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Continuous-relief fan-out elements with optimized
fabrication tolerances

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-efficiency continuous-phase fan-out solution and optim-
ize the position of the 0-2+ 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 infiuence 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
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1 Introduction

Space-invariant fan-out elements are key components for op-
tical interconnections and also find applications in optical
sensors 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 require-
ments on fan-out elements are high efficiency and, in general,
a uniformity error in the generated spot array below 10%.

On-axis diffractive optical elements (DOEs) with high
diffraction efficiency require the fabrication of a kinoform,
which can be realized by either a continuous' or a multilevel®
surface-relief grating structure. Unfortunately, low uniform-
ity errors require very accurate fabrication of the surface-
relief profile, which is difficult to achieve with both tech-
niques.!3 As a consequence, fabrication-error tolerances are
important 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 that can be fabricated by laser beam
writing. Alternative fabrication approaches for such struc-
tures are direct electron-beam writing* and gray-tone mask
lithography.> These technologies produce the desired surface
relief in a single lithographic step. Therefore, they can achieve
high lateral positioning accuracy. However, vertical profile
depth errors are more difficult to control and are mainly re-

*Current affiliation: Institut National d’Optique (INO). #69, Rue Franquet Sainte-
Foy, Quebec, GIP 4N8, Canada.

dependence.
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sponsible for poor fan-out performance. The goal of this paper
is to present a design approach for continuous-relief fan-out
elements that have high diffraction efficiency and reduced
sensitivity of the fan-out reconstruction quality to vertical
profile depth errors.

In Sec. 2 we review the design of highly efficient fan-out
gratings. In addition, we consider the inclusion of focusing
power in the fan-out element. The combination of multiple
beamsplitting and focusing in a single planar DOE enables
the realization of compact micro-optical systems. In Sec. 3
we analyze the sensitivity of Fourier-transform and focusing
fan-out elements to profile depth scaling errors. In Sec. 4
fabrication by laser-beam writing is discussed, and the influ-
ence of the finite writing-spot diameter on the fan-out per-
formance is analyzed. Finally, in Sec. 5, experimental results
for cylindrical focusing fan-out elements with smali 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 straightforward. The goal of the fan-out design process
is to determine a phase function ¢/(x) that equalizes and
maximizes the power in the N fan-out diffraction orders,
which are defined by the Fourier.coefficients
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where 4 is the grating period. In order to achieve the highest
diffraction efficiency, we use the phases of the complex am-
plitudes of the diffraction orders A, as free optimization pa-



rameters and calculate, as described in Refs. 1, 6, and 7, an
analog phase function ¢,(x). For the optimization process,
we describe the quality of an NX 1 fan-out function d>f(x)
by the diffraction efficiency
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and by the uniformity error
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where I, I;,, represent the maximum and minimum in-

tensities of the N fan-out diffraction orders I,=|4,,|>. For
regular fan-out elements (no suppressed dlffractlon orders in
the fan-out pattern), high diffraction efficiencies over 90%

are achieved. The dashed curve in Fig. 1 shows one period -

of the continuous phase function ¢,(x) for a 9X1 fan-out
element, which produces the fan-out pattem with a diffraction
efficiency of m=99.3% and perfect uniformity.

2.1 Focusing Fan-out Elements

A focusing fan-out element performs simultaneously the mul-
tiple beamsplitting and the focusing operation. We assume
illumination with a monochromatic plane wave and consider
the readout geometry for a transmissive focusing fan-out ele-
ment 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 &,(x) and a spherical
phase function ¢, (x). Using paraxial scalar diffraction the-
ory,® the focusing fan-out element is described by the com-
plex-amplitude transmittance function

;N o) =P (x) exp{ild,(x) + d,(0)]} , C))

where \ , is the design wavelength in free space, P (x) =rect(x/
D) is the rectangular aperture of diameter D, and the spherical
phase function ¢, (x) can be written in the paraxial approx-
imation as
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Fig. 1 One period of the efficiency-optimized phase function for the
9x1 fan-out element. Dashed curve: continuous phase function;
solid curve: phase function with 0—2 transitions, optimized for high-
est profile scaling-error tolerance.
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Fig. 2 Readout geometry for a transmissive focusing fan-out ele-
ment.

