
Diffraction efficiency of a small-period astronomical
x-ray reflection grating fabricated using thermally

activated selective topography equilibration

Ross C. McCurdy ,* Drew M. Miles , Jake A. McCoy , Fabien Grisé ,
and Randall L. McEntaffer

The Pennsylvania State University, Department of Astronomy and Astrophysics,
University Park, Pennsylvania, United States

Abstract. We have fabricated a blazed x-ray reflection grating with a period of 160 nm using
thermally activated selective topography equilibration (TASTE) and electron-beam (ebeam)
physical vapor evaporation. TASTE makes use of grayscale ebeam lithography to create three-
dimensional (3-D) structures in resist, which can then be thermally reflown into a desired profile.
A blazed grating profile can be fabricated by selectively reflowing a periodic staircase structure
into a wedge. This was done for the first time at a grating period of 160 nm, 2.5 times smaller
than previous x-ray gratings fabricated using TASTE. The grating was patterned over a 10 mm
by 60 mm area in a 147-nm-thick layer of poly(methyl methacrylate) resist and coated with 5 nm
of chromium and 15 nm of gold using ebeam evaporation. The diffraction efficiency of the gra-
ting was measured using beamline 6.3.2 at Lawrence Berkeley National Laboratory’s Advanced
Light Source. The results show a total absolute diffraction efficiency ≳40% at lower energies,
with maximum single-order diffraction efficiency ranging from 20% to 40%. The total diffrac-
tion efficiency was ≳30% across the measured bandpass of 180 to 1300 eV. © 2020 Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JATIS.6.4.045003]
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1 Introduction

As the needs of the astronomical community exceed the capabilities of current x-ray observa-
tories, development of highly sensitive x-ray instrumentation is necessary to enable the goals of
the next generation of x-ray missions. High-resolution soft-x-ray spectroscopy (0.2 to 2.0 keV) is
required to address astrophysical questions about the formation and evolution of galaxies and
large-scale structures.1–3 Lynx, one of four large mission concepts currently being studied for the
2020 Decadal Survey, aims to address these questions.1,3 One of Lynx’s proposed observational
campaigns is an x-ray-absorption-line study of the circumgalactic medium of galaxies with large
halos (≳1012M⊙) using background active galactic nuclei. The survey aims to detect OVII and
OVIII absorption lines in hot gas (≳106 K) down to equivalent widths of 1 mÅ across various
sightlines, halo masses, and impact parameters.3 To conduct this survey, Lynx needs a spectrom-
eter with a spectral resolving power of λ∕Δλ ¼ 5000 and effective area of 4000 cm2 between
0.45 to 0.7 keV.3 An x-ray grating spectrometer is currently the only instrument that can meet
these requirements.

Radially grooved, blazed x-ray reflection gratings in the off-plane mount have the potential to
meet Lynx requirements.4 X-ray reflection gratings in the off-plane mount are oriented such that
the grooves are nearly parallel with the incident x-rays, which will strike the grating at grazing
incidence. In this geometry the grating equation is

EQ-TARGET;temp:intralink-;e001;116;138 sinðαÞ þ sinðβÞ ¼ nλ
d sinðγÞ ; (1)
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where α is the azimuthal angle of the incident x-ray, β is the azimuthal angle of the diffracted
x-ray, n is the order number, λ is the wavelength, d is the groove spacing, and γ is the half-cone
opening angle between the incident x-ray and the groove direction.5 In principle, a blazed grating
will preferentially diffract x-rays in a plane perpendicular to the triangular facet at an angle
β ¼ 2δ − α, where δ is the blaze angle.6,7 The blaze wavelength, λb, is given as

EQ-TARGET;temp:intralink-;e002;116;675λb ¼
d sinðγÞ

n
½sinð2δ − αÞ þ sinðαÞ�: (2)

The diffraction efficiency of a wavelength of scientific interest in a given order is maximized
when the grating is in the Littrow configuration where α ¼ β ¼ δ. In this setup, Eq. (2)
simplifies to

EQ-TARGET;temp:intralink-;e003;116;597λb;Littrow ¼ 2d sinðγÞ sinðδÞ
n

: (3)

Figure 1(a) shows the geometry of reflection gratings in the off-plane mount while Fig. 1(b)
shows a set of reflection gratings aligned in the Littrow configuration. The radial profile can
also be seen in Fig. 1(b) as the groove density changes along the groove direction to match
the converging beam from the telescope. This enables high spectral resolution by reducing gra-
ting-induced aberrations from a converging beam diffracting off a linear groove profile.10

Reflection gratings operated in the off-plane mount have several characteristics that make them
a promising candidate for meeting the requirements of Lynx and other future x-ray observatories:
they can obtain high spectral resolving power, achieve high diffraction efficiency in a given
bandpass due to blazing, and the geometry allows for many gratings to be stacked to obtain
the required effective area for observatories.

