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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 s tructures 1 and continuous phase 
profiles.2 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.3 

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 Zürich4 (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,1 we describe the fan-out 

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) = S ^Amn exp(id>mn)ô(x - xm,y - yn), 

(D 
where Amn is the amplitude, d>mn is the phase, and 
(xm,yn) 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 <£mn 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): 

Û(u,v) = \Û(u,v)\exp[mu,v)] = FT{U(x,y)}, (2) 

where \Û(u,v)\ is the magnitude and ty(u,v) is the 
phase of the field distribution in the grating plane. 
The irradiance distribution I(u,v) in the grating 

Fan-out Lens 2-D spot 
phase grating array 

Fig. 1. Readout of the fan-out element. 
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plane can then be written as 
I(u,v) = \Û(u,v)\2 

= = Zj-^mn ~T A ZJ 2J ^mn-^-m'ii 
mn m<m' n<n' 

X cos{2"n-[u(xm - x„) 

+ v(yn - yn.)] + <f)mn - <t>mw}, (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 grat ing 
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[ity(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 

[I(u,v) - (I)]2 dudv-* m in . (4) 

The variables of the optimization are the phases <f)mn 

of the point sources, given in Eq. (1), while the am­
plitudes of the point sources for a uniform fan-out 
are all equal (Amn = 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 Amn slightly to Amn

(l\ 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 <f>mn and 
the new amplitudes Am„(l) into Eqs. (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 cont inuous surface-rel ief element 
without quantization. ' 

Table 1. Optimum Amplitudes A1 and 

1.059 0.957 0.987 0.998 

In order to reduce the computing time, separable 
solutions are attractive for generating large Af X JV 
arrays. In this case the object is described by 
U(x,y) = Fi(x)F2(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 17, the corresponding 2-D so­
lution of the NxN array will be less efficient, 
namely, TJ2. Since 2-D nonseparable solutions have 
more free paramete rs 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 A1 and phases <£>;. The numeri­
cal values are given in Table 1. The amplitudes 
and phases of the optimum point sources for the 2-D 
solut ion a r e t hen d e t e r m i n e d by Amn = AmAn 

and 4>mn = 4>m + <f>n, 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 

<f>i for the Nine-Beam Fan-out (i = 1...9) 

At 

1.022 0.998 0.987 0.957 1.059 

(j>i (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 profile 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,6 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 /am (1/e intensity points) 
and a raster line space of 2 p,m have been used for 
the fabrication. The periodicity of the 9 X 9 fan-
out element was chosen to be 400 /an. One unit cell 
of thé optimized phase function was represented 
by 200 X 200 pixels. The phase data were then 
converted into resist thickness values, with a recon­
struction wavelength of À = 488 nm and a refrac­
t ive index of t h e r e s i s t at t h i s wavelength of 
n = 1.64. These parameters determine the maxi­
mum modulation depth of the surface-relief grating 
to be 1.55 /i,m. 
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Fig. 4. Measured intensity profile of the central row. 

For the reconstruction, the 9 X 9 fan-out element 
was i l luminated 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 
t ransmit ted 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 diffrattive optical elements 
for two-dimensional array generation 

Michael T. Gale, Markus Rossi, Helmut Schütz, Peter Ehbets, Hans Peter Herzig, and 
Damien Prongué 

Continuous surface-relief diffractive optica) 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 for a 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: Diffractive optical elements, fan-out, laser-beam writing lithography, replication. 

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.1 The perfor­
mance requirements include high efficiency and good 
uniformity of the array. Recent research has concen­
trated on the realization of multilevel elements2 and 
continuous surface-relief elements.3 

Continuous surface-relief microstructures repre­
sent an attractive alternative to multilevel structures 
and are, in general, capable of offering higher efficien­
cy.4 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.5 

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. Schütz 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 
Microtechnology, University of Neuchâtel, Rue A.-L. Breguet 2, 
2000 Neuchâtel, Switzerland. 

Received 29 June 1992. 
0003-6935/93/142526-08$05.00/0. 
© 1993 Optical Society of America. 

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 

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



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 

M N 

U{x,y)= 2 ^Amnexp{i<bmn)h{x-xm,y-yn), (1) 
m = l n — 1 

where Amn is the amplitude, cj>mn is the phase, and 
{xm,yn) is the position of the (mth, nth) spot of a 2-D 
array. 

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

|*oo fico 

û(u, v) = ; 
V-oo V-oo 

U(x, y)exp[2m(xu + yv)]dxdy 

M N 

= X E A » exp(ict>mJexp[2m(xmM + ynv)]. 
m = l n = l 

(2) 

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

Û(u, v) = I Û(u, V)IeXp[M[U, v)], (3) 

where ¥(u, v) = arg(Û). 
The irradiance distribution I{u, v) in the grating 
plane can then be expressed as 

M N 

I(u, v) = I OK Ü)|2 = 2 E Kn + E S AmnAmW 
m=l n = l mn m'n' 

x cos{2nKxm - xm.) + v(yn - yn.)] 

+ <k„ - 4w], (4) 

where m * m', n * rì, and/n + n < m' + n'. 
The first term on the right side of Eq. (4) is 

constant and equal to the mean object irradiance (I). 
Thé 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 MxN 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 spatial frequency are 
collected. We then obtain 

I(u,v)-(I) 

mn m'n' 

x cos{2irs[u(m -m') + v{n- n')] + <$>mn - <t>m<n.) 
M-IiV-I 

= 2 X X Bij COS[2TTS(«Î + vj) + <ï>y ], (5) 
i=i 7=i 

where i = m - m', j = n - n', s is the distance 
between two neighboring point sources, and By and 
<ï>y are the amplitudes and the phases, respectively, 
for one spatial frequency component of the intermod­
ulation terms. 

To perfectly reproduce the desired object U(x,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[iij;(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 

rM-I N-I 

2 2 Bij COS[2TTS{UÌ + vj) + <E>y] 
( « = 1 > = 1 

2 

dudv -» min. 

(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-I N-I 

i=l ;=1 
mm. (7) 

The variables of the efficiency optimization are the 
phases 4>mn of the point sources, given in Eq. (1), while 
the amplitudes of the point sources for a uniform 
fan-out are all equal (Amn = 1). The optimization 
problem is solved by applying a downhill simplex 
algorithm.8 As a result of the first optimization step, 
a set of optimum phases 4>m„opt is obtained. The 
transfer function of the fan-out element, defined in 
Eq. (3), is characterized by the phase-transfer func­
tion exp[ii|K, 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 
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sources Amn slightly to Amn
(t), 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 4>mn

opt and the new amplitudes Amn<'> in Eqs. (1) 
and (2) defines the optimized phase function \\i(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 NxN arrays. In order to 
treat the most general case, no symmetries of the 
NxN arrays are considered. This means that 
[N x N - 1) variables <|>mn 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 NxN arrays in order to reduce the 
computing time. In this case the object is described 
by U(x,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 
T| , the corresponding 2-D solution of the NxN array 
is less efficient, namely r\2. The results for the 
separable and nonseparable solutions are summa­
rized in Table 1. The efficiencies of the NxN 
fan-out are shown after the first and second optimiza­
tion steps. After the second optimization the unifor-

Table 1. Optimized Efficiencies for 2-D Fan-Out Elements 

NxN Array 

2 x 2 
2 x 2 
3 x 3 
3 x 3 
4 x 4 
4 x 4 
5 x 5 
5 x 5 
6 x 6 
6 x 6 
7 x 7 
7 x 7 
8 x 8 
8 x 8 
9 x 9 
9 x 9 

1Ox 10 
10 x 10 
11 x 11 
11 x 11 

Efficiency after 
First 

Optimization 
(%)<" 

64.1 
91.8 
88.4 
94.1 
84.6 
95.6 
96.0 
93.6 
86.7 
94.0 
96.0 
96.1 
92.5 
95.1 
98.8 
98.8 
96.4 
96.5 
97.6 
97.6 

Efficiency after 
Second 

Optimization 
(%)» 

64.1 
91.8 
85.7 
93.9 
84.4 
95.5 
84.8 
92.6 
78.7 
93.0 
93.7 
94.2 
92.1 
93.6 
98.6 
98.6 
91.0 
94.1 
95.5 
95.5 

Type of 
Solution 

Separable 
Nonseparable 
Separable 
Nonseparable 
Separable 
Nonseparable 
Separable 
Nonseparable 
Separable 
Nonseparable 
Separable 
Nonseparable 
Separable 
Nonseparable 
Separable 
Nonseparable 
Separable 
Nonseparable 
Separable 
Nonseparable 

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 §mn 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. 

"First optimization is the efficiency optimization. 
^Second optimization is the uniformity optimization. 

0.96 0.98 1.00 

Scale factor 
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. 
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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 Amn = AnAn and <pmn = <j>m + 4>„, 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 9 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 elsewhere.5,9 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 ixm 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 p.m. and is 
developed in AZ 303 developer to obtain a relatively 
linear dependence of the developed microrelief as a 
function of the local exposure.6 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 p.m. 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 periodicity10 as well as 
by reducing the sensitivity of the laser writing system 
to vibrations. A spot size of 8 u.m (1/e intensity 
points) and a raster line spacing of 2 |i.m 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 \. 

DOE's were fabricated and evaluated as original 

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 \ = 488 nm) and as 
replicas in Epo-tek 301-2 epoxy11 (n = 1.56 for X = 633 
nm) and polyvinyl chloride (PVC) (n = 1.54 for 
\ = 633 nm). The modulation depth of the resulting 
microstructures varied between ~ 1.5 and ~2.4 |j.m. 
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 Amplitudes A, and Phases 4>, for the Nine-Beam Fan-Out (/ = 1 . . .9 ) 

Point-Source 
Parameter 

A 
<t>; ( rad) 

1 

1.059 
1.772 

2 

0.957 
0.135 

3 

0.987 
3.887 

4 

0.998 
2.455 

i 

5 

1.022 
3.142 

6 

0.998 
2.455 

7 

0.987 
3.887 

8 

0.957 
0.135 

9 

1.059 
1.772 
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Fig. 4. Schematic of the software and hardware in the laser-beam writing system. 

