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A zone plate composed of Mo zones having 4 mm outermost zone diameter, 100 nm outermost zone width,
and supported on a silicon nitride membrane was characterized using monochromatic synchrotron
radiation in the 2 to 20nm wavelength range. The zero and first order efficiencies were measured
and compared to ab initio calculations that account for the optical properties of the materials, the width
and shape of the zones, and multiple-layer thin-film effects. It is shown that the thicknesses of the
Mo zones and the membrane and the ratio of the zone width to zone period can be independently
determined from the measured diffraction efficiencies in the zero and first orders and that the computa-
tional code can be used to reliably design zone plates that are optimized for applications such as solar
irradiance monitors in the extreme ultraviolet region.

OCIS codes:  050.1950, 050.1960, 340.7480.

1. Introduction

Zone plates have been widely used for microscopy
and microlithography in wavelength regions from
the visible to soft x-rays, most recently at 13nm
wavelength in the extreme ultraviolet (EUV) region
[1]. Zone plates have been proposed for spaceflight
instrumentation that accurately measures the EUV
emission from the sun at wavelengths up to 100nm
[2-4]. When optimizing a zone plate (ZP) design
for particular EUV applications, it is necessary to
characterize the optical performance of the ZP, thor-
oughly understand the physical dimensions such as
the thicknesses of the zones and the supporting

membrane to nm accuracy, determine the effects of
zone and membrane transmittance on the diffraction
efficiency, and computationally model the efficiency.
We describe techniques for accurately measuring the
ZP optical performance using monochromatic syn-
chrotron radiation over a wide wavelength range,
from 2 to 20 nm, and for determining the ZP proper-
ties by comparisons with ab initio calculations of the
diffraction efficiencies in the zero and first orders.
The diffraction of radiation by a ZP is shown sche-
matically in Fig. 1. The circular zones fill the space Z
between the central occulter C and outer occulter O.
The radiation is incident from the left, and the zero
diffraction order 0 passes undeflected through the
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Fig. 1. (Color online) Schematic of the central occulter C having

1mm radius, the outer occulter O having 2mm radius opening,
and the zones Z filling the space between the central and outer
occulters. The radiation is incident from the left, and indicated
are the undeflected zero order (0), focused first order (+1), and
diverging first order (-1). Also indicated is the detector with 6 mm
diameter aperture.

zones. The converging first order (+1) passes through
the focal point at a distance f from the zones, and the
diverging first order (-1) appears to originate from a
virtual source at —f. The focal distance f is equal to
AryD/mA, where Ary is the width of the outermost
zone, D is the diameter of the outermost zone, m is
the diffraction order number, and A is the wavelength
of the incident radiation [1]. Thus the higher +m or-
ders are focused closer to the ZP and the higher -m
orders have larger divergence angles from the zones.

While the +1 converging order is typically utilized
in a specific wavelength range for most applications,
it is important to measure the efficiencies in other
orders for a more complete understanding of the
ZP performance and the physical properties that in-
fluence performance such as zone and membrane
thicknesses. In addition, in the case of broadband
illumination of the ZP, out-of band radiation can
adversely affect the in-band performance at the se-
lected wavelength. This is particularly important
for solar radiometers that are illuminated by bright
radiation from a source >0.5° in diameter spanning
the wavelength range from x-ray through visible.

The +1 efficiency of a ZP having Mo zones with
100nm outermost zone width and 4 mm diameter
was calibrated in the 7 to 18 nm wavelength range
using monochromatic synchrotron radiation [4]. The
manufacturing specifications indicated the Mo zones
were 70 nm thick, and the zones were mounted on a
SigN, support membrane having nominal 100 nm
thickness and a much thinner Ti interface layer
of 5nm thickness. We discuss here the measure-
ment of the zero order efficiency over the extended
wavelength range 2 to 20nm and comparisons with
ab initio efficiency calculations that enable an accu-
rate determination of the ZP structure.

