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Abstract
Fresnel Zone Plates (FZP) are a type of X-Ray optics that have been used for imaging and focusing
applications in the X-Ray region since 1961. Advances in nanofabrication techniques contributed to the
increase of the maximum spatial resolution of this type of lens, which depends directly on the outermost
zone width, and nowadays has a maximum limit of 10 nm. This work aimed to fabricate FZP to be
used for an X-ray plenoptic camera working at 32 nm. FZP lens with a minimum zone width of 330 nm
and a diameter of 800 µm were successfully fabricated. A matrix of 12 × 18 FZP, each with a diameter
of 100 µm and outermost zone width of 2 µm, was also fabricated. A highly coherent HHG XUV source
was used to characterize the optical properties of the fabricated lens in terms of their transmission and
focus (through the diffraction pattern). The diffraction patterns obtained were compared with computer
simulations performed in this work with the python toolbox LightPipes.
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Introduction
X-ray microscopy has become a promising tool [1, 2]
for imaging applications in tomography, mostly due
to its high penetrating power, and also in time resolved imaging, as it allows for high temporal resolution [3]. A still unexplored X-ray tomography
method can be done using the concept of a plenoptic camera [4] where an array of lenses captures light
fields. The most commonly used optics both for
imaging and focusing x-rays are a type of diffractive optics named Fresnel Zone Plates (FZP). The
interest in this type of optics has raised in the past
years due to the improvement in the maximum possible spatial resolution, that nowadays is bellow 10
nm [5]. Despite the increase in demand, there is
still a small number of research groups dedicated to
the fabrication of these optics, which contributes to
their elevated cost.
Fresnel Zone Plates are circular diffractive
gratings in which concentric rings form zones with
radially decreasing width (Figure 1). According to
the Huygens-Fresnel principle, when a light wave
encounters an obstacle with the same dimension as
its wavelength, it creates a point source of a spherical wave. In the case of a diffraction grating, each
transparent zone creates a new spherical wave that
will interfere with each other, creating constructive
or destructive interferences. The widths of the FZP
zones are designed in order for the transparent zones
to direct all the constructive interferences at a focus point and for the opaque zones to block the
destructive interferences at the same point. The
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Figure 1: Fresnel Zone Plate working principle,
where the optical path lengths from each zone differ
from f by a factor of nλ/2, taken from [6].

radius that defines the border of the n zone is given
by [6]:
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where n is the zone number, λ is the wavelength
and f is the focal length.
As in the case of a diffraction grating, the FZP
also generates many diffraction orders, each with
focal distances given by f = fm /m, where m is the
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Nanofabrication Process
To obtain sub micron resolutions, the FZP needs to
be fabricated with Electron Beam Lithography, a
nanofabrication tool capable of defining nanoscale
structures. Additionally, the FZP needs to be fabricated in transparent and opaque materials at a
specific wavelength (32 nm for this work). As the
opaque material, we used a multilayer of 100 nm
of gold (Au) and 10 nm of chromium (Cr). Ideally, the transparent zones would have a transmission of 100%, however this is not feasible since the
opaque zones need to be built on top of a solid structure, which in this case was a silicon nitride (Si3 N4 )
membrane with a transmission of 30 % for 32 nm.
We used two different types of initial samples (both
with the same multilayer), one with a membrane
thickness of 30 nm and the other of 200 nm. The
dimensions of the silicon (Si) frame and membrane
area (specified in Figure 2) are also different in the
two types of samples.
The fabrication of the FZP comprised two main
steps: Electron Beam Lithography (EBL) and etching by Ion Beam Milling (Figure 2). In the EBL, the
zones of the FZP are defined by exposing an electron sensible material (resist-PMMA) to an electron
beam. For this, the resist is deposited on top of the
multilayer (resist coating). After the lithography,
the exposed areas of resist are removed by chemical
reactions (development). With this step the FZP
zones are defined in the resist, this pattern is transfered from the resist to the multilayer by an ion
beam etching that removes the material that is unprotected by the resist. For the initial samples with
200 nm of Si3 N4 , there is also a reactive ion etching
step where the membrane thickness is reduced to
around 30 nm.
This fabrication process took place at the Clean-
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Figure 2: Nanofabrication process steps used for the
fabrication of Fresnel zone plates in this work.