where fis the focal length. The field propagation to the de-
tection plane is then described by the Fresnel diffraction in-

tegral
U(x’,z)=i%'+kj)f 1(x;\) exp[iziz(x’—x)z] dx , (6)

where k=2m/\ and \ is the readout wavelength. Inserting
Egs. (4) and (5) into Eq. (6) and using A=\, the field
distribution U(x’, z=£) in the focal plane at z=f becomes
essentially the Fourier transform (FT) of the fan-out phase
function &, (x):
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where sincx = (sinmx)/(mx). The spot spacing Ax’ in the focal
plane becomes
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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 m and the uniformity error u of the
focused-spot array are then determined by the quality of the
initial fan-out function d)f(x) Figure 3 shows the calculated
irradiance distribution I(x’, z=f)=|U(x’, z=f)]* fora9x 1
focusing fan-out element with D =2.56 mm, A ,=632.8 nm,
d=160 pm, and f= 25 mm, which results in a spot spacing
in the focal plane of Ax' =99 pm. The 9 X 1 focusing fan-
out element yields a maximum diffraction efficiency of
N =99.3% and perfect uniformity.

The realization of the transmittance function 7(x;\,) as a
planar surface-relief DOE requires the wrapping of the phase
function in Eq. (4) to an interval between 0 and an integer
multipie of 2. In the following, without loss of generality,
we restrict the discussion to the case of a maximum modu-
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Fig. 3 Calculated irradiance distribution in the focal plane of the
focusing 9x 1 fan-out element.

lation depth equal to 2. Therefore, the maximum depth A
of the corresponding surface-relief grating structure becomes
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-1 ®

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

W)= [d(x) + b;(x) + o] mod 27 , (10)

where @, is a constant phase offset. The consequences of the
phase wrapping are discrete transitions from 0 to 27 in the
phase profile. Using the phase offset ¢, in Eq. (10), the po-
sition of the transition points can be shifted laterally. This
has no effect on the fan-out quality for an ideal element with
the calculated phase function ¥(x) of Eq. (10). However, as
we show in the next section, the fabrication error tolerances
for the kinoform surface-relief element, which generates the
phase function ¥(x), depend strongly on the position of the
transition points. Therefore, the phase offset ¢, can be used
efficiently 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 ¥(x) and minimize the sensitivity of the
fan-out function to such fabrication errors.

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

t.(x;N)=P(x) explioa¥(x)] , an

where a represents the linear scaling factor, which for a
surface-relief DOE in transmission has the form
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The first factor in Eq. (12) takes into account the wavelength
and material dispersion dependence,’ and B 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 aW(x) has the same pe-
riodicity as the ideally wrapped phase function ¥(x). As a
consequence, the transmittance function of the scaled element
t,(x;\) can be expressed!®!! by a generalized Fourier series
expansion of the variable ¥(x):

t, ;N =P(x) 2, B, explig¥(x)] , (13)

g=~x

where the coefficients are given by
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The g=1 term in Eq. (13) corresponds to the desired fan-
out signal. As a consequence, scaling errors do not influence
the optimized phase function W(x), but they reduce the power
in the signal wave by a factor |B, |> = sinc?(c — 1) and produce
additional noise orders (¢g>*1) with amplitudes B,, which
affect the fan-out signal through interference. Insertmg Eqgs.
(10) and (14) into Eq. (13), we can rewrite the transmittance
function of the scaled element as

N =Px) > explig(eo—m)] sinc(a—g)

g=-—~x

X expligld,(x)+ b1} , (15)

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

In order to define a criterion for the sen51t1v1ty of the fan-
out function to scaling errors, we calculate the average dif-
fraction efficiency

=0.5[n(a=0.9)+n(a=1.1)] (16)
and the average uniformity error
0,=05[u(c=09)+u(a=1.1)] , a7n

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 fab-
rication environment. It follows from Eq. (15) that the power
in the signal fan-out order is reduced by the factor
|B, |>=sin?0.1)=0.9675, and the spurious noise orders con-
tain 3.25% of the total power. In the next two subsections,
we have investigated numerically the sensitivity of the effi-
ciency 7, and of the uniformity error u, to scaling errors for
Fourier-transform and focusing fan-out elements.

