology for the fabrication of binary DOEs with submi-
crometer features in the relief. The main potential problems
associated with holographic recording methods arise from
coherent noise and intermodulations that degrade the binary
surface relief structure. The off-axis fan-out gratings consid-
ered are sensitive to fabrication errors. Therefore, the quality
of the fabricated off-axis fan-out gratings provides a good
criterion for the precision of the TIR holographic printing
process.

TIR holographic lithography is a proximity copying tech-
nique and therefore requires a 1 X amplitude mask of the final
structure. In the following section, we present the encoding
of the amplitude mask for high-carrier-frequency fan-out
gratings. This high-resolution mask is then fabricated by
e-beam writing. The influence of quantization errors on the
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fan-out function is analyzed using rigorous electromagnetic
diffraction theory. In the third section, the recording condi-
tions of the intermediate TIR volume hologram for high re-
construction fidelity are discussed. Experimental results of
holographically printed fan-out elements are then given in
Sec. 4.

2 Encoding of Binary Off-Axis Fan-Out Gratings

The readout geometry of binary off-axis fan-ont gratings in
transmission is represented in Fig. 1. The grating structure is
illuminated from the substrate of refractive index n, with a
TE-polarized, monochromatic plane wave at the Bragg angle
0, =arcsin(A/2n.d..), where \ is the free-space wavelength
and d, is the period of the carrier grating. The carrier grating
is modulated so that it generates the desired fan-out function
in the — Ist diffraction order. For off-axis incidence, higher
diffraction orders can be made evanescent by the use of a
high carrier frequency. From the grating equation, it follows
that only the zero and the — 1st diffraction orders are prop-
agating in the output medium (r=1), if the carrier grating
period is in the range 0.5\ <d_<1.5\. Rigorous analysis has
shown that in this case, high — st order diffraction effi-
ciencies can be achieved for Bragg angle incidence and for
an appropriate choice of the binary grating parameters.’

The modulated high-frequency grating structure for off-
axis fan-out generation can be efficiently calculated vsing
hybrid encoding schemes,*® which assume a slowly varying
modulation signal compared to the carrier frequency. In this
case, the off-axis fan-out function can be described by the
normalized interference function

I(x) = % + % cos[2mx/d, — ()] | (1

where ®(x) represents the phase function of an on-axis fan-
out element, which can be determined by paraxial scalar
diffraction theory. High fan-out efficiency m  is achieved by
calculating an on-axis fan-out element (x) with a continuous
phase function nsing iterative Fourier optimization.'' For 2-D

Fig. 1 Readout geometry of high-carrier-frequeney off-axis fan-out
gratings in transmission.
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elements, the strip geometry of Ref. 6 is advantageous for
mask encoding.

The binary amplitude transmittance function 7(x) of the
required mask is obtained from Eq. (1) by hard clipping the
interference function I(x) to 0 and 1, which can be written
as

T(x) = % + % sign {cos[2mx/d.— P(x)]} , 2)

where sign(x)=1 for x>0 and sign(x) = — | for x<0. This
results in a pulse-frequency-modulated carrier grating with
a local filling factor (f=w/d,) equal to f=0.5. If the period
A of the fan-out function ®(x) is an integer multiple of d,,,
i.e., A=Nd_, the overall period of T(x) becomes equal to A
and is completely defined by 2N transition points x;, deter-
mined from Eq. (2).

The final phase grating printed in positive photoresist is
determined by the binary surface-relief function A(x), which
can then be written as

h(x) = hol1 =T(x)] (3)

where A, represents the relief depth. Because the carrier grat-
ing is locally only weakly perturbed, the efficiency in the
— 1st order can be optimized using rigorous diffraction theory
by considering only the carrier grating.

The overall diffraction efficiency m of the off-axis fan-ont
element is defined by the combined efficiency of the fan-ont
signal beams, which can be written as

N .
n=__21n,-, 4)

where m; are the efficiencies of the N fan-out diffraction
orders. We can estimate the value of the diffraction efficiency
7 in the hybrid encoding approach by calculating the hybrid
diffraction efficiency m,, which is determined by m,
=m_ Mg, where n_, represents the — 1st order efficiency
of the carrier grating and m is the efficiency of the paraxial
fan-ont element. The value of 1 indicates the fraction of the
power inside the — Ist carrier grating order, which falls in
the ideal case into the desired N fan-out orders.

The quality of the encoded off-axis fan-ont element is
characterized by the uniformity error «, which can be defined
by the contrast function

- T'max nmm , (S)
Mmax + MNmin

where M., and m,,;, are the maximum and minimum effi-
ciencies of the fan-out diffraction orders m,. The validity of
the hybrid encoding approach and the conditions for high
efficiency and low uniformity error are discussed in Ref. 5.

We encoded a 9X1 fan-ont element of period
A=125.0 pm with a carrier frequency of 1000 lines/mm.
The continuous phase function of the on-axis 9X 1 fan-out
element was optimized according to Ref. 11. It offers a high
fan-out efficiency of 1 =99.3% and a uniformity error be-
low 0.1%. In this case, the carrier grating period of the am-
plitude transmittance function 7(x) in Eq. (2) varies contin-
uously between 0.96 and 1.04 pm.