Results

The Ion Beam Milling is not selective. This means
that both the resist and the multilayer will be
etched. If the resist is not thick enough, it may
be etched entirely before the total thickness of the
multilayer is etched. This would result in a de2
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Table 1: Characteristics of all the tested lens
Focal distance Outermost width
Number of zones
(mm)
(nm)
6.25
2086
12
20.00
951
176
14.00
618
282
8.00
326
612

NA
0.008
0.017
0.025
0.050

b)

Figure 3: a) SEM image of lens D100 w2000 b) SEM image of the fabricated array.

fabrication of an array with 12 × 18 of this lens with
a spacing of 10 µm (Figure 3), for which we used the
200 nm Si3 N4 samples. The exposure time for a single lens D100 w2000 was around 3 minutes, while
for the array was 9 hours.
With the samples with 200 nm of Si3 N4 and the
resist PMMA 50K, we optimized EBL conditions for
the fabrication of a lens with a diameter of 800 µm,
focal distance of 8 mm, 612 zones and an outermost
width of 326 nm (lens D800 w326). The resulting
optimized conditions were applied to the fabrication of more two lens with similar diameter but with
lower number of zones and larger outermost widths
( lens D700 w951 and D700 w618). For each fabricated lens we measured the widths of the zones in
the center part of the lens and the widths of the
outermost zones. As an example, Figure 4 shows
the width measurements and SEM images of the
center ( b) ) and the outer part ( d) ) of the lens
D800 w326.
The zone widths at the center part of lens
D700 w951 showed an average relative error of
4.04%, while the outer part had an average relative error of 14%. This result can be due to the
difference in outer zone widths from this lens to the
lens D800 w326 (for which the EBL conditions were
optimized).
In the case of lens D700 w618, the center part had
an average relative error of 2.84 %, while the outer
part had 0.55%. These results show that the optimized EBL conditions were suitable for this lens.

crease of the thickness in the opaque zones, which
is not desired. To ensure that this does not happen, etch rate calibrations were performed at the
PMMA 950K and the multilayer. For the PMMA,
we obtained a value of 1.42 Å/s. For the multilayer, the etch rate was 1.57 Å/s, which is consistent
with the usual values for metallic materials. The total time to etch through the entire thickness of the
multilayer is 700 s, which corresponds to 99.4 nm
of etched resist. This means that the initial thickness of resist (both for PMMA 950 K and 50K) is
suitable for this process.
The first EBL optimization was performed with
the 30 nm Si3 N4 membranes and the resist was
PMMA 950K. This optimization resulted in the fabrication of a FZP lens with a diameter of 100 µm, a
focal distance of 6.25 mm, 12 zones and an outermost width of 2064 nm (lens D100 w2000). Figure
3 a) shows a scanning electron microscopy (SEM)
image of this lens, where the transparent zones (in
a darker tone) and the opaque zones (in a lighter
tone) are distinguishable. The transparent zones
were the ones exposed in the EBL, therefore the
width measurements were only performed for these
zones. The average relative error of this lens zone
withs to the nominal value was 2.56 %, which correspond to an average broadening of 70 nm in each
zone width. The edge roughness in these zones were
around 35 nm, which corresponds to the usual background noise of the Raith 150 system. These optimized exposure parameters were also applied to the
3
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Figure 4: Results for Lens D800 w326. a) Measurements for the first zones of lens D800 w326. b) SEM
image of center part of lens D800 w326. c) Measurements for the last zones of lens D800 w326. d) SEM
image of outer part of lens D800 w326.

