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We analyze the focusing properties of Fresnel zone plates fabricated over steel tapes using laser ablation.
Our intention is to implement the use of micro-optical elements when the use of conventional chrome–
glass elements is not indicated. Because of the manufacture process, the surface presents a certain
anisotropic roughness, which reduces the focusing properties. First, we develop numerical simulations
by means of the Rayleigh–Sommerfeld approach, showing how roughness in both levels of the Fresnel
zone plate affects the focalization of the lens. We also manufacture Fresnel zone plates over steel tape,
and perform experimental verification that corroborates the numerical results. © 2010 Optical Society
of America

OCIS codes: 050.1965, 240.3990, 240.5770.

1. Introduction

Micro- and nano-optics have experienced increasing
development in recent years. Micro-optical elements
are successfully used in several applications, such as
optical metrology, adaptive optics, and optical trap-
ping, [1,2]. Fresnel zone plates (FZPs) are one of
the most used micro-optical elements because they
allow the focusing of a light beam with advantages
over conventional lenses: they can be used, for exam-
ple, over spectral regions where refractive lenses are
useless (as UV), or in applications where their lower
weight (in comparison with refractive lenses) sug-
gests their use. The typical flat arrangement is well
suited for the integration of diffractive lenses within
a micro-optics setup [3,4]. On the other hand, FZPs
present some disadvantages, such as their worse op-
tical behavior. For example, a FZP presents a princi-
pal focus, and a collection of higher-order foci. The
appearance of multifoci implies the reduction of
optical efficiency, and a worse concentration capabil-
ity in the principal focus. With regard to a binary-

amplitude FZP, a modulation in amplitude implies
loss of irradiance at the observation plane.

Commonly, chrome-over-glass masks, dielectric
materials (glass, plastics), or semiconductors (silica)
are used as substrates. Photolithographic techniques
are commonly used for the manufacture of binary dif-
fractive elements, with a very high accuracy after
decades of developing chrome-over-glass masks for
the semiconductor industry. Nevertheless, there ex-
ist applications where the environmental conditions
are extreme due to vibrations, impacts, or thermal
variations. In such cases, it is necessary to fabricate
micro-optical elements over more robust substrates,
such as steel tapes. An easy way to engrave over
metallic tapes is to use laser ablation, a technique
for manufacturing micro-optical elements over a
high number of materials, such as metals [5], ce-
ramics [6] or glasses [7]. The technique consists of
removing material by means of focusing onto the
sample a high-power light beam, with several pro-
cesses involved during the process [8].

The optical behavior of these elements is not opti-
mal, due to the surface roughness of steel. Also, the
roughness topography is anisotropic, due to the fab-
rication process of the steel tape. For simple struc-
tures, such as diffraction gratings, it is possible to

0003-6935/10/101750-07$15.00/0
© 2010 Optical Society of America

1750 APPLIED OPTICS / Vol. 49, No. 10 / 1 April 2010



develop theoretical models that allow us to predict
their optical behavior [9–11]. For more complex
devices, it is not always possible to carry out an ana-
lytical treatment. Thus, other design methods are
required, such as numerical simulations and experi-
mental analysis.
In this work, we analyze the optical properties of

rough FZPs (RFZPs) manufactured on steel tape
using laser ablation. A statistical model is used to de-
scribe the roughness parameters of the anisotropic
surface. We center our analysis in RFZP with two dif-
ferent levels of roughness (on one hand, the rough-
ness of the steel substrate and, on the other hand,
the roughness produced by the laser ablation pro-
cess) working in a reflection configuration. Moreover,
anisotropy due to steel fabrication processes has
been also included. We will analyze the focusing
properties of RFZPs in terms of the statistical proper-
ties of roughness. A generalized analytical method,
including two different roughness levels and aniso-
tropy, seems to be unattainable. The results obtained
for the RFZPs can be extended to any binary diffrac-
tive element engraved on a steel tape. For the numer-
ical analysis, we have used the scalar theory for light
propagation, in particular Rayleigh–Sommerfeld
approach. Referring to roughness descriptions, we
assume a Gaussian distribution of surface heights
(based on experimental data). Roughness should also
be higher than wavelength.
In Section 2, we present the mathematical expres-

sions needed to describe the RFZP. In Section 3, we
numerically characterize the optical behavior of the
RFZP by means of the Rayleigh–Sommerfeld diffrac-
tion integral, using a fast-Fourier-transform-based
direct integration (FFT-DI) method [12]. In Section 4,
we explain the process used to fabricate the lenses
and the typical topography obtained with this pro-
cess, and we perform also an experimental analysis
of manufactured lenses. Conclusions are given in
Section 5.