3.1 Fourier-Transform Fan-Out Elements

We first have analyzed the scaling-error sensitivity of Four-
ier-transform fan-out elements [¢, (x) = 0]. Using direct write
technologies, the continuous phase function b (x) of a



Fourier-transform fan-out element can either be directly re-
alized or be wrapped to the interval [0, 27r] for the fabrication.
Both possibilities are shown in Fig. 1. In the ideal case, both
approaches yield the same efficiency and uniformity. How-
ever, as will be shown in the following analysis, they have
a fundamentally different response to scaling errors.

In the case of continuous-phase DOEs without discrete
phase transitions, scaling errors modify directly the fan-out
phase function ¢, (x) and therefore affect directly the angular
spectrum of the diffraction orders in Eq. (1). The generalized
Fourier expansion in Eq. (15) is not valid for continuous
phase functions. As a consequence, a strong dependence of
the uniformity error on scaling errors results. We have cal-
culated the far field of the scaled continuous fan-out phase
function exp{ioubf(x)}. The sensitivity criterion [Eq. (17)]
produces a uniformity error of o,=46% for the 9X 1 fan-
out element and of o, =91% for a 45X 1 fan-out element.
In the absence of scaling errors (a = 1.0), both optimized fan-
out elements generate a uniformity error o 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 ¢, (x;\)in Eq. (15)
has to be calculated. Since the fan-out phase function is pe-
riodic, the Fraunhofer diffraction pattern is a discrete func-
tion. Therefore, the fan-out diffraction orders and spurious
noise orders are overlapping, and interference effects are ex-
pected. The dashed curve in Fig. 4 shows the sensitivity o
of the uniformity error for the 9X 1 fan-out element as a
function of the phase offset ¢,. For comparison, we have
also plotted the uniformity-error sensitivity o of the contin-
uous phase function without discrete transitions. It is shown
that by choosing an optimum value for ¢,, the interference
effects between the fan-out orders and the spurious noise
orders are minimized and the uniformity-error sensitivity o,
is reduced from over 40% to 8%. The phase function of the
9 X 1 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 u, can be
reduced by a similar amount, but no longer below 10%. This
result can be seen in Fig. 5 for the 45 X 1 fan-out element,
where only a minimum uniformity sensitivity of o,=30% is
achieved.
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Fig. 4 Uniformity error sensitivity o for the 9 1 fan-out element as
a function of the phase offset parameter ¢, for a phase function with
0-27 transitions (dashed curve). The value of o for the continuous
phase function is indicated for comparison (solid curve).

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 ¢,(x) and produces in the
far field a single peak on the optical axis. Since the amplitude
of one fan-out order scales as (n/N)*> with increasing fan-
out number N, the interference of the central fan-out order
with the zero-order peak on the optical axis can no longer
be compensated. As shown in Ref. 3, further improvement
is possible by shifting the fan-out array off axis and separating
the fan-out orders from the zeroth order. A lateral shift of
half the spot spacing Ax’ in the far field, which corresponds
to the addition of a linear phase varying from 0 to 1 over
one period of the fan-out function ¢, (x), is sufficient to reduce
the uniformity-error sensitivity o, of the 45X 1 fan-out ele-
ment to about 15%, as shown in Fig. 5. In this special case,
the dependence of the uniformity sensitivity o, on the phase
offset ¢ has a periodicity of m, since only odd-numbered
(g) 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 diffrac-
tion 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 .