Finally, in the case of lens D800 w326, the center
part had an average relative error of 5.98% and the
outer part of 4.14%, which corresponds to an average outermost width of 340 nm.
These measurements were performed at the left
part of each lens. For the lens D800 w326 we also
measured the same regions (center and outer part)
for the right, upper and lower part of the lens. The
maximum difference between the average relative
errors of each side was 4.74%, which means that are
no significative changes in the zone widths through
the sample.
The edge roughness measured in these three lens
had similar values that in average was around 40
nm. As in the case of lens D100 w2000, this value
corresponds to the expected in the Raith 150 system.
Table 1 summarizes the characteristics of the lens
that were successfully fabricated.
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Figure 5: Schematic of the beam path from a FZP
of diameter DF ZP and focal length f , to a CCD
detector at distance d, with final beam diameter of
DCCD .

with argon, whose maximum intensity harmonics’
wavelengths range from 29 to 42 nm.
The diameter of the diffracted pattern at the
XUV detector (DCCDmeas ) was compared to the
expected diameter calculated by a geometric approximation (DCCDgeom ). In Figure 5, there is
a representation of the beam path between a FZP
lens with a diameter of DF ZP and focal length f ,
to a CCD detector at a distance d. The diameter
at the CCD geometrically is given by:

At Wavelength Characterization
The results presented here were obtained at the
VOXEL laboratory at IST, where a high harmonic
generated (HHG) [7] XUV source was used to characterize the optical properties of the fabricated lens
in terms of their transmission and focus (by the
diffraction pattern). The XUV source was produced

DCCDgeom =

d−f
DF ZP
f

(3)

The transmission (T ) was obtained by dividing
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Figure 6: left Intensity distribution of diffracted pattern from lens D100 w2000 obtained with the first
setup. right Intensity distribution of diffracted pattern from the array of lens D100 w2000 obtained with
the first setup.

the diffracted pattern intensity of each lens by the 1st setup
FZP
HHG intensity incident at the lens, as is shown in CCD
equation (4). The incident HHG intensity was ob10cm
tained by integrating the direct HHG signal along
the correspondent lens area. The diffracted pattern
intensity was obtained by integrating the signal at
2nd Setup
the CCD with the lens in front of the HHG.
CCD

T (%) =

Diffracted Pattern Intensity
× 100
HHG Intensity at FZP

(4)
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The expected transmission is 15%, which corresponds to the 50% transmitted by the lens multiplied by the 30% transmittance of the silicon nitride Figure 7: Different experimental setups used in the
membrane.
characterization of the fabricated lenses.

Experimental Setup

For the experiments performed in this thesis we
used two different setups, represented in Figure 7.
In the first setup, the harmonics travel directly to
the FZP lens, which focuses the beam. After the focal spot, the beam diverges as it propagates to the
CCD. The distance from the lens to the CCD was
10 cm, which is the minimum allowed by this setup.
In the second setup, we used an arrangement of two
XUV mirrors to pre-focus the beam before the lens.
M2 is a multilayer mirror that focus the beam at
81.3 cm. The multilayer mirror also acts as a filter
by only reflecting XUV wavelengths of 32 nm (with
a bandwidth of 2 nm). To redirect the harmonics
to the lens and CCD, a flat mirror (M1) was used
at grazing incidence. The lens in this setup were
mounted at 12 cm from the CCD.

the diffracted patterns were measured using imageJ,
with an error of 50 µm. Figure 6 shows the intensity
distribution obtained with the lens D100 w2000,
from which we measured a diameter of the diffraction pattern of 1700 µm. From equation (3), it follows that this diameter should be 1755 µm, which
corresponds to the measured value. The calculated
transmission for this lens was 10.43 ± 1.74%, which
is similar to what was expected.
In Figure 6, the diffracted intensity pattern of
the array shows a distinct region in the center of
the rectangle composed by 12 × 18 lens (brightest
spots), that corresponds to the directly transmitted radiation. Around this rectangle, there is an
aura corresponding to the diffracted radiation. The
Results
size of this aura is in accordance with the size of
With the first setup, we tested lens D100 w2000 the diffracted pattern for the case of a single lens
and the array of these lenses. The diameters of D100 w2000.
5