2. Rough Fresnel Zone Plates

A FZP consists of alternately opaque and transpar-
ent rings (in the transmission case) or reflective
and nonreflective rings (in the reflective case). These
elements have been known for more than 100 years
[13–15], and they can be manufactured by laser
ablation. It is defined by

Lðx; yÞ ¼
�
1 if

ffiffiffiffiffiffiffiffiffi
mλf

p
≤ x2 þ y2 <

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðmþ 1Þλfp
0 if

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðm − 1Þλfp
≤ x2 þ y2 <

ffiffiffiffiffiffiffiffiffi
mλf

p ;

ð1Þ

where λ is the wavelength, f is the focal length of the
FZP, and m is an integer m ¼ 1; 2; 3…. With this de-
finition, the central ring is opaque, and a FZP is
called then, an “even” or a “negative” FZP. In Fig. 1
(a), we show an example of a negative FZP designed
following Eq. (1), for a focal length f ¼ 450mm.

Since theRFZP is engraved on a steel tape, we need
to know the topographical properties of roughness.
Let us assume that steel samples present stochastic
topography h1ðx; yÞ [16]. Let us assume that the sta-
tistical height distribution of the topography, pðhÞ,
presents a Gaussian distribution. Considering that
the mean height of the topography is null, hhis ¼R
∞

−∞
hpðhÞdh ¼ 0, where h is denotes spatial averaging,

the standard deviation of heights is given by

σ ¼
ffiffiffiffiffiffiffiffiffiffiffi
hh2is

q
:

Another important parameter to characterize the sur-
face roughness is the correlation distance, which can
be determined from the autocorrelation function of
hðx; yÞ, defined by CðRÞ ¼ hhðrÞhðrþ RÞis=σ2, where
r is the spatial coordinate. The surface correlation
function is normally assumed as Gaussian

CðRÞ ¼ exp
�
−
R2

T2

�
; ð2Þ

where T is the correlation length, being the distance
over which the correlation function falls by 1=e, and
indicates the rate of change of surface height along
the surface. Because of the fabrication process, the
surface is not normally isotropic. Therefore, we need
to define the correlation length for each direction, Tx
and Ty.

The ablation process produces a local change in the
topography. Moreover, a superficial ablation of the
material produces a change in roughness, and a
slight variation in the mean depth, as we will see
in Section 4. Under this condition, the ablation pro-
cess modifies the original topography h1ðx; yÞ to a
new topography h2ðx; yÞ with different statistical
properties. Then, we will describe the statistical
properties of the steel surface by T1x, T1y, and σ1,
and those of the ablationed zone by T2x, T2y, and σ2.

Finally, the reflectance of the RFZP is

rðx; yÞ ¼ Lðx; yÞ exp½−2ikh1ðx; yÞ�
þ ½1 − Lðx; yÞ� exp½−2ikh2ðx; yÞ�: ð3Þ

Equation (3) allows us to generalize the description
of any binary diffractive element over a steel tape,
not only to FZPs. In this general case, Lðx; yÞ is
the expression for the shape of the diffractive ele-
ment, that is, the nonablationed area.

To determine the field after the RFZP, let us con-
sider a plane wave U0ðξ; ηÞ ¼ A0 illuminating the
diffractive element Lðx; yÞ. The near field can be de-
termined using the Fresnel integral:

Uðx; y; zÞ ¼ A0eikz

iλz

Z Z
rðξ; ηÞei k2z½ðx−ξÞ2þðy−ηÞ2�dξdη; ð4Þ

where z is the distance between the diffractive ele-
ment and the observation plane, λ is the wavelength,
and k ¼ 2π=λ.
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Fig. 1. Images of the Fresnel zone plate used in the simulations. The FZP presents a focal length of f ¼ 450mm. (a) Ideal FZP. (b) Si-
mulation of a RFZP engraved by laser ablation (data from Table 1: σ2 ¼ 0:27 μm, T2x ¼ 4:2 μm, T2y ¼ 4:8 μm) over a flat surface, σ1 ¼ 0 μm.
(c) Simulation of a RFZP engraved by laser ablation over a real surface with low roughness level (data from Table 1: σ1 ¼ 0:05 μm,
T1x ¼ 50:23 μm, T1y ¼ 164:38 μm) but with σ2 ¼ 0 μm.