HIGH-CARRIER-FREQUENCY FAN-OUT GRATINGS

Fabrication of the amplitude mask by e-beam writing'?
requires quantization of the exact transition points x, to the
pixel grid of the e-beam writer. For high resolution, typical
pixel sizes are in the range of 25 to 100 nm. We used a pixel
grid equal to A =50 nm, which corresponds to a scan field
of 800X 800 wm?. For larger grating patterns, stitching of
several scan fields must be applied, which introduces stitching
errors between the fields of the order of 100 nm. The encoded
solution was obtained by rounding the exact transition points
x; to the nearest grid position. The rounding of the transition
points shifts the centers of the binary grating pulses and in-
troduces detour phase errors in the fan-out phase function
®(x) up to wA/d.=w/20. In addition, rounding introduces
fast modulation on the carrier grating period d.. of the order
of A and also modulates the filling factor. This results in
additional amplitude modulation of the emerging wavefront
in the — 1st diffraction order. Detour phase errors and am-
plitude modulation will deteriorate the uniformity of the
array.

The performance of the encoded amplitude mask was first
evaluated using amplitude transmittance theory and scalar
wave propagation. In this approximation, ideal transition
points would still produce a uniformity error below 1%,
whereas the solution with rounded transition points yields a
uniformity error u=3%. This increase is essentially caused
by the detour phase errors. Rigorous diffraction theory was
applied to analyze the diffraction efficiency and the uniform-
ity of the high-carrier-frequency surface-relief fan-out grat-
ings in photoresist. An efficient implementation for rigorous
analysis of dielectric gratings has been obtained by using
Knop’s model,'? as described in Refs. 5 and 14. We consid-
ered readout with a TE-polarized HeNe laser of wavelength
A =633 nm at the Bragg angle, as shown in Fig. 1. Refractive
indices of n;=1.515 for the BK7 glass substrate and
n,=1.645 for the photoresist are assumed. In this geometry,
two additional carrier grating diffraction orders, the -+ Ist
and —2nd orders, are below cutoff in the air region and in
the substrate region. The evolution of the diffraction effi-
ciency m in the fan-out orders and the uniformity error u
as a function of the relief depth %, are shown in Fig. 2.
The continuous curve represents the hybrid efficiency
Nu=7_ Mg Where only the — Ist order carrier grating ef-
ficiency m_ is rigorously calculated and 7 represents the
efficiency of the on-axis fan-out solution. The markers rep-
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Fig. 2 Performance of the high-carrier-frequency fan-out gratings in
photoresist as a function of relief depth h,: solid line, calculated ef-
ficiency m 4 in the hybrid approach; x markers, rigorously calculated
efficiency m of the modulated carrier grating; and o markers, rigor-
ously calculated uniformity error u of the modulated carrier grating.

resent rigorously calculated values for the efficiency n (x
markers) and the uniformity error « (0 markers) of the mod-
ulated carrier grating structure of period A = 125.0 pum. The
results for the modulated carrier grating with large paraxial
periodicity were obtained by considering about 900 orders
in the expansions that describe the diffracted electromagnetic
fields.'* This value was limited by the available memory
space for the computation. In this case, the diffraction orders
up to the first two evanescent orders of the carrier grating on
both sides of the propagating orders are retained in the anal-
ysis. Convergence of the results were verified for smaller fan-
out periods A, where more evanescent orders can be included.
Itis seen that the hybrid efficiency m is a good approximation
of the rigorously calculated efficiency 7, even in the case of
a large uniformity error. In the region of maximum efficiency,
around Ay=1.2 um, however, the hybrid calculation gives
slightly too high values for the efficiency. Low uniformity
errors, comparable to the 3% predicted by scalar theory, are
obtained for small relief depths #,<0.4 wm. For deeper grat-
ings, the uniformity error increases up to 40% and the hybrid
encoded solution fails. Tt was found that in this region of low
efficiency, the — 1st order efficiency of the carrier grating
depends strongly on the variations of the carrier grating pe-
riod d.. Therefore, the fast frequency modulation of the
rounded solution introduces considerable amplitude modu-
lation, which becomes more important than the detour phase
errors. In the region of interest with high efficiency around
h=1.2 um, again a low uniformity error in the order of
u = 5% is reached. In this region the — Ist order efficiency
is stable against variation of the carrier grating period and
the filling factor, and the uniformity error is essentially de-
termined by the detour phase errors.