The primary motivation for this work is to
understand the roles of zone and membrane trans-
mittances on the efficiencies and possible thin-film
effects resulting from the multiple-layer structure
of the ZP. Such understanding is required when
designing future zone plates for solar radiometer
applications in the longer wavelength EUV region
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(up to 100nm) where multiple-layer interference
effects can become important.

2. Efficiency measurements

The efficiency measurements were performed at the
Naval Research Laboratory beamline X24C at the
National Synchrotron Light Source at Brookhaven
National Laboratory. The 600 groove/mm grating in
the beamline monochromator provided a practically
monochromatic beam (400 resolving power) to the
calibration chamber. The ZP was mounted on a goni-
ometer (providing tip and roll motions) and on a
rotational stage (providing yaw motion), and this
assembly was mounted on an x-y translation stage.
The ZP could be accurately translated into the radia-
tion beam and rotated about orthogonal axes with
respect to the beam under computer control. The di-
vergence of the radiation beam from the monochro-
mator was typically 0.6 mrad, and the beam size
could be varied over the range 0.5 to 4 mm by chan-
ging the beamline apertures and baffles. Thin filters
were inserted into the beam to pass the wavelength
region of interest while attenuating higher harmonic
radiation from the monochromator grating at shorter
wavelengths.

A detector assembly was positioned behind the ZP
and was mounted on an x-y-z translation stage, and a
selected detector could be accurately moved with re-
spect to the ZP under computer control. Mounted on
the detector assembly were silicon photodiode detec-
tors (type AXUV100G from International Radiation
Detectors Inc.) with 0.15mm, 0.40 mm, and 6 mm
diameter apertures. Also mounted on the detector as-
sembly were a complementary metal oxide semicon-
ductor (CMOS) imager having 48 ym pixel size and a
CCD imager having 5.2 ym pixel size. The imagers
had phosphor coatings for EUV sensitivity.

When measuring the ZP efficiency, it is first neces-
sary to record and understand the diffraction pattern
of the converging and diverging low orders, at least
the zero and first orders, with an imaging detector.
Then a photodiode detector with a small aperture
can be positioned to accurately measure the efficien-
cy of a selected order, uncontaminated by radiation
from other orders.

The diffraction patterns were recorded by position-
ing the CMOS or CCD imager at the focal distance
of the first orders of a number of selected incident
wavelengths as indicated by the dashed vertical line
in Fig. 1. The diffraction pattern of 15.6 nm radiation,
at its +1 order focal plane, recorded by the CMOS
imager is shown in Fig. 2. The 0 order radiation
passes undeflected through the zones and casts a
shadow of the 2mm outside diameter (OD) central
occulter, including the four support spokes, and of the
4 mm inside diameter (ID) outer occulter. Also visible
are the focused +1 order and the diverging —1 order
including the 2x magnified shadow of the four sup-
port spokes. The 0 and +1 order rays fall within
the 2x shadow of the central occulter and are there-
fore separated from the diverging —1 order rays. In
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Fig. 2. Image of the diffraction pattern of 15.6nm radiation
where the zero order (0), focused first order (41), and diverging
first order (-1) are identified.

addition, the diverging rays of the —1 order fall in the
shadow of the outer occulter and are separated from
the 0 order rays. This beneficial separation of diffrac-
tion orders occurs when the ID of the outer occulter is
no more than twice the OD of the central occulter.