Fig. 1 (a) Reflection-grating geometry in the off-plane mount.5 A photon from point A with an aziu-
muthal angle of α and half-cone opening angle γ strikes the grating at position I with a graze angle
of η and a yaw angle of Ψ. The photon either reflects to zero order or diffracts into an arc a throw
distance L away from I according to the generalized grating equation given in Eq. (1). Reproduced
from Miles et al.8 (b) Radially grooved reflection gratings in the Littrow configuration to maximize
diffraction efficiency in a given bandpass. Incident x-rays are diffracted with high throughput into
the blaze orders set by Eq. (3). Reproduced from McEntaffer et al.9
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The current state-of-the-art methods for fabricating radial x-ray gratings make use of
electron-beam lithography (EBL),7,8 which is one of the few fabrication methods that can pro-
duce high-fidelity nanometer-size features with the control necessary for large-format radially
grooved x-ray gratings. Electron-beam (ebeam) tools use a highly focused beam of electrons to
expose a thin layer of polymeric resist coated on a substrate such as a silicon wafer. The electrons
interact with the polymer leading to scission, reducing the molecular weight. This is known as a
positive resist since the area exposed by the ebeam has a lower molecular weight.11 After expo-
sure, the resist is placed in a solvent (known as a developer) where the lower molecular weight
polymers dissolve more quickly. After development, the pattern in the resist is transferred into
the substrate or a hardmask such as silicon nitride using reactive ion etching. The resist is
removed and the rectangular groove profile is anisotropically etched into the desired blaze pro-
file. A common blazing technique for x-ray gratings is a potassium-hydroxide (KOH) wet
etch.8,9,12–14 The silicon substrate is submerged in KOH, which anisotropically etches down
to the f111g crystal planes. Finally, the nitride hardmask is removed in a bath of hydrofluoric
acid leaving a blazed profile.8,9,12–14 X-ray reflection gratings that were blazed using KOH have
been shown to achieve high diffraction efficiency. Measurements made using off-plane reflection
gratings found the relative diffraction efficiency to be within 10% of the reflection limit of
the gold coating and the absolute efficiency >60% across a significant portion of the tested
bandpass.8

While KOH etching can produce high-efficiency gratings, the discrete spacing of the f111g
crystal planes limits how accurately the pattern is transferred from the nitride hard mask to the
silicon substrate during the KOH wet etch. For x-ray reflection gratings, the radial profile will
snap to the nearest h111i plane with the spacing in the crystal plane exposed by the nitride hard
mask given by s ≃ 0.3 sinðδÞ nm, where δ is the blaze angle set by the angle between the crystal
plane exposed by the nitride mask and the h111i plane. The discretization of the radial profile
places an upper limit on the resolving power of the grating spectrometer, which may be lower
than mission (e.g., Lynx) requirements. There are two alternative methods being studied to fab-
ricate blazed gratings: ion milling and thermally activated selective topography equilibration
(TASTE). Ion milling is similar to reactive ion etching, but the angle between the ions and the
substrate surface can be set by the user. A blazed grating is produced by first transferring the
laminar ebeam pattern into the silicon substrate using reactive ion etching and then ion milling
the grooves to create the desired asymmetrical groove profile.15,16

The blazing technique used in this study, TASTE, makes use of grayscale EBL to create
multilevel structures in resist and thermally reflow them into a desired profile.6,7,17–20 Grayscale
EBL modulates the dose, the number of electrons per unit area, to create a lateral molecular-
weight gradient in the resist. Next, there will be a gradient in the resist thickness with the thicker
regions having been dosed less than the thinner regions and having a lower developer etch rate
as a result of having a larger molecular weight.20 After development, the resist is heated until it
begins to flow, with lower molecular-weight regions flowing at lower temperatures. The resist
flows both vertically and laterally, causing the grayscale profile to evolve in time. Various pro-
files can be achieved using combinations of reflow temperature, time, and grayscale pattern.20

TASTE has previously been demonstrated to be able to create blazed groove profiles useful for
x-ray gratings.6,7 Gratings with custom groove profiles and patterns can be fabricated using
TASTE that do not suffer from the same drawbacks as KOH etching. The groove pattern will
not be discretized, and the blazed facets will follow the groove direction. These characteristics
make TASTE a promising method to produce high-performance x-ray gratings that can meet the
requirements of future observatories.