Photoresist 
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HOT EMBOSSING (Stamping) 
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HOT EMBOSSING (Roll) 

INJECTION MOULDING 
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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. 
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Fig. 6. Fan-out DOE in photoresist: measured spot pattern and intensities along the central line. 

by electroplating Ni to a typical thickness of 60-100 
H,m (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 

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 m2/s) at low cost (down to $l/m2). Current 
hot-embossing technology has been developed for 
microstructures up to ~ 1 |j,m 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).14 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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Fig. 7. Same as Fig. 6 but for the fan-out DOE replica in epoxy. 
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O 100 200 
x [/an] 

(b) 
Fig. 8. Profile measurements of (a) a ruckle shim and (b) the 
replica in epoxy. The slight difference in the profiles and modula­
tion amplitudes are due to différent 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.15 

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 (\ = 448 nm). The figure shows the image of 
the reconstructed spots and the intensities in the 

100 125 

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 (7max - Imm)/ 
{!max + Imm), where Imax and /„„„ 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 \ = 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 (Jim x 140 M-m of the 400 (xm x 400 |xm 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 NxN 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 
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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. 
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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 position of the 0-27C 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, dijfractive optics, laser beam writing. 
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1. Introduction 

Space-iïivariant 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 orders 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 1 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 .1'3 As a 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 writing^ or gray-tone mask lithography5. 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 profile 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 <()f(x) which equalizes and maximizes the power in the N fan-out diffraction orders, 

which are defined by the Fourier coefficients 

d 

Ap = JjJ exp {i<pf(x)} exp {-i27tpx/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 Ap as free optimization parameters and 

calculate, as described in Refs. [1,6,7], an analog phase function <))f00- For the optimization 

process, we describe the quality of a NxI fan-out function <J>Kx) by the diffraction efficiency 

N I 
Tl = ^ 1 P / £ l p - (2) 

and by the uniformity error 

_ ^max ~ J-min / o \ 
xmax ^ 1ITiIn 

where Imax, Imjn represent the maximum and minimum intensities of the N fan-out diffraction 

orders Ip = IApl
2. 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 <|>f(x) for a 9x1 fan-out element which produces the 

fan-out pattern with a diffraction efficiency of r\ = 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 
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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 <|)f{x) and a spherical phase function <|)s(x). Using paraxial scalar diffraction theory**, 

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

t(x; X0) = P(x) exp{ iNKx) + <|)s(x)]} , (4) 

where X0 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 

Mx) = - — , (5) 

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

Fresnel diffraction integral 

oo 

U(x', z) = e - ^ M J t(x; Xo) expfi k [x, _ x ] 2 | dx ) (6) 

V i A T - l l J 

where Y=InIX and X is the read-out wavelength. Inserting Eqs. (4) and (5) into Eq. (6) and using 

X - X0, 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 <J>f(x) 

U(x', z = f) oc FT{ rect(x/D)exp(i<|)f(x)) } = X A p s i n c ' D ^ 
[X' - p^of/d] 

A.0f P=-oo 

where sinc(x) = sin(rcx)/(7tx). The spot spacing Ax' in the focal plane becomes 

(7) 

Ax' = ^f . (8) 

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 Ti and the uniformity error u of the 

focused spot array are then determined by the quality of the initial fan-out function (J)f(x). Figure 3 

shows the calculated irradiance distribution I(x', z=f) = IU(x', z=f)l2 for a 9x1 focusing fan-out 

element with D = 2.56 mm, X0 = 632.8 nm, d = 160 |xm and f = 25 mm, which results in a spot 



spacing in the focal plane of Ax' = 99 |um. The 9x1 focusing fan-out element yields a maximum 

diffraction efficiency of r\ = 99.3% and perfect uniformity. 

The realization of the transmittance function t(x; X0) as a planar surface-relief DOE requires the 

wrapping of the phase function in Eq. (4) to an interval between 0 and an integer multiple of 2K. In 

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

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

becomes 

where n is the refractive index of the grating material. The resulting phase function *F(x) of the 

element can then be written as 

1P(X) = (<)>f(x) + <))s(x) + (po) modulo 27ü , (10) 

where % is a constant phase offset. The consequence of the phase wrapping are discrete transitions 

from 0 to 2K in the phase profile. Using the phase offset (p0 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 *F(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 1P(X), depend strongly on the position of the transition points. Therefore, the 

phase offset (p0 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 1F(X) and minimize the sensitivity of the fan-out function to such 

fabrication errors. 
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For the analysis, we assume a linear scaling of the phase function 1F(X), which can result from 

either a wavelength change (X * X0) or a linear surface relief error. The scaling results in the new 

transmittance function 

ts(x;A.) = P(x)exp{ia*F(x)}, (11) 

where a represents the linear scaling factor which has for a surface-relief DOE in transmission the 

form 

a =
 W ) - 1 ] ß . (12) 
Ä.[n(A,0)-l] 

The first factor in Eq. (12) takes into account the wavelength and material dispersion dependence^ 

and ß 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 (X1F(X) has the same 

periodicity as the ideally wrapped phase function 1P(X). As a consequence, the transmittance 

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

of the variable »F(x)10»11: 

oo 

ts(x; X) = P(x) X Bq exp{iq*F(x)} , (13) 

where the coefficients are given by 

Bq = — J exp{ i (a -q ) l F(x)} d*P(x) = exp{i7t(a - q)} s inc(a-q) . (14) 
27C O 

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 ^(x), but they reduce the power in the signal 

wave by a factor IBiI2 = sinc2(a - 1) and produce additional noise orders (q * 1) with amplitudes 

Bq, which affect the fan-out signal through interference. Inserting Eqs. (10) and (14) into Eq. (13), 

we can rewrite the transmittance function of the scaled element as 

oo 

ts(x; X)= P(x) ]T exp{iq((p0-7c)}sinc(a-q)exp{iq[<|)f(x) + (|)s(x)]} , (15) 



where multiplicative phase factors have been omitted. The constant phase offset (p0 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 T] of the initial fan-out function <f)f(x). 

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

the average diffraction efficiency 

Tis = 0.5{TI((X = 0.9) + Ti (a = 1.1)} (16) 

and the average uniformity error 

a s = 0.5{o(cc = 0.9) +C(OC = 1.1)} , (17) 

resulting from scaling factors a = 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]I2 = 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 rjs and of the uniformity error CT5 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 <j)f(x) of a Fourier-

transform fan-out element can either be directly realized or it can be wrapped to the interval [0, 2ri] 

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 (j)f(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 

function exp{ic«j>f(x)}. The sensitivity criterion (Eq. (17)) produces an uniformity error of a s = 

46% for the 9x1 fan-out element and of a s = 91% for a 45x1 fan-out element. In the absence of 

scaling errors (a = 1.0), both optimized fan-out elements generate an uniformity error a 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 ts(x; X) 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 s of the uniformity error for the 9x1 fan-out element as a function of the phase offset (p0. For 

comparison, we have also plotted the uniformity error sensitivity o~s of the continuous phase 

function without discrete transitions. It is shown that by choosing an optimum value for (p0, the 

interference effects between the fan-out orders and the spurious noise orders are minimized and the 

uniformity error sensitivity a s 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 results 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 a s = 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 <(>f(x) and produces in the far-field a single peak on the optical axis. Since the 

amplitude of one fan-out order scales as (t|/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 
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spacing Ax' in the far-field, which corresponds to the addition of a linear phase varying from 0 to 

K over one period of the fan-out function <|>f(x), is sufficient to reduce the uniformity error 

sensitivity a s of the 45x1 fan-out element to about 15%, as shown in Fig. 5. In this special case, 

the uniformity sensitivity a s dependence on the phase offset (p0 has a periodicity of K, 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 T|. 

Focusing fan-out elements 

Adding focusing power <|)s(x) to the fan-out function increases the number of 0-2rc 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 

publication12. 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 Eqs. (5) and 

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

OO 

U(x', z) = —— X e x P {iqC^o - Tt)} sinc(a-q) 
Vikzq=-~ 

OO 

J P(x) exp{iq^tfx)}expimx2!"— - - 3 - 1 expj -JT-XX' i dx , (18) 

where multiplicative phase factors have been omitted. Similar to the analysis of the blazed Fresnel 

zone plate^, 11, the diffraction orders (q) of the generalized Fourier series expansion are focused in 

different planes at the locations 
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X q 

The fan-out pattern is focused in the plane zi = X0(ZX. The spot spacing Ax'(z = z\) of the fan-out 

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

Ax'(z = Z1) = -^- = -f- . (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 X. However, 

focusing fan-out elements are not achromatic, because the focal plane position z\ depends on the 

read-out wavelength X. 

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 a s and the efficiency T|s of the focusing 9x1 fan-out element as a 

function of the focal length z\ = f for the parameters X = X0 = 0.6328 u,m, D = 2.56 mm and d = 

160 \im. The results have been obtained for a fixed value of the phase offset (p0 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 Nf = D2/(4À,f) for the focusing term (|)s(x) in the phase function ^(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 Nf > 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 T|s converges for decreasing f to 

the value T|s = sinc2(0.1)r| = 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 (p0. 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 a s is plotted as a function of the 

phase offset (p0 for a focusing 9x1 fan-out element with a focal length of f = 103 mm, which 

corresponds to a small Fresnel number of Nf = 2.6. For an optimum choice of (p0, an uniformity 

error sensitivity us below 2% can be achieved. 

As shown in this section, the optimization of the position of the 0-2n 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 q>0 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 DOEs 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 

is 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 

Ô = 1.6 firn at 1/e intensity points by knife edge measurements. For relief depths h < 3 p.m 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 0-27t 

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 Ô of the writing spot. For small diameters Ô 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 segment size s between two transitions is much larger than the writing spot 

diameter Ô, paraxial scalar diffraction theory gives accurate results. In this limit, we describe the 

resulting phase function 1F0(X) after t n e surface-relief element directly by a convolution of the ideal 

phase function *F(x) and a Gaussian point spread function (PSF), namely, 

¥c(x) = T(x) * g(x) , (21) 

where * represents the convolution operation and 

g(x) = V ^ | e x p | - ^ | (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 1P(X) and the resulting phase function *Fc(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 *Fc(x) f° r the focusing 9x1 fan-out element into the focal plane z\. The calculated 

diffraction efficiency Tj and the uniformity error C are shown in Figs. 9 (a) and (b) as a function of 

the focal length Zi = f and the inverse of the Fresnel number Nf of the focusing element. The 

results have been calculated for X = X0 = 0.6328 u,m, D = 2.56 mm, d = 160 |im, Ô = 1.6 |im and 

for a fixed phase offset value (p0. We observe a reduction of the diffraction efficiency r\ 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^ and clipping of the phase function *F(x) to a multiple of 2rc have to 
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be considered. The uniformity error decreases with the focal length f. Focusing kinoform elements 

behave already for weak focusing power similar to off-axis elements^, 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 ^F(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 1Fc(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 0-2rc transitions. Figure 10 represents the efficiency rj 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 a. 

For continuous-phase elements, the efficiency T| (solid line) is almost independent of the ratio d/ô. 

However, the uniformity error C (dashed line) increases for small ratios d/ô. For ratios d/ô > 200, 

the remaining small uniformity error a 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/a, 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 §f(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/ö > 10. 

For ratios d/ô < 10, uniform fan-out solutions can be found, but no longer with the optimized 

shape of Fig. 1 and therefore with lower diffraction efficiency. 