The metrology provided by the CMOS and CCD
imagers was used to accurately scan an apertured
photodiode though the diffraction pattern of a se-
lected wavelength. For example, as indicated in
Fig. 1, the photodiode with a 6 mm diameter aperture
collects only the 0 order when at a distance >4f from
the ZP. When moved toward the ZP, the photodiode
begins to collect the +1 order radiation at a 4f dis-
tance from the ZP and collects all of the +1 order
at distances <2.5f. The photodiode also collects, in
sequence, the —1 order beginning at a distance of 2f
and the higher orders. Shown by the data points in
Fig. 3(a) are the efficiencies measured by scanning
the apertured photodiode toward the ZP when illu-
minated by 18.5nm radiation. The curves are the
efficiencies calculated as described in Section 3 and
using the ZP and detector geometries, and in addi-
tion assuming uniform illumination of the zones.
The curve for total calculated efficiency is in good
agreement with the data points except near the cusp
at distance f = 2.5, and this disagreement results
from the slightly nonuniform incident beam near the
ID of the outer occulter (see Fig. 2). Shown in Fig. 3(b)
are the efficiencies of an ideal Fresnel ZP having opa-
que zones and transparent open spaces between the
zones, where the zero order efficiency is 25%, the odd
order efficiencies are 1/(mxz)?, and the even order
efficiencies are zero [1]. It is immediately obvious
that the Mo ZP has nonideal efficiency resulting from
partially transmitting zones and a partially trans-
mitting support membrane.

In order to fully characterize and understand
the ZP efficiency, including the role of zone and mem-
brane transmittance, it is necessary to accurately
measure the efficiency over a wide wavelength range
covering the attenuation edges and other features
of the elements in the zones and membrane. This is
conveniently done for the 0 order by positioning the
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Fig. 3. (a) Comparison of the 18.5nm efficiency of the Mo ZP

measured by the 6 mm detector when scanned in distance with re-
spect to the ZP (data points) and the calculated efficiency curves.
(b) Efficiency curves for an ideal Fresnel ZP.

detector far from the ZP where it collects only the
undeflected 0 order and scanning the wavelength
of the incident radiation using the beamline mono-
chromator. The measured 0 order efficiency is shown
by the thick curve in Fig. 4, and many spectral fea-
tures are present that enable the accurate determi-
nation of the transmittances and thicknesses of the
Mo zones and the SizN, support membrane. Notable
in the 0 order efficiency curve are the Si L; attenua-
tion edge at 12.4 nm, the N K edge at 3.1 nm, and the
Mo M edge near 5nm.

Owing to the converging and diverging nature
of the higher orders, when measuring the efficiency

0 order meas |
0 order calc |
& 10f 2 e
> - /
[¢]
c
K]
2 @—1 order meas
u 2 1 order calc
! 2 3 order calc
5 10 15 20

Wavelength (nm)

Fig. 4. Comparison of the measured 0 order efficiency (thick
curve) and +1 order efficiency (square data symbols) with the
calculated efficiencies.
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of a selected converging order a detector with a
small aperture must be positioned at the focus of
the selected order so that rays from only the selected
order are collected. Since the focal length varies in-
versely with wavelength, the small aperture must be
scanned in z, the distance between the aperture and
the ZP, to maximize the signal at the focal distance.
In addition, the small aperture must be centered
laterally in x and y. The square data points in Fig. 4
are such measurements of the +1 order. It was ver-
ified that the —1 order has the same efficiency (within
the accuracy of the measurements) as the +1 order
using the z scanning technique of Fig. 3 and the
CMOS images of Fig. 2.

We note that when positioning the small apertured
detector at the focal distance of the +1 order, f =1
in Fig. 3, a small contribution from the +3 order
can pass through the aperture and add to the +1
order signal. However, the +3 order contribution is
much lower than the +1 order signal and was not
noticeable when scanning the apertured detector in
z through the +1 order focal distance. Thus the +3
order contribution was neglected.

3. Calculated efficiencies

The thin curves in Fig. 4 are the efficiencies cal-
culated using the PCGRATE code [5]. This code is
based on the rigorous boundary integral equation
method [6] and calculates the diffraction efficiency
of electromagnetic waves incident on transmitting
(and reflecting) periodic and/or nonperiodic struc-
tures having realistic physical configurations and
multiple material layers. The high accuracy of the
code’s calculated efficiencies of reflection gratings
having multilayer coatings and operating in the soft
x-ray—EUV region has been verified [6-8]. Our first
attempt to calculate the transmittance of ZP struc-
tures using the rigorous electromagnetic code was
undertaken in [3]. All widely used approaches that
are based on the scalar theory of diffraction (the
high-frequency Kirchhoff integral approximation)
have a fundamental constraint on their applica-
tion to bulk and multilayer x-ray—EUV structures
having line parameters (period, outermost zone
width, correlation length) comparable to the working
wavelength. The limitation is connected with the
difference in scattering between the finitely and
perfectly conducting surfaces.