Fig. 2. (a) Simulation of a RFZP engraved by laser ablation over a real surface with low roughness level (data from Table 1: σ1 ¼ 0:05 μm,
T1x ¼ 50:23 μm, T1y ¼ 164:38 μm). (b) Simulation of a RFZP engraved by laser ablation over a real surface with high roughness level (data
from Table 1: σ1 ¼ 0:15 μm, T1x ¼ 11:60 μm, T1y ¼ 119:20 μm).
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An analytical development of Eq. (4), taking into
account a rough and anisotropic topology, is hard
and tedious. On the other hand, numerical methods
lead us to analyze the optical behavior of any rough
binary diffractive element, regardless of its forms. In
Section 3, we explain how to determine the optical
field diffracted by a RZFP.

3. Numerical Simulations of Rough Diffractive Lenses

To solve numerically the Rayleigh–Sommerfeld dif-
fraction integral we have used a FFT-DI method
[12]. The approach is accurate when the features
of the mask (the FZP) are larger than the wave-
length. In addition, we need to simulate surfaces
with stochastic topology. We make use of software
based on Ref. [17] to generate virtual topologies that
present a selected correlation length and a standard
deviation, assuming that the spatial distribution fol-

lows a Gaussian distribution. Rough topology is in-
cluded as phase variations over the RFZP.

For the simulations, we consider the experimental
conditions detailed in Section 4. The light source is a
plane wave with wavelength λ ¼ 632:8nm, which il-
luminates the rough RFZP in normal incidence. Here
we have used the FZP from Fig. 1(a) (f ¼ 450mm,
512 × 512 pixel number) as a guide for our simula-
tions. The roughness values are suggested by experi-
mental results, collected in Table 1 and explained in
detail in Section 4. When the FZP is engraved on a
flat surface (without roughness), the result is similar
to that shown in Fig. 1(b), where the rough surface
simulates the ablation process. On the other hand,
a flat FZP engraved over a rough surface is shown
in Fig. 1(c). Additionally, two examples of RFZPs
with σ2 from Table 1 and two different values for
σ1 (that means, with different values of roughness

Fig. 3. Dependence of the focusing capability with roughness. (a) Maximum of intensity at the focal plane for different values of σ1, with
σ2 ¼ 4:5 μm. (b) Irradiance profiles along the z axis for different values of σ1: 0 (highest), 0.01, 0.03, 0.05, and 0:07 μmand the same value for
σ2 ¼ 4:5 μm, normalized to the maximum. (c) Maximum of intensity at the focal plane for different values of σ2, with σ2 ¼ 0:05 μm. (d) Ir-
radiance profiles along the z axis for different values of σ2: 0 (lowest), 0.03, 0.06, and 0.1, and the same value for σ1 ¼ 0:05 μm, normalized to
the maximum.
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over the samples without the ablation process) are
shown in Figs. 2(a) and 2(b), emulating the real
RFZP manufactured. These masks will be used in
our simulations.
To understand the importance of the substrate

roughness, we first analyze the dependence of the
focusing capability of the RFZP in terms of the stan-
dard deviation of the substrate, σ1. In Fig. 3(a). the
maximum intensity at the focal plane is shown for
FZPs with a lens similar to the lenses shown in Fig. 1,
but for different values of σ1, normalized to the max-
imum (obtained with σ1 ¼ 0). The intensity at the fo-
cus decays strongly as σ1 increases. The intensity
profile along the z axis (propagation axis) for five dif-
ferent values of σ1 is shown in Fig. 3(b), normalized
again to the maximum. We can appreciate how the
focusing capability decreases as σ1 increases. It is
also worth noting that the depth of focus remains un-
changed, despite the variation in σ1. In Figs. 3(c) and
3(d), we show the same results, but varying σ2 [cor-
responding to Fig. 1(c)]. Also, the depth of focus is in-
dependent on σ2. For this case, there exists a superior
limit for the focusing capability. By means of laser
ablation, it is possible to reach this limit, but not
to go beyond it. This fact lead us to center our discus-
sion on the effect of σ1, as the appropriate parameter
to control the optical behavior of the RFZP.

4. Experimental Results

The FZP of Fig. 1 has been engraved over two differ-
ent samples of steel using laser ablation. We have
used an ablation laser system composed of a two-axis
Newport platform and a 1064nm Q-switched laser
(Navigator I-Spectra-Physics Laser) with 10W of

peak power. To minimize the spot size, we also use
a third harmonic generator, thus the final operating
wavelength is 355nm, with 2W of peak power. With
this configuration, the Gaussian size of the spot is
about 3 μm. The system is arranged to work as a plot-
ter, so we canmanufacture a mask pixel by pixel. The
manufactured RFZPs are shown in Fig. 4(a) (with a
low-roughness-level steel sample) and Fig. 4(b) (with
a high-roughness-level steel sample).