For fan-out solutions with optimized transitions, the efficiency loss for low ratios d/ö < 30 

becomes the main problem. In addition, the optimized scaling error behavior starts to fail at about 

the same limit. For ratios d/ö < 100, the position of the transition points for optimized scaling error 

behavior starts to depend on the width Ö 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/ô < 30, the solution behaves similar as a continuous-phase function. 

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/5 

as continuous-phase gratings, in order to achieve high diffraction efficiency. For larger ratios d/Ô, 

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 dJa 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 X0 = 0.6328 Jim, 

with a diameter D = 2.64 mm, a fan-out period d = 165 p.m, and focal length f = 25 mm, which 

corresponds to a F-number ~ 10. This results in a smallest segment size of s = 12 ̂ im 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 lxl urn2 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 a from 0.85 to 1.20. In Fig. 12, we have represented 

the measured efficiency rj and the measured uniformity error G of the 8 elements, as well as the 
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simulateci scaling behavior of the ideal phase function convolved with the Gaussian PSF of 

diameter ô = 1.6 (Xm. Good agreement between the experimental 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 |im). 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 2K, 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 0-27tm 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. 

- 16 -



Numerical results have been presented for the design of Fourier-transform and focusing fan-out 

elements 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. 
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Figure captions 

Fig. 1. One period of the efficiency-optimized phase function for the 9x 1 fan-out element: (dashed 

curve) continuous phase function, (solid curve) phase function with 0-2n transitions, 

optimized for highest profile scaling error tolerance. 

Fig. 2. Read-out geometry for a transmissive focusing fan-out element. 

Fig. 3. Calculated irradiance distribution in the focal plane of the focusing 9x1 fan-out element. 

Fig. 4. Uniformity error sensitivity as for the 9x1 fan-out element as a function of the phase 

offset parameter (p0 for a phase function with 0-2TC transitions (dashed curve). The value 

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

Fig. 5. Uniformity error sensitivity o s for the 45x1 fan-out element as a function of the phase 

offset parameter <p0: (dashed curve) phase function with 0-2TC transitions, (dashed dotted 

curve) off-axis reconstruction of the fan-out function by half of the spot spacing distance 

Ax'. The value of as for the continuous phase function is indicated for comparison (solid 

curve). 

Fig. 6. Efficiency sensitivity T)s (a) and uniformity error sensitivity <js (b) for the focusing 9x1 

fan-out element as a function of the focal length f and the inverse of the Fresnel number 

Nf. The curves are calculated for a fixed value of the phase offset parameter cp0. 

Fig. 7. Uniformity error sensitivity c s as a function of the phase offset parameter (p0 for the 

focusing 9x1 fan-out element with diameter D = 2.56 mm, fan-out period d =160 u.m, 

wavelength X = 0.6328 |im and focal length f = 1000 mm. 

Fig. 8. Influence of the writing spot diameter 8 on profile shape: (dashed curve) ideal phase 

function 1P(X), (solid curve) resulting phase function ^ ( x ) after the convolution with the 

Gaussian PSF of diameter S = 1.6 |xm at 1/e intensity points. 
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Fig. 9. Efficiency T) (a) and uniformity error C (b) as a function of the focal length f and the 

inverse of the Fresnel number Nf, produced by the phase function 1Fc(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 (p0. 

Fig. 10. Efficiency Tj and uniformity error c of the convolved phase 1FcCx) as a function of the 

fan-out period d to the writing spot diameter 8 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 0-271 transitions. 

Fig. 11. AFM measurement of the profile in the central region of a cylindrical focusing 9x1 fan-

out element designed for the wavelength 1K = 0.6328 |xm with diameter D = 2.64 mm, 

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

Fig. 12. Efficiency Tj and uniformity error a of the fabricated element as a function of the scaling 

factor a. (solid curve) calculated efficiency, (dashed curve) calculated uniformity error, 

(o markers) measured efficiency, and (+ markers) measured uniformity error. 
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Abstract. A breadboard 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. Introduct ion 
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 'f ibre lasers, require high power and near 
fundamental mode beam quality. High power can be achieved by phase-locked laser 
diode arrays (LDAs) . Unfortunately, L D A s 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 L D A into a single-lobed Gaussian beam of collimated light. 

T h e 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 [ I ] . T h e 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 L D A 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. Th i s is inadequate to fill the aperture of a collimator uniformly. 
T h e side lobes can be eliminated by an additional afocal system [3]. T h e system uses 
a d.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 ). T h e coherent addition is 
only efficient when the beams are in the correct phase state. Th i s has been achieved 
by an external cavity including the laser array and also the binary fan-in grating. 

Higher efficiency close to 100% can be achieved by coherently adding N lasers 
with the aid of continuous surface-relief gratings [5]. Our approach is based on the 

0950-0340/93 «1000 © 1993 Taylor & Francis Ltd. 
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Figure 1. Far-field pattern of coupled laser diode array: the black pattern corresponds to the 
0° mode; the grey pattern is the far-field of a single stripe. 

Near-field Far-field 

Phase 
plate Lens Fan-in 

element 
Figure 2. Basic arrangement for far-field shaping. 

tandem component shown in figure 2. A phase-locked L D A is chosen that emits only 
one transversal mode. T h e L D A , that was used for the experiment, fulfilled this 
condition only near threshold. For higher driving currents , several lateral modes of 
the L D A started to läse. For this reason, an external cavity should be used for high 
power, in order to increase the modal separation and enhance the coherence. Other 
array structures, like Y-guides [6] or resonant-optical waveguides [7], provide much 
better spatial-mode selectivity and stability. Therefore, even at high power no 
external cavity is needed for an efficient beam shaping. T h e opt imum phases are now 
introduced by a phase plate at the L D A output . T h e fan-in element has a continuous 
surface-relief profile enabling maximum conversion efficiency. A compact bread­
board for beam shaping of high power L D A s has been realized. We summarize 
briefly the theory and then we present our experimental results. 

2. Theory 
T h e basic concept for the far-field shaping is shown in figure 2, where N beams 

emitted by a L D A are added coherently. T h e fan-in element is only efficient for a 
well defined phase relationship between the emitted beams. If the LDA operates in 
a stable single mode, these phases can be established with a phase plate in the 
near-field. In the following, we calculate the opt imum phases and the corresponding 
fan-in element for an efficient beam shaping. 
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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 

U(x,y)= £ A,exp(i<£m)exp r 2> (1) 
m=i L w* wy\ 

where Am is the amplitude, (j)m the phase, and xm the position of the mth Gaussian 
beam. We assume a constant spacing between two neighbouring beams, defined by 
s = xm + 1—xm. 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 Wx and 
wy are mainly determined by the geometry of a single stripe [8]. Whereas, gain-
guided LDAs 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 Û(u, v) is related to the near-field U(x, y) by a Fourier 
transform. Thus, we get for the far-field 

Û(u, v) = U(x,y)exp[2ni(xu+yv)]dxdy (U, V)= J 

= C1 exp [ - n2(w2
xu

2 + W1V2)] £ Am exp ( i # J exp (2nixmu), (2) 

or expressed in amplitude and phase 

0(u,«) = |fr(ii,!O|exp[iy(w,»)], (3) 

where !P(M, V) = arg { U} and C1 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, l / 2 s , . . . , 
1/(JV- \)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) = 11)\2 = c2 exp [ - 2n2(wlu2 + w2v2)] 

(4) £ 4L + 2 £ Bpcos(2npsu + 0p) 
m = 1 p = 1 

For a given set A1, <f>it the coefficients Bp, 4>p for one spatial frequency component of 
the interference pattern can be calculated from the equations 

VN-P -|2 p v - p -|2 
- 8 P = E AmAm+pcos(</>m-</>m+p) + X ^ m , 4 m + psin((/>m-0m+p) , (5) 

N-p 

Y, AmAm+psm(<t>m-4>m+p) 
4>D = a r c t a n | ^j ) . (6) 

Z AmAm + P COS (<t>m-<t>m + p) 
m= 1 

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[ — iW(u, v)]. An inter­
ference term close to a constant value can be achieved by requiring minimum 
variance, namely 

C00 f°° r ~ i 2 

Y,Bkcos(2nksu + <Pk) dwda-omin. (7) 
J - o o J - o o L * J 

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

M - m i n . (8) 
k 

The minimization of equation (8) yields the optimized phases 4>mfor a given set of 
amplitudes Am. 

We summarize the beam shaping process sketched in figure 2. A set of amplitudes 
Am and phases <f)'m is known at the LDA output. The optimum set of phases <f>m can be 
found by minimization of equation (8). The phase differences between the optimum 
phases <j)m and the phases (f>'m 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 W(U1V) by equations (2) and (3). In order to generate a 
plane wave a second phase element has to be added to compensate W(u, v) in the far-
field. Its complex amplitude transmittance is 

T(u,v) = exp[-iV(u,v)]. (9) 

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 |im, 
operating at the wavelength X = 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|xm 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 2n. It 
results that in this special case the etch with depth corresponding to a phase delay of 
it/4 is not necessary and therefore, three etching steps were sufficient to generate the 
required levels. 

The optimized phases <f>t 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 973% of the power emitted by the LDA can be collimated into 
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Figure 3. Breadboard of LDA shaping mounted on a heat-sink. 
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Figure 4. Measured double lobed far-field of 180° mode. 

a single Gaussian beam. Due to the quantization of the optimized phases the 
efficiency drops slightly to 9 6 7 % . Figure 5 shows the calculated profile of the phase 
plate. In comparison, figure 6 shows a scanning electron microscope (SEM) picture 
of the fabricated phase plate. T h e accuracy of the depth profile is better than 1%. 

A lens with short focal length of / = 145 m m has been chosen to get a compact 
system. Th i s defines the periodicity of the fan-in element in the Fourier plane of the 
lens (figure 2) to be p = Xf Is = 116 m m . T h e number of periods illuminated in the 
far-field is inversely proportional to the fill-factor of the L D A , which is defined by 
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Calculated phases in the near-field. 
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Figure 5. Calculated profile of the phase plate. 

Figure 6. SEM pictures of the fabricated phase plate: side view, top view. 



Beam shaping of laser diode arrays 643 

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 — !P(M, 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 

d(x, y) = dQ+ Y(X = X fu, y = lfv) 
2n(n-\)' 

(10) 

where d0 is a constant thickness and (M— 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 Am and for the quantized optimized phases <f)m. 
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 Jt (e.g. [H]). 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, (6) measured. 
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I 

Figure 8. Source array (a) before shaping and (b) after shaping. It results in a nearly 
symmetric single lohed beam. 

the resulting relief profile relies on the knowledge and reproducibility of the 
photoresist response. Finally, the phase element is baked and measured with a stylus 
profilometer. One typical measured profile is shown in figure 7(6). 