The ZP was modeled using three layers, the Mo
zones and a SizN, support membrane having a 5nm
Ti intermediate layer as illustrated in Fig. 5. The Mo
zones, Ti intermediate layer, and SigN, membrane
have thicknesses of ty,, f1;, and ¢,,, respectively.
The period width is p, the open space between Mo
zones has width o, and the Mo zone width is p —o.
The optical constants were derived from the tabu-
lated optical constants of the elements and assuming
bulk density [9].

Simple analytical expressions for the ZP efficiency
were initially used to obtain values for the zone
thickness and width [10]. These expressions account

3018 APPLIED OPTICS / Vol. 50, No. 18 / 20 June 2011

Ti

SN,

p

Fig. 5. (Color online) Schematic of the ZP consisting of Mo zones
and SigNy support membrane and a Ti intermediate layer.

for the thickness, width, and transmittance of the
zones but not the SigN, membrane and Ti intermedi-
ate layer. In this approximation, the ratio of the first
and zero order efficiencies is independent of the
membrane transmittance and depends only on the
zone thickness and open space to period width, #,
and o/p in Fig. 5. Shown in Fig. 6(a) is the first to
zero order efficiency ratio calculated by assuming
the ideal o/p ratio 0.5 and varying the Mo zone thick-
ness. For wavelengths <15nm, the best agreement
with the measure efficiency ratio occurs at 45nm
zone thickness with an uncertainty of +5nm; the
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Fig. 6. The curves are the ratios of the calculated first and zero
order efficiencies, and the data symbols are the measured ratios.
(a) Calculated for fixed open space to period ratio 0.50 and for
Mo zone thicknesses of 50nm, 45nm, and 40 nm. (b) Calculated
for fixed 45 nm Mo zone thickness and open space to period ratios
of 0.55, 0.57, and 0.59.



efficiency ratio is highly sensitive to zone thickness
for wavelengths >15nm. We note that inaccurate
Mo optical constants can affect the inferred Mo thick-
ness; for example increasing the attenuation coeffi-
cient would reduce the inferred Mo thickness.

Assuming 45 nm zone thickness, the efficiency ra-
tio was calculated for variable o/p and is shown in
Fig. 6(b). The efficiency ratio is insensitive to o/p
for wavelengths <15nm and is highly sensitive for
wavelengths >15 nm where 0.57 gives the best agree-
ment with the measurements with an uncertainty of
40.02. Thus we infer the Mo zone thickness (45 nm)
and the zone width (0.43 of the zone period) indepen-
dently from the efficiency ratios in the <15nm and
>15nm wavelength regions, respectively.

Shown in Fig. 7 is a comparison of the ratio of the
+1 and 0 order efficiencies calculated by the analy-
tical expressions (curve 1) and by the PCGRATE code
(curve 2) using the same 45nm Mo zone thickness
and o/p = 0.57 parameters and using the same Mo
optical constants. The ratios exactly agree at <10 nm
wavelengths and have disagreements at longer
wavelengths. The origin of these disagreements will
require additional measurements and calculations
to understand and will be the subject of future re-
search. It is possible that the disagreements result
from multiple-layer thin-film effects that are known
to occur in the EUV region [11].