In this paper, we will present the results of the first diffraction-efficiency measurement of an
x-ray grating fabricated using TASTE with a period of 160 nm,21 2.5 times smaller than what has
previously been achieved with TASTE.6,7 A smaller period increases the dispersion for a given
grating setup and allows for greater flexibility in instrument design as well. While smaller peri-
ods are useful, they are difficult to fabricate and present new challenges compared to larger
periods. In Sec. 2, we will discuss the fabrication of the grating. In Sec. 3, the test configuration
and measurement results will be presented and will be discussed in Sec. 4. We present our
conclusions in Sec. 5.
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2 Grating Fabrication

In this section, each of the steps in the fabrication process for the tested grating will be discussed.
All nanofabrication work was done at the Nanofabrication Lab in the Materials Research
Institute at The Pennsylvania State University. Additional descriptions of the current TASTE
fabrication process are given in McCoy et al.6,7 The fabrication steps are similar to those in
McCoy et al., while several (e.g. ebeam pattern/parameters, reflow conditions) have been
adjusted for the new constant groove period of 160 nm.

A single-side polished, 100-mm-diameter silicon wafer was dynamically coated at 3000 rpm
for 45 s with poly(methyl methacrylate) (PMMA) 950 A3, which is a 3% solution of PMMA
in anisole with a molecular weight of 950 kg∕mol. The sample was baked on a hotplate at 185°C
for 3 min before and after spin coating to remove any residual moisture and to evaporate the
anisole, respectively. The resist thickness was measured at seventeen points across the wafer
using a J. A. WOOLLAM M-2000 focused ellipsometer to give an average measurement of
147.30� 0.04 nm. The ebeam exposure pattern was prepared and fractured using BEAMER,22

a software package developed by GeniSys that is used in pattern preparation for different litho-
graphic processes. The pattern consists of three layers: a 40-nm-wide layer at 100% of the origi-
nal resist thickness (unexposed), an 80-nm-wide layer at 60% resist thickness, and a 40-nm-wide
layer at 0% resist thickness (cleared) to obtain a 160-nm period, and is shown in Fig. 2(a). The
dose to achieve each of the thicknesses and account for the proximity effect was calculated using
the 3DPEC module in BEAMER based on the contrast curve shown in Fig. 2(b). The pattern was
arrayed to create a grating that was 10 mm in the cross-groove, or dispersion direction, and
60 mm in the groove direction. The sample was exposed using the RAITH EBPG5200 with a
40-nA beam and 400-μm aperture, giving a beam spotsize of 34 nm. After exposure, the sample
was developed using a bath of methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA) in a
1:1 ratio for 2 min, followed by a 30-s IPA rinse and nitrogen blow dry. No additional processing
was done for 24 h after development to allow the resist swelling from development to dissipate.
The sample was then heated at 108°C for 900 s using a vacuum hotplate to achieve uniform
contact between the heating surface and the wafer.

The grayscale pattern and reflow conditions were determined by making a matrix of test
samples using various patterns and reflow temperatures/times and measuring the profile using
a BRUKER ICON atomic-force microscope (AFM). Aviable pattern was chosen from that matrix and
used for this grating. The sample was coated with a 5-nm adhesion layer of chromium and a
15-nm layer of gold for x-ray reflectivity using a TEMESCAL FC2000 ebeam evaporator. AFM data
of the grating after each of these steps can be seen in Fig. 3. The final grating has an rms surface
roughness (Sq) of ∼0.8 nm with a range between 0.5 to 1.3 nm as measured with the AFM over

Fig. 2 (a) Grayscale profile used in grating fabrication. The unexposed region has a thickness h0,
and is w0 ¼ 40 nm wide. The first exposed region has a thickness of h1 ¼ 0.6 h0 and a width of
w1 ¼ 80 nm. The cleared region has a width of w2 ¼ 40 nm. The sum of the widths of the three
regions, d ¼ w0 þ w1 þ w2 ¼ 160 nm, is the period of the grating. (b) Contrast curve measured in
McCoy et al.6 The resist thickness is shown as a function of ebeam dose for a 130-nm-thick layer
of PMMA developed at room temperature using 1:1 MIBK/IPA for 2 min and IPA for 30 s.
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50-nm square regions on the groove facets. The blaze angle is ∼35 degrees with a range between
28 and 39 degrees. The range was estimated by measuring blaze angles at various facet start/end
points and different locations on the grating. It is difficult to obtain a precise measurement of the
surface roughness and blaze angle from AFM data because the calculated values depend on what
portion of the facet is used in the measurement. The rounding in the profile that can be seen
in Fig. 3 makes it challenging to define where the blaze facet begins and ends, leading to a
distribution of measurements. Pattern inhomogeneity resulting from the small feature sizes also
contributes to the distribution.