In the case of perfect shaping one collimated beam should come out of the 
shaping system (figure 2). We have focused this beam on to a C C D camera, where we 
can observe the virtual source. Figure 8 (a) shows the source array before shaping. In 
this case, we have removed the fan-in grating. T h e n the ten array elements can be 
identified. Unfortunately, the LDA does not emit a nice symmetric near-field. T h e 
first three lobes are hardly detectable. Th i s asymmetry might be due to the effects of 
non-uniform heat sinking, non-uniform gain across the array, or unwanted back 
reflection from the phase plate, which was not antireflective coated. Figure 8 (b) 
shows the virtual source after adding the fan-in element. It results in a single bright 
spot as predicted by theory with nearly symmetric aspect. One third of the total 
power is now in the central peak. 

T h e poor performance cannot be explained by the quality of the shaping 
elements. T h e phase plate and the fan-in element are sufficiently accurate. T h e fact 



Beam shaping of laser diode arrays 645 

that the ampli tude 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 
ampli tude distribution (figure 8 (a)) and to 87-5% for the theoretical half-sinus 
ampli tude modulat ion of the v = 1 0 mode. T h e 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, antirefiection coatings on the elements are 
recommended to avoid feedback into the L D A . 

4. C o n c l u s i o n s 
W e have shown that stable eigenmodes emitted by L D A s can be shaped and 

collimated with very small inherent losses. T h e 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 often elements. 
T h e system includes a multilevel phase plate at the L D A output to prodùce in the 
far-field a smooth intensity distribution, which corresponds to the far-field of a 
single stripe of the laser array. T h e structure of the array is converted into a phase 
distr ibution in the far-field. Th i s phase distribution is then corrected by a 
continuous surface-relief fan-in grating. T h e theoretical efficiency for this set-up is 
9 6 7 % . Experimentally, we have found one third of the total power in the central 
peak. ' 
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lnterferometric fabrication of modulated 
submicrometer gratings in photoresist 

Peter Ehbets, Hans Peter Herzig, Philippe Nussbaum, Peter Blattner, 
and René Dändliker 

lnterferometric 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.2 

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.3-5 

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 |xm 
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.6 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.7-10 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.u He observed a 
strong trade-off between efficiency and reconstruc­
tion fidelity and could achieve only low efficiencies of 
the order 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 
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copying of an optimized wave front with an off-axis 
reference beam into a hologram led to the concept of 
hybrid holograms.12 Bartelt and Case12 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.1314 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 9 defines the period of carrier grating 
s with s = X/(2 sin 6), where A. 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 
6B, which is defined by sin 9B = \/(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 

0 order 

Reference 
beam Resisl-coated 

substrate 
(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, a, is much smaller com­
pared with Bragg angle 0B. 

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 

Er(x, z) = Ar exp{ik[sin(Q)x + cos(0)z]}, (1) 

where k = 2TT/\. The electric field of the object 
beam can be expressed by a spatially varying ampli­
tude and phase function, i.e., 

E0{x, z) = exp[-ik sin(9)3c]A0(o:, z)exp[i<P0(x, z)}, (2) 

where the linear phase factor determines the off-axis 
incidence. In the general case the propagation of Eq. 
(2) can be calculated by the use of the angular 
spectrum approach.15 We are particularly interested 
in the recording of fan-out gratings. In this case the 
object amplitude and phase functions, A0(x, z) and 
<50(x, z), are periodic with respect to the x axis and can 
be written as a discrete superposition of propagating 
diffraction orders, i.e., 

N 

E0(x, z) = exp[-ik sin(9)x] X Am exp(t<pm) 
m=-M 

x exp[i(mKx + lmz)\ (3) 

where (M + N +1) is the total number of diffraction 
orders retained in the analysis, K = 2TT/A, A is the 
period of the fan-out element, and -ym is the propaga­
tion constant of the mth diffraction order along the z 
axis, defined by 

lm = {&2 _ [k s i n ( 9 ) + mKfY/2. (4) 

The diffraction orders are characterized by their 
amplitudes, Am, and phases, <pm. The central Ns 
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, r\, 
and the uniformity error, e, of the generated array. 
The signal diffraction efficiency is the fraction of the 
total power in the Ns signal diffraction orders. 
Uniformity error e can be defined by the contrast 
function, 

e = 
* max •* min 

*max ' -*min 
(5) 

where 7max and /min are the maximum and minimum 
spot intensities of the Ns signal beams. 

Using Eqs. (1) and (2) we can write the interference 
of the reference wave with the modulated object beam 
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m a form similar to the two-wave case, i.e., 

I(x,z) = \Er(x,z) + E0(x,z)\2 

= Ar
2 + A0(x, z? + 2AAo(x, z) 

x COs[Qa; - $>0(x, z)], (6) 

where Q = 2TT/S = 2k sin 9. Optimized recording 
conditions are obtained if the intensity variations of 
object-beam amplitude A0(x, z) are minimized in the 
hologram plane at z = O. This is identical to the 
design of an on-axis phase-only DOE. Assuming 
A0(x, z) and ¢,,(̂ :, 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
rithms16-18 or parametric optimization techniques.19 

In the case of regular fan-out elements, continuous 
phase functions as shown in Fig. 2 for a 9 x 1 fan-out 
element can be determined.20 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 Q = 4iriVs/A has been chosen. 
The whole object information is encoded in phase 
function Q0(X, z = 0), which modulates frequency Q 
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 sinusoidal grating require 
carrier grating periods of the order of the optical 

16 18 
I • T^ 

6 8 10 12 14 

Position [a.u.] 
Fig. 2. One period of the optimized phase function for an on-axis 
9 x 1 fan-out element. 

T - 1 I ' I • I ' I ' I ' I ' T 
0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 

Position [a.u.] 
Fig. 3. One period of the optimized interference pattern in the 
recording plane for the 9 x 1 fan-out element. 

wavelength.710 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 (im. 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.3 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 gratings, i.e., 

A 
W > 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 theory7 and determined the 
optimum relief depth, h, 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 X = 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 
in the range of 0.8 |xm < h < 1.0 jim. 

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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Relief depth h [\im] 
Fig. 4. Calculated first-order diffraction efficiency TI_I as a func­
tion of relief depth h for a rectangular relief profile (solid curve) and 
for a sinusoidal relief profile (dashed curve). 

alignment tolerances for a successful recording, we 
determined the depth of the optimum plane. The 
propagation of the object beam is described by Eqs. (3) 
and (4). We assumed off-axis propagation at a record­
ing angle of 9 = 25° and calculated the evolution of 
the intermodulations A0(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 |xm. Intermodulation contrast V 
was defined by V = (Imax - /„,;„)/(/ max -I- 7min), where 
7max and In^n 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 A0(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 <b0{x, z = d) is accurately recorded by 
the relative phase of the carrier grating. The clip­

ping of the amplitude function to A0{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 $0(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 a, the relation 

t = c 
cos(6)A2 

~\N2 
TT 

(V) 

is obtained for the depth as a function of the fan-out 
parameters, where c is a constant defined by the 
tolerable uniformity error and N = (Ns - 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 Ns. 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 hologram1320 and 
then copy it in the hologram plane by means of a 4f 
imaging system. For the generation of large spot 
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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.21 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 Ns 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 he taken into account to 
achieve low intermodulation.13 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.22 

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.12 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 <î>0{x, 2 = 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 

Imaging 
" lens Photopolymer 

hologram 

On-axis fan-out 
element 

Photoresist-coated 
substrate 

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., -<£>0{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.22'23 The fan-out gratings were realized 
with a period of A = 400 |xm and for a wavelength of 
\ = 488 nm. For normal incidence, phase function 
<i>0(x, 2 = 0) and relief height d(x) are related by 

2TT 
*„(*, z = 0) = y (n - l)d{x) (8) 

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

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 dc(x) for ob-
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lique incidence is obtained by 

dc(x) = d{x) T^T1 TTT ' (9) 
c w n cos(8„) - cos(e) 

where 8 and 8,, are the incidence angles in air and in 
the medium. In general, higher-order phase errors 
will appear. Because of the large ratio between the 
fan-out period and the modulation depth, these local 
phase deformations are smaller than ir/100 and thus 
far below the fabrication accuracy. We fabricated a 
continuous surface-relief 9 x 9 fan-out element in 
photoresist with a refractive index of n = 1.64 for the 
required recording angle of 8 = 25°. This requires a 
relief depth correction, Eq. (9), of 0.94. The far-field 
characterization of the fabricated element yields a 
uniformity error of e = ± 10% over the whole 9 x 9 
array. 

For the imaging system shown in Fig. 7, a lens with 
focal length off = 100 mm and an aperture diameter 
of 50 mm were chosen. With this configuration, 
spatial filtering effects can be neglected. The inter­
mediate volume hologram copy was made in the 
photopolymer material HRS352 from Du Pont de 
Nemours24 by the use of an argon laser at the 
wavelength X = 488 nm. The photopolymer layer 
was spin coated to a thickness of 17 u.m on a BK-7 
glass substrate with antireflection coating on the 
opposite surface. Symmetric incidence between the 
reference beam and the object beam was chosen for 
the recording. Because the image plane of the fan-
out element is again a plane of low intermodulations, 
a high reference-to-object-beam ratio is not necessary 
for a linear recording process.25 We used a beam 
ratio equal to unity. Typical exposure parameters 
have been an energy of E = 150 mJ/cm2, followed by 
a diffusion time of ~ 8 min, and a uniform postexpo­
sure to fix the hologram. Efficiencies of the order of 
40% were obtained without heating the photopolymer 
hologram after exposure. Under these conditions an 
excellent linear recording was achieved. The inter­
mediate photopolymer hologram reconstructed the 
9 x 9 spot array in the far field with the same 
uniformity error as the original fan-out element. 

The final copy was made in Shipley Microposit 
1400-37 photoresist. A layer of 2.8 u.m thickness 
was spin coated on a glass substrate and baked at 
95 0C for 30 min. For the exposure an absorber was 
index matched on the backside of the substrate to 
avoid backreflections, and symmetric incidence at 
±25° was chosen. Because the photoresist material 
has low sensitivity at the wavelength of X = 488 nm, 
high exposure energies of the order of 1.5 J/cm2 are 
required. The consequence of using expanded beams 
are exposure times of several minutes. Under these 
circumstances, fringe stabilization becomes important. 
We obtained the best performance by stabilizing the 
large interference fringes produced from a reference 
grating with equal period, which was fixed on the 
same substrate holder. During the exposure the 
piezocorrection signal of the fringe stabilization sys­
tem varied by the order of X/20. Because the aver­

age position of the fringes is recorded, the position 
accuracy of the recorded pattern is still better. After 
exposure the resist holograms were developed during 
30 s in the AZ-303 developer from Hoechst diluted 
1:4. According to Bartolini,11 this process results in 
rather linear development characteristics. The form 
of the resulting surface relief for a modulated fan-out 
grating can be seen on the scanning electron micros­
copy picture of Fig. 9. Grating period s = X/(2 sin 8) 
= 577.4 nm results from the incidence angle of 8 = 
25°. We achieved maximum relief depths of the 
order of 600 nm by using this process. The position 
modulation of the grating grooves is only of some 
nanometers and cannot be distinguished in Fig. 9. 