The absolute efficiency values of the multiple-layer
ZP as illustrated in Fig. 5 were calculated using the
PCGRATE code, and the thickness of the SigN, mem-
brane was varied to achieve the best agreement with
the measured first and zero order efficiencies. Fixed
parameters were the Mo zone thickness (45 nm), the
open space to period ratio (o/p = 0.57), and the Ti
layer thickness (5nm). In addition, the zones were
assumed to have the ideal rectangular shape of Fig. 5.
When varying the membrane thickness, it was found
that the jumps in the 0 order efficiency curve near
the 12.4nm Si L; and 3.1nm N K edges were quite
sensitive to the assumed membrane thickness.

The best overall agreement between the first
and zero order calculated and measured efficiencies
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Fig. 7. Theratios of the first and zero order efficiencies calculated
using the analytical expressions (curve 1) and the PCGRATE code
(curve 2). The data symbols are the measured ratios.

occurred for 70nm SisN,; membrane thickness and
is shown by the thin curves in Fig. 4. There are sig-
nificant differences between the calculated and
measured efficiencies. These differences could not be
substantially reduced by varying the other ZP pa-
rameters. For example, the calculated efficiencies
were insensitive to the zone period, which changes
continuously from 400 nm at the central occulter to
200nm at the outer occulter, and to reasonable
changes to the shape of the Mo zones. Changes to the
Ti layer, with nominal thickness of 5nm, had small
effect on the calculated efficiencies owing to the thin-
ness of the Ti layer compared to the Mo zones and
the membrane. Finally, altering the Mo thickness
and width from the values 45nm and o/p = 0.57
adversely affect the good agreement with the mea-
sured +1 to O order efficiency ratio shown in Fig. 7
(curve 2).

The most likely cause of the disagreement between
the calculated and measured efficiencies is inaccu-
rate optical constants for the Mo zones and SigN,
membrane (the Ti intermediate layer is too thin to
significantly affect the efficiencies). It is well known
that Mo films can oxidize and form compounds with
neighboring materials, and the chemical composition
and surface conditions of the membrane can also
vary from the ideal SizN,. Thus the optical constants
derived from the elements Mo, Si, and N for the zones
and membrane can be inaccurate, particularly at the
longer EUV wavelengths where molecular effects can
influence optical performance [12]. Moreover, the in-
ferred zone and membrane thicknesses, 45nm and
70nm, are much smaller than the values expected
from the design of the ZP, 70 nm and 100 nm, respec-
tively, and this is further evidence of inaccurate zone
and membrane EUV optical properties used in the
calculations.

4. Conclusions

A number of techniques have been utilized for experi-
mentally characterizing zone plates in the EUV
wavelength region using monochromatic synchro-
tron radiation: determining the efficiencies of the
converging +m and diverging —m orders from the
diffraction pattern recorded by CMOS and CCD
imagers, measuring the spectrum of the 0 order effi-
ciency over a wide wavelength range by positioning
the large area detector far from the ZP, scanning the
detector toward the ZP and collecting in sequence
the higher +m and -m orders, and measuring the
efficiency of a converging order by accurately posi-
tioning a detector with a small aperture at the focal
position. These different techniques provide redun-
dancies that enable the accurate measurement of
the efficiencies of all the strongest orders.

The techniques were utilized to measure the effi-
ciencies of a ZP consisting of partially transmitting
Mo zones and SigN, support membrane, and the
material thicknesses were inferred by comparing to
the calculated efficiencies. As has been demonstrated
for reflection gratings having thin-film multilayer
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coatings and operating in the EUV region [7,8],
the realistic ZP modeling and accurate calculation
of EUV efficiencies have the potential of providing
practical guidance for the design and optimization of
ZPs for spaceflight EUV instrumentation. However,
significant difference exists between the calculated
and measured ZP efficiencies, most likely resulting
from inaccurate optical properties of the zone and
membrane materials, and this illustrates the impor-
tance of accurately measuring the optical properties
and efficiencies using synchrotron radiation and
of improving the accuracy of the ZP computational
modeling.

This work was supported by the NASA project
Ultra-Stable Extreme Ultraviolet Solar Monitor us-
ing Zone Plates and by the Office of Naval Research
(ONR).
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