The second setup was used to test
lenses D100 w2000, D700 w951, D700 w618,
D800 w326lens. The intensity distribution for lens
D100 w2000, in Figure 8, shows a better signal
quality and more defined diffracted rings than
the pattern obtained with the first setup for the
same lens. This is a result of the increase in the
harmonics intensity at the lens and also of the
filtering of the wavelengths. The diameter size of
the diffraction pattern with this setup is 2 mm,
in the geometric approximation we expected 1.82
mm. The difference to the geometric value is higher
than what was obtained with the first setup, this
can be due to the HHG beam divergence in the
second setup.
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actly to neither the first region around the center
nor the second, however the fourth region matches
the size of the third diffraction order.
The diffraction pattern of lens D700 w618, in Figure 9 has two intensity regions around the zero order
center, similarly to what we observed at the diffraction of D700 w951. For this lens the first region has
a diameter of 4 mm and the second one a diameter
of 7.4 mm. The expected value for the first order is
5.3 mm and for the third order is 17.3 mm.
Finally, the lens D800 w326lens diffraction pattern, shown in Figure 9 , in contrast to the patterns
of the two previous lens, only has an intensity disk
with a diameter of 11.9mm. The calculated value
for the first order is 11.2mm, from which we can
conclude that what is presented in the plot is actually the first order diffraction pattern of this lens.
Despite the positive diffraction orders, there are
also negative diffraction orders with a negative
(imaginary) focal length. The diameter size at the
CCD from the first negative diffraction order can
be calculated by:
DCCDgeom (−1) =

d
DF ZP
f

(5)

From this relation we obtained for lens
D700 w951 a diameter of 4.2 mm, for lens
D700 w618 a diameter of 6 mm and for lens
D800 w326 a diameter of 12 mm for the first negative diffraction orders. With this calculations we
concluded that the negative diffraction orders were
also present at the CCD.
The calculated transmission for lens D700 w951
was 9.58 ± 0.25, for lens D700 w618 was 7.16 ± 0.29
and for lens D800 w326 was 7.26 ± 0.22. All
of these values are bellow the maximum limit of
15%, which agrees with what we expected. Taking into account the relative errors in the zone
widths presented before, we would expect for the
lens D700 w951 (which showed the maximum relative error) to present the lower transmission value.
Instead, this value is above the other two lenses.
This can be explained by the fact that only for this
lens the third diffracted order is entirely present at
the CCD, in the case of the other two lenses, this
diffraction order is spread over an area outside of
the CCD, which lowers their calculated transmittance. In Table2 are summarized all of the results
obtained.

5.5
6.0 6.5 7.0 7.5 8.0 8.5 9.0 0
x (mm)
Figure 8: Intensity distribution of diffracted pattern from lens D100 w2000 obtained with the second setup.

The diffraction patterns obtained for the remaining lens Figure 9 had a very different shape from
what was obtained for lens D100 w2000. In all
of these patterns, the diameter of the zero order
(brightest circle in the center) is the double of the
lens diameter, which was the expected value. This
can be due to the divergence of the harmonics beam
in this setup, but this hypothesis requires further
testing. In the lineouts for each of these plots,
we can clearly distinguish the zero order intensities
from the intensities of the other diffraction orders.
The lens D700 w951 diffraction pattern (Figure 9
) has four different intensity regions. There are two
regions around the center, the first one with a diameter of 2.5 mm, and the second one with a diameter
of 5 mm. In Figure 9 up-right, is visible a fourth
disk with a diameter of 11 mm. The expected diameter size for the first order diffraction is 3.5 mm.
The diameter size for the third diffraction order is
11.9 mm. The first order does not correspond ex-

Simulation: FZP in free space propagation

In order to better analyze the experimental results we performed computer simulations using the
python toolbox named LightPipes [8]. This toolbox allows the user to propagate a coherent beam
through a predefined obstacle, such as a circular
aperture or even any obstacle defined by the user.
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Figure 9: Intensity distributions of diffracted patterns obtained with the second setup. up-left lens
D700 w951 (close up). up-right lens D700 w951. down-left lens D700 w618. down-right lens D800 w326.
The lineouts pass through the center of each diffraction pattern.

Lens
D100
D100
D700
D700
D700
D800

Setup
w2000
w2000
w951
w951
w618
w326

1
2
2
2
2
2

Table 2: Results summary
Diffraction
DCCDgeom DCCDmeas
Order
1
1.755
1.700
1
1.820
2.000
1
3.500
5.000
3
11.900
11.000
1
5.300
7.400
1
11.200
11.900
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Figure 10: LightPipes simulations of beam propagation through the lenses to a distance of 12 cm. left
lens D100 w2000 and x = 1.5 mm lineout compared with the lineout at the experimental result for the
same lens. right lens D700 w951 and x = 2.5 mm lineout compared with the lineout at the experimental
result for the same lens.