3.2 Focusing Fan-out Elements

Adding focusing power ¢,(x) to the fan-out function in-
creases the number of 0-27r transitions in the phase function.
Therefore, a further improvement in the sensitivity of the
uniformity error to scaling errors can be expected. This be-
havior has been demonstrated experimentally in a previous
publication.!? 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
Egs. (5) and (15) into Eg. (6), we obtain for the Fresnel
propagation of the scaled transmittance function z,(x;\)

x
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’ - 1 : —_ 3 —_
U,z ‘_\/m,,E explig(go— )] sinc(e — g)
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xexp(—i—zfxx’> dx , (18)
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where multiplicative phase factors have been omitted. Sim-
ilarly to the analysis of the blazed Fresnel zone plate,®!! the
diffraction orders g of the generalized Fourier series expan-
sion are focused in different planes at the locations
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The fan-out pattern is focused in the plane z; =\ f/\. The
spot spacing Ax'(z=z,) of the fan-out orders in the plane
z=2z, can be calculated from Egs. (18) and (19):
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Fig. 5 Uniformity-error sensitivity o, for the 45x 1 fan-out element
as a function of the phase offset parameter ¢,. Dashed curve: phase
function with 0-2= transitions; dash-dot curve: off-axis reconstruc-
tion of the fan-out function by half the spot spacing distance Ax'.
The value of o, for the continuous phase function is indicated for
comparison (solid curve).
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Therefore, in contrast to Fourier-transform elements, focus-
ing fan-out elements have the property that the spot spacing
in the focal plane z, is independent of the readout wavelength
A. However, focusing fan-out elements are not achromatic,
because the focal-plane position z, depends on the readout
wavelength A.

The defocusing of spurious noise diffraction orders in the
focal plane z, of the fan-out function produces a continuous
noise distribution and increases the signal-to-noise ratio. We
have calculated the uniformity error sensitivity o, and the
efficiency v, of the focusing 9 X 1 fan-out element as a func-
tion of the focal length z,=f for the parameters A=\,
=0.6328 um, D=2.56 mm, and d=160 pum. The results
have been obtained for a fixed value of the phase offset ¢,
and are represented in Figs. 6(a) and 6(b). On the top axis
in Fig. 6(a) and 6(b), we have given the reciprocal of the
Fresnel number N,= D?*/(4\f) for the focusing term &, (x) in
the phase function W(x). The transition between the far-field
and the near-field behavior can clearly be seen in both curves.
The fluctuations for f< 10> mm and N> 2.6 indicate that the
zero-order term is sufficiently defocused over more than one
fan-out order. Thus, the fan-out performance is determined
by the interference with a continuously distributed back-
ground noise. The efficiency , converges for decreasing f
to the value m, = (sinc®0.1)n =0.961 predicted by Eq. (15).
In this limit, the interference effects on the efficiency and the
uniformity become negligible.

Similarly to the case of Fourier-transform fan-out ele-
ments, the uniformity-error sensitivity of focusing elements
can be minimized by optimizing the phase offset ¢. It is
important to note that even a weak focusing power adds
sufficient supplementary transition points to the phase func-
tion to create fan-out elements that are almost independent
of scaling errors. This result is shown in Fig. 7, where the
uniformity-error sensitivity o is plotted as a function of the
phase offset ¢, for a focusing 9 X 1 fan-out element with a
focal length of f=10°> mm, which corresponds to a small
Fresnel number of N=2.6. For an optimum choice of ¢,, a
uniformity-error sensitivity o, below 2% can be achieved.
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Fig. 6 (a) Efficiency sensitivity n, and (b) uniformity error sensitivity
o, for the focusing 9 1 fan-out element as a function of the focal
tength f and the reciprocal of the Fresnel number N,. The curves
are calculated for a fixed value of the phase offset parameter ;.

As shown in this section, the optimization of the position
of the 0-27 transition points in the kinoform relief reduces
efficiently the sensitivity of the uniformity error to profile
scaling errors. The position of the transition points can be
optimized through the phase offset ¢, which is therefore an
important parameter for the fabrication of high-quality fan-
out elements by direct-write technologies.

4 Fabrication by Laser-Beam Writing

Our approach for the fabrication of kinoform DOEs is direct
laser-beam writing in photoresist. By using successive rep-
lication of the master photoresist microrelief, this technology
has the potential for low-cost mass fabrication. The laser-
beam writing system at the Paul Scherrer Institute is described
in detail in Refs. 1, 13, and 14. It uses for the writing an x-y
raster scan movement that allows the realization of arbitrary
two-dimensional structures. The resist is exposed by a fo-
cused HeCd laser beam at the wavelength A =442 nm. The
writing-spot diameter has been determined to 8 = 1.6 um at
1/e intensity points by knife-edge measurements. For relief
depths <3 pm 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 de-ionized
water. This process results in a very linear characteristic of
relief depth versus exposure energy. Therefore, small errors
during the exposure and the development process produce
the linear relief scaling errors, which we consider for the
fabrication-error analysis.