The modulated fan-out gratings were designed for 
readout in transmission with the He-Ne laser wave­
length X = 633 nm. The achieved relief depths of 
600 nm are not optimum, as one can seen from the 
efficiency curves in Fig. 4. The wavelength change 
between recording and readout shifts the Bragg angle 
to 8fl = X/(2s) = 33.2°. An overall first-order effi­
ciency of Ti-! = 69% was measured for the grating 
shown in Fig. 9. This value includes the Fresnel 
reflection loss of R = 6% at the first substrate 
interface and absorption of the order of 2% in the 
photoresist. The generated 9 x 9 spot array in the 
far field of the minus-first diffraction order is shown 
in Fig. 10. The CCD picture is saturated so that the 
small sidelobes of the Airy function around each spot 
are visible. One can see that no significant higher 
diffraction orders appear outside of the signal array. 
The 9 x 9 spot array contains 65% of the total 
incident power. The 4% efficiency loss compared 
with the first order efficiency is mainly due to light 
that is scattered at the rough photoresist surface. 
The surface roughness results from coherent noise 
that is generated from backreflections. Improve­
ments are possible by the reduction of the coherence 
length of the recording laser and by the use of an 
incoherent preexposure. The uniformity of the ar­
ray was measured for illumination with a collimated 

Fig. 9. Scanning electron microscopy picture of the fabricated 
surface relief in photoresist. 
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Fig. 10. 9 x 9 array of generated spots in the minus-first 
diffraction order of the carrier grating. 
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Fig. 11. Intensity line scan through the row of the 9 x 9 array 
with the highest uniformity error. 

beam that was 4 mm in diameter. Each row of the 
array was scanned individually by a detector. The 
intensity distribution of the row with the worst 
uniformity is shown in Fig. 11. We measured a 
uniformity error of e = ± 13%. Compared with the 
uniformity error of e = ±10% of the original fan-out 
element, we achieved an accurate copy of the fan-out 
phase function. Higher diffraction efficiencies re­
quire slightly deeper relief depths. One can obtain 
this by improving the photoresist processing or by 
etching the binary resist relief in the substrate mate­
rial.1 

5. Conclusions 

We investigated interferometric recording for the 
fabrication of modulated binary gratings with submi-
crometer periods in photoresist. Optimized record­
ing conditions require minimum intermodulations in 
the hologram plane. This was achieved when the 
optimized phase function of an on-axis phase-only 
DOE was copied into the hologram plane. Align­
ment problems were solved by the use of an interme­
diate copy in a volume photopolymer hologram. 

After development a modulated binary surface-relief 
grating results, which can be transferred in a stable 
substrate material by the use of etching or material 
deposition techniques and which is also suitable for 
mass replication. The method has the potential to 
achieve ultrahigh carrier frequencies with high posi­
tion accuracy. The far-field copying arrangement 
works well for object beams with high signal diffrac­
tion efficiencies. Off-axis 9 x 9 fan-out elements in 
transmission with a carrier frequency of 1700 
lines/mm and first-order diffraction efficiencies in 
the range of 70% are demonstrated. Because of the 
high carrier frequency, these elements clearly show 
Bragg diffraction behavior and offer high first-order 
diffraction efficiency. Because they are thinner com­
pared with standard volume holograms, they are 
much less sensitive to deviations of the readout angle. 
Therefore, these elements are interesting for optical 
interconnection systems, which require the genera­
tion of the fan-out signal not only for readout with a 
single reference beam but also for readout with a 
more complex input pattern.26 
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a reprint from Applied Optics 

Fan-out elements recorded as volume 
holograms: optimized recording conditions 

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

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. High efficiency and uniformity can be 
achieved by optimized recording conditions. At the same time, the required dynamic range of the 
holographic material becomes minimum. 

Key words: Fan-out element, coupled-wave theory, volume hologram. 

I. 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 by using microfabri­
cation techniques (e.g., see Ref. 1, Sec. 6). Such 
elements are Dammann gratings,2 multilevel grat­
ings,3 or continuous surface-relief structures.4 

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 AT 
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.6 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.7 We demonstrate 
how to apply the coupled-wave theory to the special 
problem of regular fan-out elements. These ele­
ments are called degenerated because 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. 

II. Simultaneous Recording with Minimum 
Intermodulations 

A fan-out element can be fabricated by recording a 
hologram of AT object waves Et (x) = Aj exp(-.;'k;X + 
7<t>;) with a reference wave E0(x) = A0 exp(-j'koX +j 
(J)0). The basic configuration is shown in Fig. 1. 
The waves are characterized by wave vectors kj = 
(V, kf), amplitudes A;, and phases <$>i, where x = 
(y, z) are the coordinates. Only the s polarization is 
considered. 

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

e(y, z) = e0 + 8 X Ei + EQ (1) 
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Fan-out 
/ element ^ ^ 

(a) (b) 
Fig. 1. (a) Recording and (b) readout of fan-out elements. The 
angles are defined inside the recording medium with refractive 
index n = V̂ ä t s e e Eq. (1)]; a is the full fan-out angle. 

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

N 

e(y, z) = e„' + 2 Aeo; COS(KOÌX - 0½) 

the gratings with the same frequency but with opti­
mized phase shifts $P9, one can minimize the inter-
modulations.4 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 
Kpq

z [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., Kpq

z 

is small. The largest component Kpq
z 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 

(K1 
_2rr 

pq 'max X 1 - cos : 
2TT 

(5) 

where X is the wavelength, a is the full angle (k1( kjv) 
of the fan-out, n is the refractive index, and A is the 
periodicity of the grating (Kpq

z)max. The intermodu­
lations remain small within a depth h of ± A/10, i.e., 

+ 2 Aecos(Kp„x - 4>™), (2) 
q>p = l 

where <£>p, = 4>p - 4>, and Aepç = 2bApAq. Besides the 
desired ÌV primary gratings K0, = It0 - k„ N(N - 1)/2 
unwanted intermodulation gratings Kpq = kp - kg 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 

B = (3) 

2 A2 

i = l 

Then the modulations of the desired primary gratings 
become dominant (Ae0; » Aep?). 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.4 In the case 
of regular elements, the projections Kpqy of the grat­
ing vector Kpq in the hologram plane (y axis) are all 
integer multiples of the lowest frequency 2T7V, 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 

2 AeM cos(Kp,x - %q) = X Aep? cos(2-rrmvy 
q>p q>p 

DQ Z ^DO ' pq/ (4) 

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

_ A X 
h ~ H ~ 5n[l - cos(a/2)] 

(6) 

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). 

III. 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) + k2e(y,z)E(y,z) = 0, (7) 

where k = (2TT/\), and e.(y, z) 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: 

N M 

E(y,z) = E0(y,z) + YJEl{y,z)+ 2 Ei(y,z), (8) 
! = 1 =JV+1 

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

Ei(y, z) = Bifàexpi-jkiX), (9) 

where Bt(z) are complex amplitudes. 
The waves Ei(y, z) are generated by diffraction of 

an incident beam (km ) at a grating Kpq. The wave 
vectors k, are then determined by the beta-value 
construction, namely 

V =*„ K y q > p = 0, . . . , AT - 1; 
i, m = 0, . . . ,M. (10) 
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For the z components we obtain 

kf = [k\a - ( ^ ) 2 ] 1 ' 2 . (11) 

The coupled-wave equations are now obtained by 
introducing the electric field [Eq. (8)] into the HeIm-
holtz equation (7). This yields 

COS em = -Ji Z ^mnCn, dz 
m = 0,...,M, (12) 

n=0 

where C; = B1 exp( -jk? ) . The reason for this substi­
tution is to separate the wave parameters, which are 
described by the coefficients Cj, and the independent 
grating parameters, which are described by the ma­
trix Wmn. Note that the matrix must be Hermitian, 
i.e., 7fmn = 7fnm*, and that the diagonal elements are 
equal to zero, i.e.,Wmm - 0. 

For a simple coupling between two waves Em and 
En through one grating Kpq, we get 

= Xp9 = «pa exp[j(-Kpi + * „ ) ] • (13) 

K p 9
 — fà&£pq /4 is Kogelnik's coupling coefficient for the 

grating Kpq. 
We have to consider that each beam Em diffracts at 

all gratings. In our degenerated case all gratings 
with equal periodicity, i.e., equal Kpqy, diffract light in 
the same direction. Their coupling coefficients have 
to be added coherently, which means that 

= 2 Xpqi (14) 

for q - 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 K01, K02, and K03, 
and the three intermodulation gratings K12, K23, and 
K13. For further reading, I waves are the intermod­
ulation waves generated by diffraction of the readout 
wave at the intermodulation gratings Kpq, and S 
waves are the secondary waves generated by diffrac­

tion of the object waves at the intermodulation 
gratings Kpq. 

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 JV primary gratings 
K0J and N(N - 1)/2 intermodulation gratings 
Kp,, where q > p = 1, . . . , CAT - 1). 

• The primary gratings are thick; 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(AT - 1) 
secondary waves (S waves), and 2(N - 1) inter-
modulation waves (I waves) are generated. 

• Any possible coupling between the waves Em 

through the gratings K0J and Kpq are accepted. 
• Coupling coefficients Xp9 of gratings with equal 

periodicity, i.e., equal Kpq
y, 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 
at z = 0 are C0 = 1 and Cj = 0 for i = 1, . . . , M. 

The diffraction efficiency T\T of all object waves is 
obtained from Eq. (15): 

Tir 

with 

= 2 1 I M 

COS 9; 

COS Qn 
Cj|2, i = l,...,N. (15) 

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

•»1«. 7Vn 

Wi 
(16) 

O-waves 
1 2 3 

Reference 
0 

l-waves 
10 11 

^ 1 2 ' 23 I "03 

"01 

Fig. 2. Spectrum of the waves included in our model for a fan-out 
of Af = 3, and possible interactions for object wave (O wave) no. 2 
through primary gratings K0, and intermodulation gratings Kpq. 

Below we distinguish between the corrected case and 
the uncorrected case. The corrected case has opti­
mized phases <i>pq 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 $P 9 have been determined by numerical 
optimization.4 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: (J)1 = (J)3 = 0, 4>2 = TT/2. 
• For nine object beams: ^ 1 = <j>9 = 1.77219, (J)2 = 

<t>8 = 0.13512, (J)3 = cf>7 = 3.88710, <J)4 = <|>6 = 
2.45465, <j)5 = 3.14159 rad. 

• Uncorrected worst case: fa = 0. 