3 Diffraction Efficiency

In this section, we will describe the diffraction-efficiency measurement performed using
beamline 6.3.2 at Lawrence Berkeley National Laboratory’s Advanced Light Source (ALS).
The experimental setup and testing procedure is similar to the one discussed in the appendix
of Miles et al.8 A description of the test procedure will be given here.

3.1 Grating Alignment

The grating was mounted onto stages that have six degrees of freedom: linear translations in x, y,
and z; and rotation translations in pitch, yaw, and roll. The stage coordinate system can be seen in
Fig. 4(a). The vacuum chamber has an external and internal CCD used for grating alignment and
a photodiode for measuring the intensity of the x-ray beam. The first alignment step is to center
the x-ray beam on the grating by imaging an optical beam that is coincident with the x-ray beam
using the external CCD. Next, the grating is set to approximately zero pitch and moved in the z
direction to occult half of the optical beam on the internal CCD. The grating pitch and z height
are adjusted until the beam is occulted when the grating is negatively pitched and reflected when
positively pitched. The internal CCD and photodiode are on an angular stage that travels in the
pitch direction; the CCD is aligned with the x-ray beam when the stage is at zero degrees. The
grating pitch (i.e., graze) is defined to be at η ¼ 0 deg when the grating is pitched an amount
Δη > 0 deg and the reflected beam spot is at an angle of 2Δη on the angular stage. This is
verified with the internal CCD using both the optical and x-ray beams. Once η ¼ 0 deg has
been found, the grating is pitched to a grazing incidence angle; in this experiment, the graze
angle was set to a nominal value of η ¼ 1.5 deg. The graze can be experimentally measured
using the photodiode. A 0.5 × 10 mm slit was mounted on the photodiode to isolate individual

Fig. 3 AFM images of the grating at different points in the fabrication process taken using a Bruker
Icon AFM over 700 nm with 512 samples per line to give a 1.37-nm pixel size. (a) After grayscale
exposure and development. (b) After reflow at 108°C for 900 s. (c) After deposition of 5 nm of
chromium and 15 nm of gold.
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grating orders and can be seen in Fig. 4(b). The photodiode was scanned in the x direction
(grating dispersion direction) to determine the position of zeroth order in the dispersion direc-
tion. Once found, the slit was scanned in the z direction (grating cross-dispersion direction) to
identify the angular position of the centroid, which will be 2η. This measurement was made
twice at five energies and the mean graze angle was found to be η ¼ 1.47� 0.01 deg.
These data can also be used to measure the throw by using the measured cross-dispersion angular
extent of zeroth order and the known physical size of the slit. The mean throw value was calcu-
lated to be L ¼ 239� 3 mm. The roll can be calculated by measuring the change in the x posi-
tion of diffraction orders as a function of graze angle. Data were collected at five graze angles
and the mean roll was calculated to be θroll ¼ 1.2� 0.4 deg.

The final alignment step is to measure and adjust the yaw of the grating. In principle, the
diffraction efficiency in a given bandpass is maximized in the Littrow configuration. For a given
blaze angle, δ, and graze angle, η, the yaw angle,Ψ, necessary to be in Littrow, can be determined
using Eqs. (4) and (5),8

EQ-TARGET;temp:intralink-;e004;116;247 cosðαÞ ¼ cosðδÞðIn LittrowÞ ¼ sinðηÞ
sinðγÞ ; (4)

EQ-TARGET;temp:intralink-;e005;116;191 cosðΨÞ ¼ cosðγÞ
cosðηÞ : (5)

A blaze angle of δ ≈ 35 deg with η ¼ 1.47 deg corresponds to a yaw of ΨLittrow ¼
1.03 deg. The yaw is measured by performing a scan with the photodiode in the dispersion
direction to determine the x centroids of the orders, and then finding the z centroids of each
order in the cross-dispersion direction. The angular positions of the cross-dispersion centroids
can be converted into physical distances using the throw of the system. This measurement is
repeated at several energies to sample and then fit the diffraction arc. The yaw is related to the
separation in the x direction between the zeroth-order centroid position, xzero, and the hub of
the arc, xarc, the roll, the graze, and the throw

Fig. 4 Beamline 6.3.2 vacuum chamber. (a) The grating mounted to the motorized stage with the
coordinate system of the setup. It is worth noting that in this image, the grating is pitched 90 deg
relative to the x-ray beam. (b) The photodiode covered with a 0.5 × 10 mm2 slit, and the internal
CCD. The grating pattern is offset from the center of the silicon wafer and marked with an arrow.
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EQ-TARGET;temp:intralink-;e006;116;636 sinðΨÞ ¼ xzero − xarc
L cosðηÞ cosðθrollÞ

: (6)

The yaw was calculated using Eq. (6) and adjusted until the grating was close to the Littrow
configuration at Ψ ¼ 1.08� 0.01 deg. The arc-of-diffraction radius, r, and throw are used to
determine the half-cone opening angle, γ, given by Eq. (7)

EQ-TARGET;temp:intralink-;e007;116;567 sinðγÞ ¼ r
L
: (7)

The value for γ can be substituted into Eq. (4) to calculate α for the test geometry. Table 1 lists the
values for the grating geometry used in this measurement.