3 TIR Holographic Lithography

A commercially available holographic mask aligner
(HMA 150) was used to copy the high-resolution fan-out
mask into photoresist. A detailed description of this system,
which is able to print features down to 0.25 wm over sub-
strates up to 6- X 6-in., is given in Refs. 10 and 15. The prin-
ciple of this holographic mask aligner is based on TIR near-
field holography, which is able to print submicrometer fea-
tures.®® The recording geometry of the intermediate TIR vol-
ume hologram is shown in Fig. 3. The chrome mask is placed
near the holographic layer, typically at a distance of
d, =100 wm. The mask is then illuminated with a collimated
expanded beam, which is polarized perpendicularly to the
plane of incidence (TE). The diffracted field from the mask
interferes in the holographic layer with the reference wave
at 45-deg incidence, which is fed through a prism and totally
internally reflected at the film-air interface. The resulting
interference pattern consists of three primary grating struc-
tures: a reflection grating from the interference of the object
beam with the reference wave, a transmission grating from
the interference of the object beam with the TIR wave, and
a Lippmann grating from the interference of the reference
wave with the TIR wave. In addition, the self-interference
of the object beam in the holographic layer produces unde-
sired intermodulation gratings.

At readout, the TIR hologram is illuminated with the con-
jugate reference beam at the recording angle. Interaction with
mainly the transmission grating generates the conjugate of
the recorded object beam, which reconstructs the original
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Fig. 3 Recording geometry of the intermediate volume hologram for
TIR holographic lithography.

mask pattern at the distance d,,. For lithographic applications,
the critical process parameters are high reconstruction fidelity
and low coherent noise. This requires that all the recorded
primary gratings are optically thick and generate only one
diffraction order. For the recording of object beams with high
numerical apertures, this condition can be satisfied by in-
creasing either the thickness of the holographic layer or the
recording angle of the reference beam. Undiffracted light in
the reference beam is backreflected because of the TIR con-
dition and cannot reach the printing area. Intermodulation
effects are minimized for a high reference-to-object beam
ratio at recording. This produces a strong Lippmann grating
that couples light directly from the reference wave to the TIR
wave. In a previous publication,'® we analyzed the diffraction
behavior of TIR holograms recorded with plane waves by
using a mode] based on first-order coupled wave theory. We
used this model and studied the diffraction efficiency in the
object beam as a function of the exposure energy for different
reference-to-object beam ratios B. The results are represented
in Fig. 4. For the calculation, a linear relation between the
index modulation and the exposure energy was assumed. For
small beam ratios of B <1, high diffraction efficiency in the
object beam is possible. If the beam ratio is increased, the
diffraction efficiency saturates before high values are
reached. The typical sinusoidal diffraction efficiency char-
acteristic of a single thick phase grating in transmission is
no longer observed. As a consequence, the high recording
beam ratio required for high reconstruction fidelity affects
the diffraction efficiency in the TIR geometry:

The Lippmann grating can be eliminated by the use of
TM-polarized light at recording, because then the electric
field vectors of the reference wave and the TIR wave are
orthogonal. However, for TM-polarized light the index mod-
ulation of the grating depends on the angle between the two
recording beams.'” This results not only in a smaller contrast
compared to TE polarization but also, because of the off-axis
incidence of the reference beam, in an asymmetric angular
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Fig. 4 Diffraction efficiency of the TIR volume hologram versus ex-
posure energy calculated for TE polarization and for different re-
cording reference-to-object beam ratios: 8=0.2, 1, and 4.

attenuation of the transmission grating index modulation. The
consequence is a reduction of the contrast in the image plane
at readout, therefore the use of TE polarization is preferable
for printing high-resolntion features.

The intermediate TIR volume hologram of the fan-out
mask was recorded in a 15-pm-thick layer of the photo-
polymer material (HRS 352 without dye) from Du Pont'®
using an argon Jaser at A =363.8 nm. The final elements are
printed into a layer of g/i-line resist (O.C.G. HiPR 6512),
which is compatible with the UV argon laser wavelength. To
ensure uniform illumination of the photoresist layer over the
printing area, the TIR volume hologram was scanned at read-
out. Standard resist processing according to the manufacturer
was used for the preparation of the plates and the
development.

4 Experimental Resuits

The off-axis 9X 1 fan-out elements were printed by TIR
holographic lithography into photoresist on silicon wafers
and on glass substrates. The silicon wafers were used for
scanning electron microscope (SEM) inspection of the re-
sulting photoresist relief, carried out by first coating the relief
with a thin gold layer. Figures 5(a) and 5(b) show cross-
sectional and top views of the fabricated modulated grating
structure with a carrier grating period of d,=1.0 pm. A bi-
nary relief with almost vertical sidewalls and a filling factor
of f=0.5 can be seen. The small ripples in the sidewalls result
from standing wave patterns in the resist layer at recording.
These effects are reduced for the gratings recorded on the
glass substrate with an absorber on the back side because of
the smaller reflectivity of the glass substrates compared to
the silicon wafers. The uniform relief depth of about 1.0 um
indicates that, nsing the recording conditions for the TIR
hologram described in the previous section, an accurate trans-
fer of the mask pattern into a deep binary grating structure
can be achieved.

The elements on the glass substrates were optically char-
acterized. The relief depth of the grating structure was de-
termined to be ~=1.15 jum by measuring the thickness of the
photaresist layer at a large opening in resist near the grating
region with a mechanical stylus. We measured the efficiency
of the 9 X1 fan-out signal in the — Ist transmission order