The FZP objects were created using the nominal
values of zone widths of the tested lens.
The propagation function calculates the field in a
N × N grid at a distance d from the source. With
the increase of N , the number of computer operations increase substantially thus, the maximum grid
dimension that we used in this work was for a value
of N equal to 9000, with a RAM memory of 12 GB.
The simulation for the lens D100 w2000 is in the
left of Figure 10, where the beam was propagated
at a distance of 12 cm from the lens. With this
simulation we verified that the diffracted pattern
obtained at the experiment was accurate, despite
of small variations shown in the lineout. Both have
approximately the same diameter of 2 mm and the
same diffraction rings. The zero order at the experiment has the double size of the simulated zero order,
which may indicate that in fact, the observed broadening of the zero order was due to the divergence
of the source. We approximated the simulation to

the experimental conditions by combining the different wavelengths that pass through the multilayer
mirror, but the simulation gave the same result. To
replicate even better the experimental conditions,
we could simulate the lens with the measured zone
widths and add to the simulation the source divergence.
The other FZP simulated was the lens
D700 w951.
For this simulation the grid dimension was N = 9000 and the grid size was 5
mm, which yields a resolution of 0.55 µm/pixel.
The beam was also propagated at 12 cm.As can be
seen in the resulting intensity distribution (Figure
10), there are also three main intensity regions, the
zero order at the center, and two more intensity
disks as was obtained experimentally. As is shown
in the lineout in Figure 10, the size of the zero
order at the experiment is again the double of the
size in the simulation. At the simulation this size
corresponds to the diameter of the lens, which
8

is the expected value. Since in the simulations
there are no divergence of the source beam, we can
conclude that what we observe for the zero order is
due to this factor.
The diameter of the outer disk is 4.66 mm (which
corresponds to the value obtained experimentally),
but the inner disk has a diameter of 3.75 mm while
at the experiment it was 2.5. However, the inner
disk diameter corresponds to the calculated diameter for the first order diffraction and the outer disk
diameter corresponds to the calculated value for the
first negative diffraction order. This results seem to
suggest that, in fact, the inner disks that are present
around the zero order of lens D700 w951 and lens
D700 w618 correspond to the first diffraction order
and the second disks to the first negative diffraction order. However, further studies are required in
order to have full confidence.
We could not simulate the propagation through
the remaining two lens, since with lens D700 w951
we already reached the maximum computer power
and the other lens require for a higher grid dimension (due to their thinner zone widths). To take
more conclusions on the diffraction orders, we could
perform a simulation where we would propagate the
beam through the lens and then add a pinhole to
block diffraction orders different from the first one.

putational power, however some strategies can be
explored to avoid this problem (variable grid dimension, for example).
Experiments regarding the imaging capability of
the fabricated lens were put in motion. We used a
setup similar to the second setup used in this work
to image a grid with a pitch of 63 Å/s. At the moment, there are still no conclusions on this matter,
but further work will be put into this type of experiments.

Conclusions and Future Work
We successfully fabricated FZP with increasing numerical aperture (from 0.008 to 0.050). The smallest outermost width fabricated was 330 nm, which
is far from the maximum nominal resolution of the
Raith 150 system (20 nm). The objective of this
work was to demonstrate that we could fabricate
fully functional FZP lens at INESC MN, so the
main focus was to fabricate samples that could be
easily tested. This work laid the ground for future
optimization procedures to achieve smaller outermost widths. Besides the optimization of the outermost width, more work has to be done to ensure
that the optimized process has reproducibility.
The experimental values of transmissions are
within the expected values, considering that they
do not exceed the maximum possible value. The
diffracted patterns showed different diffraction orders, whose sizes were in accordance with the expected, despite slight disparities.
With the simulations performed in this work we
had the possibility to compare some features of the
diffracted patterns to the experimental results. As
mentioned before, additional efforts can be done to
approximate the simulation conditions to the experimental ones (beam divergence, real zone widths).
Furthermore, the simulations would have an additional value if we could simulate the beam propagation through the lens with smaller outermost
widths. This was not feasible due to lack of com-
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