The errors on the grating-geometry parameters were calculated using a Monte Carlo
approach. Data sets were generated by taking the errors on the individual data points that
consist of stage uncertainty and the photodiode measurement uncertainity,23 and drawing new
points from normal distributions centered about the data. The new data set is then passed
through the relevant fitting routines and calculations to determine the grating geometry.
Repeating this process several thousand times generated distributions for each of the grating
angles, all of which except roll were verified to be normal using quantile-quantile plots. The
listed uncertainties are the standard deviation of the distributions. While the roll is non-
Gaussian, the standard deviation of 0.4 deg includes 62% of the distribution, which is close
to the 65% within one standard deviation of a normal distribution, so it represents the width of
the distribution well.

3.2 Diffraction-Efficiency Measurement

Diffraction-efficiency data were taken in 20-eV increments from 180 to 1300 eV. The photodiode
was scanned in the x direction (dispersion direction) to capture all of the diffraction orders at
each energy. The grating was also moved out of the beam so the direct-beam intensity could be
measured. Several dark-current measurements were made for both the direct-beam and diffrac-
tion-order scans with the average values at each position subtracted out of the data. Peaks were
identified in the data and the x positions of the diffraction orders were determined using a
weighted mean with the intensities as the weights. The relative intensity at the centroid was
calculated by taking the mean of the relative intensities of the two closest points about the cent-
roid. The absolute diffraction efficiency is then given by the ratio of the relative intensities of the
diffracted order and direct beam at their respective centroids. Uncertainties in the absolute effi-
ciency were calculated by propagating photodiode measurement uncertainties through the cent-
roid, mean, and ratio calculations. The efficiency uncertainty is quite small with values ≲0.25%.
An example diffraction-order and direct-beam scan is shown in Fig. 5. The absolute diffraction
efficiency as a function of energy is shown in Fig. 6. The relative diffraction efficiency, the ratio
of absolute diffraction efficiency to the gold-coating reflectivity, is shown in Fig. 7. The gold-
coating reflectivity shown in Fig. 6 was used to calculate the relative diffraction efficiency for
this test geometry and obtained from the Center for X-ray Optics’ (CXRO) X-ray Database.24

Relative diffraction efficiency gives an understanding of grating performance independent of
the reflective coating used. Uncertainties are included in Figs. 6 and 7 but are smaller than the
plot points.

Table 1 Grating geometry for the diffraction-efficiency measurement. Listed uncertainties are
equal to 1σ.

Graze ðηÞ (deg) Yaw ðΨÞ (deg) Roll ðθrollÞ (deg) Throw (L) (mm) γ (deg) α (deg)

1.47� 0.01 1.08� 0.01 1.2� 0.4 239� 3 1.82� 0.03 36.3� 1.4
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4 Discussion

The grating achieved a total diffraction efficiency above 40% for energies below ∼670 eV, with
the majority of the efficiency coming from a single or a few orders, typically first through third
order. The Lynx effective area requirement of 4;000 cm2 between 0.45–0.7 keV3 corresponds to
an absolute grating efficiency of 40% at OVII.4 The diffraction efficiency at 580 eV, close to the
OVII energy of 574 eV, is 43% with 2% coming from negative first order, 3% from first order,

Fig. 6 Absolute diffraction efficiency as a function of energy. The total diffraction efficiency is the
sum of all the orders shown excluding zeroth order. The Au reflectivity for an incidence angle of
1.82 degrees with a 0.8-nm rms surface roughness was obtained from the CXRO X-ray Database
and is shown as a solid gold line in the figure.