0.20

0.15

0.10~

0.05-

Uniformity sensitivity og

.00 T T T T T T
0 1 2 3 4 5
Phase offset @, [rad]

Fig. 7 Uniformity error sensitivity o as a function of the phase offset
parameter ¢, for the focusing 9 X1 fan-out element with diameter
D=2.56 mm, fan-out period d= 160 um, wavelength A =0.6328 um,
and focal length f=1000 mm.

The finite spot size of the laser-beam writer does not allow
sharp steps at the 0—21r 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 have a width approximately
equal to 8. For small diameters 8 on the order of the wave-
length, 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 8, paraxial scalar diffraction theory gives
accurate resuits. In this limit, we describe the resulting phase
function V¥ (x) after the surface-relief element directly by a
convolution of the ideal phase function ¥(x) and a Gaussian
point spread function (PSF), namely,

Y. ()=¥x)xgx) , @n

where * represents the convolution operation and

s0=Vrs exp( —48%) @
is the normalized PSF of the laser-beam writing system. The
consequences for the profile shape are shown in Fig. 8, where
the ideal phase function ¥(x) and the resulting phase function
V. (x) after the convolution are shown. The laser-beam writ-
ing process introduces rounded transitions and reduces the
modulation depth. As a consequence, the diffraction effi-
ciency and the uniformity of the ideal phase function are
reduced. We have analyzed how these PSF effects can be
compensated. In addition, we have verified whether they
change the optimized scaling error behavior of the kinoform
function, which was derived in Sec. 3 for perfect transitions.

For this purpose, we have calculated the Fresnel propa-
gation [Eq. (6)] of the convolved phase function ¥.(x) for
the focusing 9 X 1 fan-out element into the focal plane z,.
The calculated diffraction efficiency m and the uniformity
error ¢ are shown in Fig. 9(a) and 9(b) as a function of the
focal length z, =f and the reciprocal of the Fresnel number
N of the focusing element. The results have been calculated
for A=A;=0.6328 pm, D=2.56 mm, d=160 pum, 8= 1.6
pm, and for a fixed phase offset value ¢,. We observe a
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Fig. 8 Influence of the writing-spot diameter & on profile shape.
Dashed curve: ideal phase function W(x); solid curve: resulting
phase function ¥ _(x) after convolution with the Gaussian PSF of
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by the phase function ¥_(x) of the focusing 91 fan-out element
after convolution with the Gaussian PSF. The curves are calculated
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10°

reduction of the diffraction efficiency m that is proportional
to the number of transition points in the surface-relief profile.
This efficiency loss becomes the major problem for the re-
alization of focusing elements with F numbers f/D=10. In
this case, PSF compensation'* and clipping of the phase func-
tion ¥(x) to a multiple of 27 have to be considered. The
uniformity error decreases with increasing focal length f.
Even for weak focusing power, focusing kinoform elements
behave similarly to off-axis elements,® where the signal phase
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is encoded by the position of the transition points (detour-
phase principle). As a consequence, the rounding of the tran-
sitions 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 W(x), also yields the best scaling-
error tolerances and should be used for the fabrication of
focusing fan-out elements.

For the analysis of Fourier-transform fan-out elements,
we have calculated the Fraunhofer diffraction pattern of the
convolved phase function ¥ _(x). The influence of the con-
volution with the writing-spot size has been analyzed for
continuous-phase fan-out elements and fan-out elements with
optimized 02 transitions. Figure 10 plots the efficiency m
and the uniformity error « for the 9 X 1 fan-out element, after
convolution for both types, versus the ratio of the grating
period d to the writing-spot diameter 3.