Note that %q = fa - fa. 
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Table I. Results for a Fan-out of N = 3° 

0.01 0.02 

Modulation 
0.03 0.04 

(a) 
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H3 u.U"] 
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* * * * * * 

* 
i i 

* * * * 

*"̂ ^̂  

i 
0.00 0.01 0.02 0.03 

Modulation AE 
0.04 

(b) 
Fig. 3. Results for a fan-out of N = 3: (a) Total useful diffraction 
efficiency T\T 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 \ = 0.488 txm, n = 1.5, S = I, 
e0 = 30°, Aa = 1°, and d = 15 |xm. 

Figures 3 and 4 show the total useful diffraction 
efficiency T\T and the uniformity error e as a function 
of the modulation amplitude Ae = Ae0,; 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 
yW smaller than in the case of a single grating. 

The angular separation of the fan-out is indicated 
by the angle Aa = 6i+1 - 6,: between two neighboring 
object beams. Tables I and II present the maximum 
diffraction efficiency t]T 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-

Interbeam 
Angle, 

Aa 

0.1° 

0.1° 

0.1° 
1° 

1° 

1° 
5° 

5° 

5° 

Beam 
Ratio, 

B 

1 
5 

10 
1 
5 

10 
1 
1 
5 

10 
1 
5 

10 
1 
1 
5 

10 
1 
5 

10 
1 

Modu­
lation, 

Ae 

0.013 
0.017 
0.018 
0.021 
0.022 
0.024 
0.021 
0.016 
0.020 
0.021 
0.024 
0.026 
0.026 
0.024 
0.024 
0.026 
0.026 
0.025 
0.026 
0.026 
0.025 

Maximum 
Useful 

Diffraction 
Efficiency, 

rir 

0.23 
0.40 
0.44 
0.62 
0.78 
0.81 
0.62 
0.32 
0.55 
0.60 
0.82 
0.94 
0.95 
0.82 
0.75 
0.94 
0.97 
0.85 
0.96 
0.97 
0.96 

Uniformity 
Error, 

e 

0.63 
0.15 
0.12 
0.20 
0.28 
0.30 
0.20 
1.10 
0.58 
0.41 
0.33 
0.16 
0.12 
0.32 
1.73 
0.75 
0.51 
1.35 
0.80 
0.60 
0.60 

uncorrected 

corrected 

corrected6 

uncorrected 

corrected 

corrected6 

uncorrected 

corrected 

corrected6 

"The recording parameters are \ = 0.488 |xm, n = 1.5, 8o = 30°. 
and d = 15 (j,m. 

6See 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 T|T ~ 94% with a relatively good 
uniformity of e < 0.2. 

All calculations have been made with the following 
parameters: wavelength X = 0.488 u-m, refractive 
index of the holographic medium n = 1.5, thickness of 
the medium d = 15 |j,m, and reference beam angle 
60 = 30°. 

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 Af object waves 
through the primary gratings K0,-. In reality, an 
unwanted cross coupling between the object waves (O 
waves) and intermodulation waves (I waves) through 
the efficient gratings K0; also occur, as shown in Fig. 
2. These interactions are influenced by the phases 
3½, 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 

10 September 1992 / Vol. 31, No. 26 / APPLIED OPTICS 5719 



I .U 
H 

^ 0 . 8 -

0 * 0 . 6 -

J 0.4-
O 
St 0.2-
UJ 

U-U -I 

M ' \ / J * V X 

1 1 T ^ 

Table II. Results for a Fan-out of N = 9° 

0.00 0.01 0.02 
Modulation 

0.03 
Ae 

0.04 

(a) 

O) 

0 4 H 

0) 3 

£ 2H 

1 -

ë ° 

1 ; * 1 » # * 

« » « , t , v 
V 1 1 « » 

% 1 > i 

i t » » 
1 » ' » 
1 » » « 

1 1 1 
0.00 0.01 0.02 0.03 0.04 

Modulation AE 

(b) 
Fig. 4. Results for a fan-out of N = 9: (a) Total useful diffraction 
efficiency T^ versus the modulation amplitude At. 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 X = 0.488 |im, n = 1.5, B = I, 
90 = 30°, Aa = 0.1°, and d = 15 ^m. 

assume that wave i fulfills the Bragg condition. It 
has been generated by diffraction at the grating K0;. 
The neighboring wave i + 1 can also receive light 
through the same grating K0;, but this interaction is 
now off-Bragg. The coupling remains efficient if the 
phase mismatch is less than 2TT. 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 = X/Oi tan 90Aa), (17) 

where Aa = a/(N - 1) is the interbeam angle be­
tween two neighboring beams, G0 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. 

Interbeam 
Angle, 

Aa 

o.r 

0.1° 

0.1° 
1° 

1° 

1° 
3° 

3° 

3° 

Beam 
Ratio, 

B 

1 
5 

10 
1 
5 

10 
1 
1 
5 

10 
1 
5 

10 
1 
1 
5 

10 
1 
5 

10 
1 

Modu­
lation, 

At 

0.030 
0.050 
0.038 
0.015 
0.015 
0.015 
0.015 
0.021 
0.036 
0.042 
0.015 
0.015 
0.015 
0.015 
0.024 
0.016 
0.016 
0.016 
0.015 
0.015 
0.016 

Maximum 
Useful 

Diffraction 
Efficiency, 

•x\T 

0.45 
0.34 
0.47 
0.94 
0.97 
0.98 
0.94 
0.30 
0.41 
0.42 
0.96 
0.97 
0.98 
0.98 
0.77 
0.89 
0.94 
0.83 
0.95 
0.97 
0.83 

Uniformity 
Error, 

e 

4.20 
4.10 
3.91 
0.19 
0.12 
0.12 
0.19 
3.21 
2.93 
4.70 
1.51 
0.73 
0.57 
0.35 
1.09 
0.86 
0.79 
3.95 
1.68 
1.11 
2.44 

uncorrected 

corrected 

corrected6 

uncorrected 

corrected 

corrected6 

uncorrected 

corrected 

corrected6 

"The recording parameters are X = 0.488 |i-m, n = 1.5, 60 : 

and d = 15 jim. 
6See Section V. 

30° 

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 At. 

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 h, 
which is given ëy Eq. (6). For larger fan-out angles 
a, the depth h becomes short, and therefore undesired 
intermodulation gratings are recorded. As a result 
the uniformity error increases, as observed for Aa = 
5°, i.e., a = 10° (Table I), and Aa = 3°, i.e., a = 24° 

Off-Bragg behavior 

Fig. 5. Wave i fulfills the Bragg condition when diffracted at the 
grating K0,, whereas wave K; + i is off-Bragg. If the phase mis­
match becomes 2TT, the coupling is no longer efficient. 
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(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 <I>pQ for minimum 
intermodulations at the point z = 0, i.e., at the 
surface of the holographic emulsion. If we would 
place the plane with minimum intermodulation in the 
center of the hologram at z = d/2, the uniformity 
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 Kpq. 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 Kpq are not recorded, 
whereas the strong cross coupling through primary 
gratings K0; is present. 

Vl. 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 2?;(x) = A x 
exp[-j(k,x + <|>,)] and one reference wave E0(Tc) -
A0 exp[-j (It0X + 4>o )] are present. As shown in Eq. 
(1), the irradiance 7(x) in the hologram plane is given 
by 

N 

S E1 + E, 
i = \ 

/ ( X ) = 

= A0
2 + NA2 + 2A0A 2 COS(KOÌX - <ï>0i) 

N 

1 = 1 

+ 2A2 2 cos(KP9x - %q), (18) 
q>p=l 

with %q = %-<frq and Kpq = kp - k,. 
Figure 6 shows the irradiance I (x) in the hologram 

plane (y axis) for optimized phases and for the worst 
case (O0J = <£>Pq = 0), respectively. Both cases are 
calculated for maximum contrast, i.e., /min = 0 and for 
the same maximum irradiance 7max. In the uncor-
rect case (3½ = <ì>pq = 0) all gratings are in phase at 
x = 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 K0; are never all in phase at the same 
position, and the intermodulation term, which con­
tains the gratings Kp,, disappears nearly perfectly. 

0.01 ' ' ' ' * ' 

(a) 

I I I — T 1 T " T 1 I T I 

/^VU/ww 
I I 1 1 I I » I I » 

(b) 
Fig. 6. 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. 

Then the first summation in Eq. (18) yields 2A0AsJN 
and the second summation, i.e., the intermodula­
tions, can be omitted. The maximum and minimum 
values of the irradiance are found to be 

/max = (A0 + ^NA)2, /min = (A0 - y/NA)*, (19) 

for the corrected case, and 

/max = (A0 + NA)2, /min = (A0 - NA)2 (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 /min = 0, which gives the relations 
A0 = \JNA and A0 = 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 Ae0; 
for the primary gratings K01, as shown in Eq. (2), is 
proportional to 2A0A. Assuming that the recording 

10 September 1992 / Vol. 31, No. 26 / APPLIED OPTICS 5721 



material saturates at a level corresponding to an 
irradiance of 7max = 7S, we then find from Eqs. (19) 
and (20), with /min = 0, that 

Ae0i oc 2A0A = 2V̂ VA2 = Is /2y/N (21) 

for the corrected case, and 

Aeoi oc 2A0A = 2NA2 = 7S/2N (22) 

for the uncorrected case, which means that the 
recorded modulation Ae0; for the primary gratings is 
\/N 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 <J); 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.8 In this case the object 
is a regular array of coherent sources with identical 
phases 4>; = 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-

(a) (b) 
Fig. 7. Object waves (a) on-axis and (b) off-axis; the holographic 
optical element (HOE) becomes focusing for d > /"and nonfocusing 
f o r d = / 

(a) (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 s 2 and for inclined objects is proportional 
to (s cos 9)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 s2 and (s cos 9)2, 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 v directions, 
namely Ax = s and Ax = s/cos 9. 

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 formation with 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.6 Analo­
gous to Figs. 7 and 8, there also exists an off-axis 
arrangement of Fig. 9. 

VIII. 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 t = X/(n tan 90Aa), where 90 
is the angle of the reference wave and Aa the angle 
between the fan-out beams. A typical value is t - 32 

Fig. 9. 4-/ system for copying fan-out elements, with magnifica­
tion m =/2 / /1 , where d — /2. Focusing power can be included if 
d>f2-
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um for \ = 488 nm, n = 1.5, 90 = 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 into a transfer matrix formalism, enabling a general treatment of the boundary 
conditions. The off-Bragg characteristic 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 at the same angle as used for the recording requires careful control of all parameters. 