We have obtained the surface topography of the
samples [Figs. 4(c) and 4(d)] from images obtained
using a confocal microscope (Plμ by Sensofar, Spain).
The roughness parameters of the RFZP measured
from the images have been collected in Table 1.
The correlation length depends on the direction,
due to the fabrication process of the steel tapes.
Therefore, we have used Tx and Ty to simulate the
correlation length in the x and y directions.

To perform the experimental verification of the
results obtained from the simulations, we have used
the setup shown in Fig. 5. The beam produced by
a fiber-pigtailed laser diode (FPLD), with λ ¼
632:8nm, impinges over the RFZP in normal inci-
dence. The use of a fiber-pigtailed diode ensures a
filtered and Gaussian-like beam, and, with a collima-
tion lens (CL), we obtain a quasi-plane wavefront to
illuminate the RFZP. To obtain a perpendicular illu-
mination, we use a 50=50 beam splitter (BS) placed
at 45° with the beam propagation direction. The light
reflected by the RFPZ is redirected through the BS to

Fig. 4. (Color online) (a) and (b) Optical microscopy image of a RFZP for low and high roughness steel substrates respectively. (c) and
(d) Confocal microscopy image of a RFZP for low and high roughness steel substrates, respectively.

Table 1. Roughness Values Obtained by Confocal Microscopy from
the Two Manufactured Rough Fresnel Zone Plates

Tx Ty σ

Substrate with low
roughness level

50:23 μm 164:38 μm 0:06 μm

Substrate with high
roughness level

11:60 μm 119:20 μm 0:16 μm

Substrate after
ablation process

4:20 μm 4:80 μm 0:26 μm Fig. 5. Experimental setup. FPLD is a fiber pigtailed laser diode,
CL is a collimation lens, BS is a beam splitter, and f is the focal
length of the RFZP.
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a CMOS (UI-1220-M by U-Eye, Germany), with a
pixel pitch of 6 μm. The camera is mounted over a
motorized linear stage, so it can travel along the pro-
pagation axis and images can be acquired at any
desired plane. Under these conditions, we have ob-
tained the intensity distribution along the propaga-
tion axis around the focus of the RFZPs. In Fig. 6,
we show a transversal view of the propagation of
the light using a RFZP with low roughness level
[Fig. 6(a)] and with high roughness level [Fig. 6(b)],
obtained experimentally with the described setup.
The substrates in which lenses were engraved can
induce optical aberrations, because of the overall
lack of flatness of the surface. For comparison, we
show the Rayleigh–Sommerfeld simulations for the
same cases in Figs. 6(c) and 6(d), respectively. The
simulated lenses are not exactly equal to the fabri-
cated lenses, but they have the same statistical para-
meters. Light concentration clearly appears for low
roughness of the steel substrate, whereas, for high
roughness, the RFZP does not present focusing cap-
ability, corroborating the predictions shown in Fig. 3.

The simulations shown in Figs. 6(c) and 6(d) also
show a concentration of light around the focus for
the low-roughness-level FZP, and the absence of light
concentration for a high roughness level. A complete
coincidence between experimental and simulated re-
sults is not expected, since we do not use exactly the
same topography for the simulation and the experi-
ment, but they have the same statistical properties.

5. Conclusions

In the present work, we have fabricated FZPs over
steel using an ablation laser. The effect of surface
roughness of the steel tape over the focusing proper-
ties of the FZP has been analyzed using numerical
simulations in terms of the standard deviation in
heights. We have shown that the focusing properties
of the RFZP depend strongly on roughness of the
steel sample, which presents an anisotropic topology.
The intensity at the focus decays with the standard
deviation of the roughness of the substrate. At the
same time, we have shown that roughness from
ablationed zones is not an important parameter,

Fig. 6. (a) and (b) Transversal view of the propagation of light with RFZP from Figs. 4(a) and 4(b), respectively (experimental data). (c)
and (d) Simulations with the Rayleigh–Sommerfeld approach of propagation of light from Figs. 4(a) and 4(b) respectively. All the inten-
sities are normalized to the unit.
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whenever we reach a certain level. Experiments with
RFZPs corroborate numerical predictions, showing
that the surface quality of the sample is the most
important parameter in order to improve the optical
behavior of the RFZP.
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