For continuous-phase elements, the efficiency m (solid
line) is almost independent of the ratio d/8. However, the
uniformity error o (dashed line) increases for small d/3. For
d/d>200, the remaining small uniformity error o is essen-
tially due to a small scaling error, which can be directly
compensated to achieve perfect uniformity again. This is no
longer possible for smaller d/3, because the convolution
changes the profile shape. In this case, the convolution op-
eration has to be directly included in the design algorithm
for the fan-out phase function ¢(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 9X 1 fan-out element for d/d = 10. For d/3
<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 ef-
ficiency loss for low d/d < 30 becomes the main problem. In
addition, the optimized scaling-error behavior starts to fail
at about the same limit. For d/8 <100, the position of the
transition points for optimized scaling-error behavior starts
to depend on the width & of the PSF. Therefore, in this do-
main, the position of the transition points has to be reopti-
mized by taking into account the convolution with the
writing-spot size. For still smaller d/d < 30, the solution be-

haves like 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/3 as contin-
uous-phase gratings, in order to achieve high diffraction ef-
ficiency. For larger d/9, it is preferable to introduce discrete
transitions into the phase function and optimize the scaling-
error behavior, as shown in Sec. 3, in order to achieve better
fabrication-error tolerances. The above limits have been cal-
culated for the 9x 1 fan-out element. However, numerical
simulations have shown that the critical values of d/d are
proportional to the fan-out number N.

5 Experimental Results

Experimental results have been achieved for the fabrication
of cylindrically focusing 9 X 1 fan-out elements in photore-
sist. The elements have been designed for the wavelength
A =0.6328 pm, with a diameter D= 2.64 mm, a fan-out pe-
riod d=165 pm, and focal length f=25 mm, which corre-
sponds to an F' number =~ 10. This results in a smallest segment
size of s=12 wm at the border of the structure. In order to
use a standard fabrication process for the laser-beam writer,
the phase function has been rounded to a 1 X 1-pm? pixel grid.
Smaller pixel sizes are possible, but increase the writing time
of the structure. The rounding shifts the position of the tran-
sition 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 pro-
duces 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 eight different fan-out elements with varying
exposure energy, linearly scaled with factors o from 0.85 to
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Fig. 11 AFM measurement of the profile in the central region of a
cylindrical focusing 9x 1 fan-out element designed for the wave-
length A =0.6328 um with diameter D=2.64 mm, fan-out period
d= 165 pm, and focal length f=25 mm.
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Fig. 12 Efficiency n and uniformity error o of the fabricated element
as a function of the scaling factor a. Solid curve: calculated effi-
ciency; dashed curve: calculated uniformity error; O: measured ef-
ficiency; +: measured uniformity error.

1.20. In Fig. 12, we have represented the measured efficiency
7 and the measured uniformity error o of the eight elements,
as well as the simulated scaling behavior of the ideal phase
function convolved with the Gaussian PSF of diameter
8 =1.6 wm. Good agreement between the experimental re-
sults and the theoretical data is observed. Note that for a
nonoptimized 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 refiection at the pho-
toresist-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 dis-
tance (1 wm). Therefore, the major quantity of scattered light
is diffracted out of the fan-out signal pattern and does not
affect the uniformity.

6 Conclusions

Continuous-phase DOEs can be calculated by using design
concepts based on either geometrical optics or physical op-
tics. The resulting continuous phase function can always be
wrapped to an integer multiple m of 2, 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. How-
ever, the phase wrapping and, in particular, the position of
the transition points determine the stability of the kinoform
phase function against fabrication errors. In this paper, we
have shown that in the case of kinoform DOE:s that produce
a discrete intensity distribution in a desired image plane, the
position of the O~21m transition points in the phase function
can be optimized in order to achieve high tolerance of the
kinoform reconstruction quality against vertical profile scal-
ing errors. As a result of this optimization process, the sen-
sitivity 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 of the phase function, in order to realize high-
quality elements.

Numerical results have been presented for the design of
Fourier-transform and focusing fan-out elements that 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. Exper-
imental results have been achieved for the fabrication of fo-
cusing 9 X 1 fan-out elements by laser-beam writing in pho-
toresist. Uniformity errors smaller than 5% for profile scaling
errors up to 20% have been demonstrated.
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