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. Twp 
of them involve the object beam, while the third is 
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 2 

Prism 

Reference beam ^ Substrate 

(a) 

. y 
Readout beam 

k 

Prism 

TIR beam 

(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/S05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved. .5 



Volume 89, number 1 OPTICS COMMUNICATIONS 15 April 1992 

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 

Ei(y, Z)=A1U1 exp[-i(qrx-<Pi)], /=0, 1,2, 
(D 

where ¢, are the wavevectors at recording, At the real 
amplitudes, K, the unity vectors in the direction of 
the polarizations, and #>, the constant phase factors 
defined at y=z=0. The index / denotes the reference 
wave ( /=0), the object wave ( /=1), and the TIR 
wave ( /=2) . Note that A2=A0 and that for the s po­
larization Ui= (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 

<p2=<p0+QTlR(6)-2ßdcos(d) (2) 

where 8 is the angle of incidence of the reference 
wave, d is the thickness of the holographic film, ß is 
the length of the wavevectors at recording and 
^TiR(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 

e(y, z) = ea+ô\E0 +E1 +E2] (3) 

where ô is the proportionality factor and €a 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 

e(y,z) = ea+S £ Af+ £ At» COS(KiJ-X-&ij) . 
/ = 0 / < / = l 

(4) 

Three gratings are recorded simultaneously. Their 
grating vectors K0, relative phases 0O and modula­
tion amplitudes Ae0 are given by 

Ku = Qi-Qj, 

&ij=<Pi-<Pj, / < / = l , 2 , 

Aejj = 2óAjAjUj-Uj. (5) 

Note that for p polarization the effective modulation 
level is U1-Uj times smaller than for s polarization. The 
recording process of the hologram changes the av­
erage value ea of the dielectric permittivity to a new 
average value ea. 

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: 

AT* I 
Ax ij I new " 

••KÏA 

1+5 
K ij I old : (6) 

where 5 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 k0, as shown in fig. Ib. 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 

E(y,z)= X B,(z) Ui exp(-ikj-x) 
/=0 

(7) 

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

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

qo=ß(0, sino, coso) , « , = 0 ( 0 , 0 , - 1 ) , 

«2 = A(O, s ino , -coso) , (8) 

where 6 is the incidence angle of the reference wave. 
The hologram is reconstructed with the readout wave 
A0=/?' (0, sin 0', cos 9'), where 6' is the incidence 

6 
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angle. For the choice of readout wave indicated in 
fig. Ib, 0'<O. Due to the change of the average di­
electric permittivity €a, the length /?' = (2JCNZCI )/A is 
different from ß at recording, even for the same 
wavelength A. The directions of the reconstructed 
wavevectors k, are then determined by the /?-value 
method [6]: 

k\ = k0'-K\2=ß' sin 6' + ßsin 0, 

A:? =*:¾ — AT^2 = > ? ' s i n ö ' ; 

/ci=N//?'2-(/cS)2. (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) + (2TC/A)2 e{y, z) E(y, z) =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: 

j - * o = - i - ^ e x p [ i ( A f c l 2 z + 0 1 2 ) ] B1 az cos o 

Kp2 

cos 0 ;exp[i(Afco2z+0o2)] B1, 

— Bt = -IK10 exp[ - Ì ( A K 1 2 Z + 0 1 2 ) ] B0 

- I K 1 2 exp[UAK01 2+ ¢01 ) ] B2 : 

K20 

az cos 0 

K2i 

7exp[-i(AKO 2z+0O 2)] A) 

+ i ^ o f^exp[ - i (Afc o l z+0o 1 ) ]5 1 ( H ) 

where 0' is the incidence angle of the readout beam 
A0- The off-Bragg factors are defined by 

A*12 = fc5-fcf-*t2, 

ArCg2 = k0 — k2 -K02, 

Ak0,=k\-k\-Kox. (12) 

The z-components of the grating vectors K12 and the 
wavevectors Ä, are obtained from eqs. (5), (8) and 
(9). 

In the case of the special geometry shown in fig. 1, 
with A0=A2, we found for the coupling coefficients 
ineq. (11) K01 = K10=Ki2=K21 = Kr1 and K02=K20=K2, 
with 

Ki=ß'Ae0i/4e'a, K2 = ß'Ae00/4e'a 

for the s polarization and 

Ki = (ß'Aeol/4e'li)u'o-u'i , K2=O, 

(13) 

(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': 

B0[O) =exp(ip0) , 

A1(O)=O, 

B2(d')=B0(d') exv{i[QTlR(9')-2ßd'cos(d')]}, 

(15) 

where Ì2T IR(0 ' ) 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 (pg can 
be seen more clearly when the complex amplitudes 
Bp are substituted by 

C„(z)=Bp(z) exp(iç>,) , p, q=0, 2; 1, 1; 2, 0 . 
(16) 

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

(d/dz)C0 = -i(K1/cosf?') exp(iAK,2z)C, 

- Ì ( K 2 / C O S 0') exp(iAKo2z)C2, 

(d/dz)C] = —ÌK, exp( — ÌAK1 2Z)C0 

— IK1 CXp(IAK01Z)C2, 

(d/dz)C2=i(K2/cos0') exp(-iAKo2z)C0 

+ Ì ( K , / C O S 0 ' ) exp(-1AK 0 1 Z)C 1 . (17) 

The coupled wave equations ( 17 ) are now indepen­
dent of the relative phases 0PQ=(pp—(pq of the grat­
ings. The relevant phase information is grouped in 
the new boundary conditions, obtained from eq. 
(15), 

C0(0)=exp[i(p0+$?2)] , 
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C 1 ( O ) = O , 

C2(d') = C0(d') exp(iA^) (18) 

with Ay/=ßT I R (0 ' ) -ßT I R (0) -2[ßd'cos(6') 
-ßdcos(d)]. 

The constant phase <p0 + <p2 of the coefficient C0, 
describing the readout beam at z=0, has no impor­
tance, because it causes only a common phase shift 
of the three waves. The phase Ay/ of the coefficient 
C2 at z=d', however, has a strong influence on the 
solutions, because 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. 

Vi 
k\ IW)I 
*5 IC0(O)I 

(20) 

which is the fraction of the incident power coupled 
into the reconstructed object beam. The substitution 
of the boundary conditions ( 18 ) into eq. (20 ) yields 
for C0(O) = I 

(M00- ' 
Vi 

kl 
k0 

Ml0+Ml2 
-M20 exp(—iA(^) 

AZ02 -Af22 exp( -iA((/) 

(21) 

4. Discussion of the results 

3. Transfer matrix for numerical solutions 

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 coupled wave 
equations again. 

The coupled wave equations ( 17 ) represent a lin­
ear system of differential equations for the unknown 
coefficients Ci{z). Such a system can be described 
by a transfer matrix Mpq, that transforms an input 
vector C(O) = (C0(O), C1(O), C2(O)) at z=0 into 
an output vector C(d') at z—d', namely 

C W = [ M ^ ] - C ( O ) 1 p,q=0, 1,2 (19) 

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

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

The figs. 2 to 4 present the diffraction efficiency, 
calculated from eq. (21 ), as a function of the read­
out angle 9', 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 

-44 -46 -48 
6' [deg] 

(a) 

[deg] 

(b) 
Fig. 2. Diffraction efficiency rç, versus readout angle 0' for 0% 
shrinkage, (a) s polarization, (b) p polarization. 
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50 

(b) 

Fig. 3. Diffraction efficiency t], versus readout angle 6' for 1"! 
shrinkage, (a) s polarization, (b) p polarization. 

•46 -48 

[deg] 

(b) 

Fig. 4. Diffraction efficiency tjt versus readout angle 8' for I", 
swelling, (a) s polarization, (b) p polarization. 

following parameters have been used: 1=0.488 um, 
"a= v^a = 1.5, ^= 15 urn, 0=45°,andA0=A1 , which 
means equal intensity for the reference and the ob­
ject beams. We have assumed the same value for the 
coupling factor K1 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 Ae01 

= 20(A0)
2 = 0.026 for s polarization and 

Ae01 = 2<5(,40)
2 cos(0) =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 ô as for the exposure of 
the gratings. The resulting values for the refractive 
index are Ha = 1.51 for s polarization and «J, = 1.53 
for p polarization. 

A key element is the Lippmann grating K02, 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. 

The amplitude of the object beam A1 is coupled to 
the readout beam A0 and to the TIR beam A2 through 
the gratings K12 and UT01, respectively. These two 
contributions are added coherently. Therefore the 
phase shift Ay/ between the readout beam and the TIR 
is important. The phase shift A^ 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 A^. For Ao'= 1° the phase shift A^ 
changes by more than 2TC. 

In the ideal case, i.e. if the recording and the read­
out parameters are identical, the Bragg angle for high 
diffraction efficiency is 0'=—45°. Shrinkage or 
swelling (figs. 3 and 4), and also the change of the 
average permittivity e'a (figs. 2, 3 and 4), shift the 
Bragg angles at readout. The shift is different for the 
three gratings K0. Large shrinkage or swelling will 
separate the angular regions where the gratings K0, 
and JST12 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 Kn (left) and K01 (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 
Af0, for the transmission grating K12 at the shifted 
Bragg angle 9'. For 1% swelling we get 9'= —44.6° 
and A€0i = 0.042 for s polarization, respectively 6'= 
— 44.3° and Ae0I = 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-

I • 

• 4 2 -44 

9' 
-46 -48 
[d€ * ] 

i 
-50 

(a) 

e' [deg] 

(b) 

Fig. 5. Diffraction efficiency ^1 versus readout angle 6' for 1% 
swelling. Optimized transmission gratingUf12. (a) s polarization, 
(b) p polarization. 

I 1 '' ' i ' 
-55 -50 -45 -40 

9' [deg] 

Fig. 6. Measured diffraction energy i/, versus readout angle 6'. 
Material: photopolymer HRS 352, da 16 |im, s polarization. 

gle, because any change would introduce aberra­
tions. It is difficult to record a hologram without a 
change of the average permittivity e'a, 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 9' = — 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 >7i « 80% at 9'= - 50° and a second smaller 
one at 9'= —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 coupled 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 

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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Abstract. Total internal reflection (TIR) holographic lithography 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. 
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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 interconnects, and off-axis elements, in particular, are 
of interest for the realization of integrated planar micro-
optical systems.2 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.3 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.4-6 

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-
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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) writing4 and by two-beam holographic recording 
in photoresist with an optimized object beam.7 For industrial 
fabrication, however, photolithography is more convenient. 
The accurate transfer of submicrometer features (<0.5 u,m) 
requires the use of advanced lithographic equipment, such 
as deep-UV, x-ray, or phase-shift lithography. 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.8'10 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-out gratings in 
transmission is represented in Fig. 1. The grating structure is 
illuminated from the substrate of refractive index ns with a 
TE-polarized, monochromatic plane wave at the Bragg angle 
8ß = arcsin(X/2nv<ir), where X. is the free-space wavelength 
and dc is the period of the carrier grating. The carrier grating 
is modulated so that it generates the desired fan-out function 
in the — 1st 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 — 1 st diffraction orders are prop­
agating in the output medium (n = 1 ), if the carrier grating 
period is in the range 0.5X <dc < 1.5\. Rigorous analysis has 
shown that in this case, high -1s t order diffraction effi­
ciencies can be achieved for Bragg angle incidence and for 
an appropriate choice of the binary grating parameters.5 

The modulated high-frequency grating structure for off-
axis fan-out generation can be efficiently calculated using 
hybrid encoding schemes,4-6 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 

elements, the strip geometry of Ref. 6 is advantageous for 
mask encoding. 