Fig. 5 Diffraction-efficiency measurement scans at 340 eV. (a) Diffraction-order scan, orders
from left to right are: zeroth, first, and second. (b) Direct-beam scan.
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19% from second order, and 18% from third order. Single-order diffraction efficiencies are high-
est at lower energies, reaching peaks of 40%, 33%, and 25% for first, second, and third order,
respectively. The total absolute efficiency begins to decrease at higher energies, leveling off at
30% around 900 eV. The diffracted x-rays are also spread out between multiple orders, with peak
single-order efficiencies below 20% starting at fourth order. The single-order and total diffraction
efficiency of this grating are lower than what a 400-nm period TASTE grating tested in a similar
configuration at ALS achieved over their shared bandpass of 180 to 800 eV.7 This is due to a
fraction of the flux incident on the grating being lost from a combination of processes, likely
different forms of scattering. This can be seen in Fig. 7, where the relative diffraction efficiency
including zeroth order starts at∼0.9 at 180 eVand decreases across the entire measured bandpass
to ∼0.5 at 1300 eV. In an ideal grating, this value should be close to one with some losses
expected from surface roughness. Gratings previously tested at ALS, such as the 400-nm
TASTE grating and a replicated 160-nm KOH grating, have relative efficiencies including zeroth
order ≳0.9 across their measured bandpass.7,8

There are two forms of scattering of interest in understanding grating performance: scattering
into the medium (absorption), and diffraction from roughness features leading to diffuse scatter
out of the medium (vacuum scattering). The medium is the 15-nm layer of gold deposited onto
the TASTE profile via ebeam evaporation. The roughness profile of the gold layer is a combi-
nation of roughness present in the TASTE profile due to the lithographic and thermal reflow
processes, as well as roughness from the deposition process. To understand the scattering effects
resulting from roughness, the incidence angle of the photon striking the groove facet, ζ, must be
considered. The term ζ is related to α, γ, and δ by

EQ-TARGET;temp:intralink-;e008;116;145 sinðζÞ ¼ sinðγÞ cosðδ − αÞ; (8)

and is shown geometrically in Fig. 8.6,7 It is worth noting that in the Littrow configuration ζ ¼ γ.
Inserting values from Table 1 into Eq. (8) and taking the blaze angle found from modeling the
efficiency data, δ ¼ 38 deg, ζ ≃ 1.82 deg ≃ γ as expected for the near-Littrow configuration
the grating was tested in. The attenuation length of gold in the direction normal to the groove

Fig. 7 Relative diffraction efficiency as a function of photon energy. The blue data are the absolute
diffraction efficiency as a fraction of the gold reflectivity excluding zeroth order. The red data are
the relative efficiency including zeroth order.
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facet, lAu, at an incidence angle of ζ ¼ 1.82 deg obtained from the CXRO database is 1.66 nm ≲
lAu ≲ 3.12 nm in the 180- to 1300-eV bandpass. The surface layer of gold can then be described
as a thick slab since an x-ray reflecting off the gold-chromium interface would need to travel a
distance ≳10 lAu, which has a very low probability of occurring (≲e−10). The effects of surface
roughness on the specular reflectivity of a thick slab can be approximated using the Nevot–Croce
factor (NCF);25,26 its application to reflection gratings in the off-plane mount is addressed in
McCoy et al.7 The NCF is defined as the ratio of the reflectivity of a rough surface, Rrough,
and the Fresnel reflectivity, RF,

EQ-TARGET;temp:intralink-;e009;116;367NCF ¼ Rrough

RF
¼ k expð−2k⊥k̃⊥σ2Þk2 ¼ exp

�
−4σ2k20 sinðζÞRe

h ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ν̃ − cos2ðζÞ

q i�
; (9)

where k⊥ ¼ k0 sinðζÞ, k̃⊥ ¼ k0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ν̃ − cos2ðζÞ

p
, k0 ¼ 2π∕λ is the photon wavenumber, ν̃ is the

complex index of refraction of the material, σ is the rms surface roughness, and the Fresnel
reflectivity is given by

EQ-TARGET;temp:intralink-;e010;116;285RF ¼
���� sinðζÞ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ν̃ − cos2ðζÞ

p
sinðζÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ν̃þ cos2ðζÞ

p
����
2

: (10)

Equation (10) describes the Fresnel reflectivity for a wavefront with transverse-electric
polarization, which, at grazing incidence in the soft-x-ray regime, is approximately equal to the
transverse-magnetic polarization.7,27 The NCF assumes normally distributed, small roughness
features satisfying the condition k⊥σ ≪ 1.7,26 Rewriting this in terms of photon energy and sub-
stituting in ζ ¼ 1.82 deg and the typical rms surface roughness obtained with AFM measure-
ments, σ ≈ 0.8 nm,

EQ-TARGET;temp:intralink-;e011;116;163Ephoton ¼
hc
λ

≪
1240 eV · nm
2πσ sinðζÞ ≈ 7770 eV: (11)

Furthermore, the NCF has a surface correlation length, ξ, included in the derivation that satisfies
the condition ξk2⊥ ≪ k0.