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

T(x) = - + - sign {cos[2irx/yc- 4>(x)]} (2) 

where sign(x) = 1 forx>0 and sign(x) = - 1 forx<0. This 
results in a pulse-frequency-modulated carrier grating with 
a local filling factor (f= wldL) equal to f= 0.5. If the period 
A of the fan-out function 4>(x) is an integer multiple of dc, 
i.e., A = Ndc, the overall period of T(x) becomes equal to A 
and is completely defined by IN transition points X1, deter­
mined from Eq. (2). 

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

h(x) = h0[\-T(x)] , (3) 

where h0 represents the relief depth. Because the carrier grat­
ing is locally only weakly perturbed, the efficiency in the 
— 1 st order can be optimized using rigorous diffraction theory 
by considering only the carrier grating. 

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

/(x) = - + - cos[2-nx/dc-$(x)] , (D Tl= X1H/ . (4) 

where 4>(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 T| F is achieved by 
calculating an on-axis fan-out element <I>(x) with a continuous 
phase function using iterative Fourier optimization. ' ' For 2-D 

0 order 

1st order 

Fig. 1 Readout geometry of high-carrier-frequency off-axis fan-out 
gratings in transmission. 

where T), are the efficiencies of the /V fan-out diffraction 
orders. We can estimate the value of the diffraction efficiency 
T) in the hybrid encoding approach by calculating the hybrid 
diffraction efficiency r\H, which is determined by r\H 

= r\_ 1r\F, where r\_, represents the — 1st order efficiency 
of the carrier grating and r\F is the efficiency of the paraxial 
fan-out element. The value of r\F indicates the fraction of the 
power inside the — 1st carrier grating order, which falls in 
the ideal case into the desired N fan-out orders. 

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

'I max - T i n 

Tlmax + T)n 

(5) 

where r\mm and T|min are the maximum and minimum effi­
ciencies of the fan-out diffraction orders T|,. 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-out element of period 
A= 125.0 u.m with a carrier frequency of 1000 lines/mm. 
The continuous phase function of the on-axis 9 X 1 fan-out 
element was optimized according to Ref. 11. It offers a high 
fan-out efficiency of T) F = 99.3% and a uniformity error be­
low 0.1%. In this case, the carrier grating period of the am­
plitude transmittance function T(x) in Eq. (2) varies contin­
uously between 0.96 and 1.04 |j.m. 
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Fabrication of the amplitude mask by e-beam writing12 

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 800 X 800 |xm2. 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 
4>(x) up to TTaZd0 = TrZlO. In addition, rounding introduces 
fast modulation on the carrier grating period dc 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,13 as described in Refs. 5 and 14. We consid­
ered readout with a TE-polarized HeNe laser of wavelength 
X = 633 nm at the Bragg angle, as shown in Fig. 1. Refractive 
indices of ns= 1.515 for the BK7 glass substrate and 
ng = 1.645 for the photoresist are assumed. In this geometry, 
two additional carrier grating diffraction orders, the + 1st 
and — 2nd orders, are below cutoff in the air region and in 
the substrate region. The evolution of the diffraction effi­
ciency in in the fan-out orders and the uniformity error u 
as a function of the relief depth h0 are shown in Fig. 2. 
The continuous curve represents the hybrid efficiency 
TI H = T] _ ]T| F, where only the — 1 st order carrier grating ef­
ficiency T) _ i is rigorously calculated and r\F represents the 
efficiency of the on-axis fan-out solution. The markers rep-

0.8-

0.5 

Relief depth h0 [urn 

Fig. 2 Performance of the high-carrier-frequency fan-out gratings in 
photoresist as a function of relief depth h0: solid line, calculated ef­
ficiency T] H in the hybrid approach; x markers, rigorously calculated 
efficiency T| 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 T) (X 
markers) and the uniformity error u (o markers) of the mod­
ulated carrier grating structure of period A = 125.0 p.m. 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.13 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. 
It is seen that the hybrid efficiency r\H is a good approximation 
of the rigorously calculated efficiency T), even in the case of 
a large uniformity error. In the region of maximum efficiency, 
around h0 = 1.2 |xm, 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 h0 < 0.4 |xm. For deeper grat­
ings, the uniformity error increases up to 40% and the hybrid 
encoded solution fails. It was found that in this region of low 
efficiency, the — 1 st order efficiency of the carrier grating 
depends strongly on the variations of the carrier grating pe­
riod dc. 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=].2 (xm, again a low uniformity error in the order of 
u = 5% is reached. In this region the — 1st 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 |xm 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.8'9 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 
dg = 100 |xm. 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 dg. 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, '6 we analyzed the diffraction 
behavior of TlR holograms recorded with plane waves by 
using a model 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.17 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 

i 1 r 
20 30 40 50 
Exposure energy [a.u.] 

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-resolution features. 

The intermediate TIR volume hologram of the fan-out 
mask was recorded in a 15-|xm-thick layer of the photo-
polymer material (HRS 352 without dye) from Du Pont18 

using an argon laser at X. = 363.8 nm. The final elements are 
printed into a layer of g//-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 Results 

The off-axis 9 X 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 dc = 1.0 jxm. A bi­
nary relief with almost vertical sidewalls and a filling factor 
of/= 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 u.m 
indicates that, using 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 h= 1.15 (xm by measuring the thickness of the 
photoresist layer at a large opening in resist near the grating 
region with a mechanical stylus. We measured the efficiency 
of the 9 X 1 fan-out signal in the - 1 st transmission order 
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Fig. 6 Fan-out efficiency as a function of the readout wavelength for 
TE polarization: o markers, measured efficiency values with mean 
error; x markers, rigorously calculated efficiency -n of the modulated 
carrier grating; and solid line, calculated hybrid efficiency -nH of the 
carrier grating. 

(b) 

Fig. 5 SEM pictures of the fabricated modulated high-carner-
frequency surface relief grating in photoresist: (a) cross-section view 
of the relief profile and (b) top view on a larger scale. 

over the near-IR region, where the grating reaches its max­
imum efficiency. As a light source for the measurement, we 
used a tunable titanium-sapphire laser. The measurements 
were made with TE-polarized light for Bragg angle incidence 
from air to the grating medium. A wedge was index matched 
at the back side of the substrate, to eliminate fluctuations of 
the diffraction efficiency resulting from Fabry-Pérot effects 
in the substrate. Figure 6 represents the measured values (o 
markers) with error bars. Fresnel reflection losses at the 
wedge-air interface were compensated. A maximum effi­
ciency of f]"=17% is obtained for a wavelength of \ = 830 nm. 
For comparison, we also plotted the rigorously calculated 
efficiency TJ of the modulated grating (x markers) and the 
hybrid efficiency r\H (solid line), as described in Sec. 2. For 
the calculation, refractive index dispersion curves for the BK7 
glass substrate and for the photoresist are taken from the 
manufacturers data sheets. Good agreement between the mea­
sured efficiency and the rigorously calculated values is ob­
tained. The high diffraction efficiencies near 90% in the re­

gion of X = 860 nm and the pronounced decrease predicted 
by the hybrid efficiency calculation are not observed in mea­
surements. The measured behavior, however, is confirmed 
by the rigorous calculation of the modulated structure and 
can be explained by the fact that in this region, the — 1st 
order efficiency of the carrier grating is sensitive to frequency 
modulation. The differences of the measurements compared 
to theory of the order of 5% are caused by scattering losses, 
absorption in the photoresist, and deviations from the ideal 
relief parameters, which are not considered in the theoretical 
model. 

The uniformity of the fan-out elements was characterized 
using a HeNe laser at \ = 632.8 nm. The measurements were 
made by scanning with a detector through the spot array in 
the back focal plane of a lens for incidence from the substrate 
to air with TE polarization. Therefore, they can be directly 
compared to the calculated encoding errors in Sec. 2. At this 
wavelength, we measured a diffraction efficiency of about 
70%, which corresponds to the rigorous value calculated in 
Fig. 2. To determine the quality of the TIR holographic lith­
ographic process, we analyzed the fan-out function of the 
original amplitude mask and the copy in photoresist. Mini­
mum uniformity errors are found, when one scan field 
(800X 800 p.m2) of the e-beam writer is illuminated. In this 
case, about six periods of the fan-out function are illuminated 
and small random positioning errors inside the scan field are 
averaged. The amplitude mask produces uniformity errors of 
the order of 5%, which are only slightly higher than the 
predicted value of 3% by scalar theory. The binary surface 
relief grating in photoresist generates larger uniformity errors 
of about 9%. However, uniformity errors of this size are 
predicted by the rigorous analysis shown in Fig. 2 for a relief 
depth of à*= 1.15 p.m. Therefore, they were not introduced 
during the TIR holographic printing. Figure 7 shows an in­
tensity line scan through the array generated by the off-axis 
fan-out elements in the photoresist. If more than one scan 
field is illuminated, the uniformity error of both elements 
fluctuates strongly, depending on the position of the element. 
In this case, larger stitching errors between the scan fields 
degrade the performance. If the whole element (1Ox 10 mm2) 
is illuminated, the amplitude mask and the element copied 
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Fig. 7 Measured far-field intensity distribution of the 9 x 1 fan-out 
diffraction orders. 

in photoresist generate again a fan-out with good uniformity: 
6% uniformity error for the mask and \0% for the copy. 

5 Conclusions 

Off-axis fan-out gratings with a carrier grating frequency 
equal to 1000 lines/mm were fabricated using an unconven­
tional lithographic approach, based on TIR holography. In a 
single holographic printing exposure, rectangular grating 
shapes with deep relief depths up to 1.15 u.m were achieved 
in photoresist, which resulted in fan-out efficiencies close to 
80% in transmission for near-IR light. Optical characteri­
zation of the fabricated elements showed that the measured 
efficiency and uniformity is close to the ideal performance 
of the encoded element over the printed area of 1 cm2. The 
fabrication process is not yet limited by the resolution of the 
photolithographic step, so that the printing of even smaller 
period grating structures with good optical quality and over 
much larger areas is realizable. The results demonstrate 
clearly that TIR holographic lithography is able to provide 
high-quality, binary DOEs with submicrometer surface relief 
features. It is therefore an interesting solution for the fabri­
cation of a broad range of high-resolution elements, including 
grating couplers, off-axis lenses, and Dammann gratings with 
large diffraction angles. 
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