7,25,26 This term can also be rewritten in terms of photon energy,

Fig. 8 The incidence angle, ζ, of a photon striking the groove facet. The incidence angle is related
to α, γ, and δ by sinðζÞ ¼ sinðγÞ cosðδ − αÞ.6,7
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EQ-TARGET;temp:intralink-;e012;116;612Ephoton ¼
hc
λ

≪
1240 eV · nm
2πξ sin2ðζÞ ≈ 1960

�
100 nm

ξ

�
eV: (12)

If the conditions in Eqs. (11) and (12) are met, then diffuse scatter resulting from diffraction
off the roughness features can be neglected and only absorption need be considered.7,26

PCGrate-SX, the software package used for modeling the grating performance discussed below,
models losses due to surface roughness under the assumption that both of these conditions
are met.

The theoretical grating performance was modeled using the PCGrate-SX software package.
PCGrate solves the Helmholtz equation to calculate the diffraction efficiency of a grating setup
specified by the user.28,29 A grating was set up in PCGrate using the geometry listed in Table 1.
The PCGrate model uses a trapezoidal groove profile with the nominal period, depth, and blaze
angle as the TASTE profile and is shown in Fig. 9. A flat top was used instead of a rounded
profile because PCGrate has trouble modeling rounded profiles that do not fit certain functional
forms. A blaze angle of δ ¼ 38 deg was used in the models to qualitatively match the blaze
peaks in the model to the data. While the model blaze angle is different from the nominal value
of δ ≈ 35 deg, it is within the range of angles measured with the AFM discussed in Sec. 2.
Changing the blaze angle from δ ¼ 38 deg shifts the model peaks to higher or lower energies
for smaller and larger angles, respectively. A 15-nm layer of gold was added to the grating with
the surface roughness set to match the measured AFM value of 0.8-nm rms. The index of refrac-
tion in the model comes from the CXRO database mentioned previously. A plot of the model and
measured data is shown in Fig. 10. The PCGrate model shown in Fig. 10 does a decent job of
reproducing some trends in the measured data, specifically the shape of the orders and the gen-
eral locations of the blaze peaks. The peak efficiencies of the diffraction orders and the total
diffraction efficiency are greater than the data, especially at higher orders where the model effi-
ciency decreases more gradually than the data. Another model is shown in Fig. 11 where the
surface roughness has been increased from the AFM value of ∼0.8 to 3.25 nm rms. This model
does a better job of reproducing the behavior in the data, especially for zero-third order and the
total efficiency.

While the second model fits the data better, the increased roughness falls well outside the
range of measured roughness values (0.5 to 1.3 nm rms). Figure 12 shows the NCF and the
difference between the NCF and the relative diffraction efficiency including zeroth order.
The NCF was calculated for the gold layer using Eq. (9) with ζ ¼ 1.82 deg, an rms surface
roughness of 0.8 nm, and the complex index of refraction of gold from the CXRO database.
If the NCF accurately describes the efficiency losses due to surface roughness, it will be very
close to the relative diffraction efficiency including zeroth order. The calculated difference
ranges from ∼0.1 to 0.45 across the bandpass. Combined with the results in Fig. 12, the need
to greatly increase the surface roughness from the measured range suggests that diffuse vacuum
scatter cannot be ignored, and at least one of the conditions given by Eqs. (11) and (12) for the
Nevot–Croce approximation is not being met. It is likely that the condition in Eq. (11) is sat-
isfied, as the highest energy in the tested bandpass, 1300 eV, is a factor of 6 lower than the
limiting photon energy, Ephoton ≪ 7770 eV. This decreases to a factor of 3.6 when the roughness
is on the upper end of the measured values at 1.3 nm rms. Even in this case, the majority of the
bandpass from 180 to 1300 eV comfortably satisfies this condition. It is more likely then, that
the second condition relating to the correlation length given in Eq. (12) is not satisfied. While the
true profile of the grating surface roughness (typically characterized by a power spectrum) and

Fig. 9 Trapezoidal groove profile used in the PCGrate-SX grating diffraction-efficiency models.
The trapezoid was given similar characteristics to the measured grating values, with a height of
h ¼ 65 nm, top width of w ¼ 10 nm, period of d ¼ 160 nm, and blaze angle of δ ¼ 38 deg.
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its correlation length, ξ, are unknown, if ξ ≃ 100 nm then Eq. (12) requires Ephoton ≪ 1960 eV,
which is not necessarily true for the tested bandpass. Larger values of ξ would exacerbate this
and increase the amount of diffuse vacuum scatter. The large amount of diffuse scatter inferred
from the difference between the NCF and the relative diffraction efficiency in Fig. 12 suggests a
correlation length that does not satisfy Eq. (12). There is additional evidence for scattering
present in the cross-dispersion scans taken at multiple energies during grating alignment.
Future ALS measurements will need to include scans to better understand the amount and loca-
tion of the scatter as a function of photon energy.

In addition to efficiency losses due to surface roughness, the intensity of the diffracted orders
is also modified as a result of line-edge roughness (LER) and line-width roughness (LWR)
present in the grating. LER is the change of the center position of the groove while the groove
width is constant, whereas LWR describes the change of the groove width while the center is kept
constant.30,31 The effects of LER and LWR on the diffraction orders of laminar gratings at graz-
ing incidence have been derived analytically following the derivation of the Debye–Waller factor
(DWF).30,32,33 The intensity of a diffracted order due to mutually independent LER and LWR is
modified as

EQ-TARGET;temp:intralink-;e013;116;165DWF ¼ IðkÞ
I0ðkÞ

¼ expð−Σ2k2Þ; (13)

where k is the wavenumber of the order, I0 is the Fraunhofer diffraction intensity of a grating
with N slits normalized to the specular reflected intensity Iðk ¼ 0Þ, Σ2 ¼ σ2LER þ 1

4
σ2LWR, σLER is

the variance of the LER distribution, and σLWR is the variance of the LWR distribution.30 The
DWF was added to the PCGrate diffraction efficiency models to determine whether the com-
bined Debye-Waller and Nevot-Croce factors could better describe the measured diffraction

Fig. 10 Theoretical and measured diffraction efficiency as a function of energy. The data are
shown as points with connecting lines, while the modeled efficiency from PCGrate is shown
as dot-dash lines for the diffraction orders with each modeled order being centered above the
corresponding measured order data. The total model efficiency excluding zeroth order is shown
as a dashed line. The Au reflectivity is shown as a solid gold line.
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efficiency of the grating. The PCGrate models were modified to include the DWF by multiplying
the modeled diffraction efficiency of every energy in a given order by the exponential term in
Eq. (13). The wavenumber for each diffraction order is given by k ¼ 2πn∕d, where n is the order
number and d is the nominal groove period of 160 nm.30 The LER/LWR variance term, Σ, was
adjusted to qualitatively match the modeled and measured total diffraction efficiency. Figure 13
shows the modeled diffraction efficiency with the nominal measured surface roughness of 0.8-
nm rms and Σ ¼ 3.5 nm. This model does a better job of capturing the decrease in total and
single-order efficiency as energy increases compared to the model shown in Fig. 10, which only
uses the NCF. Figure 14 shows a model with the rms surface roughness set to 2.8 nm and
Σ ¼ 2.35 nm. These parameters also do a better job of qualitatively reproducing the total dif-
fraction efficiency compared to the NCF-only model shown in Fig. 11 with a 3.25-nm rms
roughness. Including the DWF reduces the necessary NCF rms surface roughness while provid-
ing a moderately better fit, however, the NCF surface roughness still falls outside of the mea-
sured range.

While the combination of the Nevot–Croce and Debye–Waller factors offers a better descrip-
tion of the measured total diffraction efficiency, notable differences between the modeled and
measured single-order diffraction efficiency peaks and profiles are still present. This is likely a
result of several factors. The groove profile used in the PCGrate simulations, shown in Fig. 9, is
an approximation to the measured profile shown in Fig. 3. Different groove profiles will redis-
tribute power in the blaze orders, even if the total diffraction efficiency is similar. This effect can
be seen in the figures comparing modeled and measured data, where measured orders often have
broader or narrower profiles and lower peak efficiency values than modeled orders. There is a
distribution of groove profiles present in the TASTE grating as well that also contributes to the
profile of the measured blaze orders. Additionally, both the NCF and DWF have conditions that
need to be satisfied to accurately model the effects of roughness on the diffraction efficiency.

Fig. 11 Theoretical and measured diffraction efficiency as a function of photon energy. The theo-
retical model has an increased surface roughness of 3.25-nm rms. The data are shown as points
with connecting lines, while the modeled efficiency from PCGrate is shown as dot-dash lines for
the diffraction orders with each modeled order being centered above the corresponding measured
order data. The total model efficiency excluding zeroth order is shown as a dashed line. The Au
reflectivity for 0.8-nm rms surface roughness is shown as a solid gold line.
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The NCF conditions are given by Eqs. (11) and (12); the increase in the rms surface roughness
value above the measured AFM range suggests Eq. (12) is not met as discussed previously. The
DWF derivation of Eq. (13) assumes a laminar grating and that: the LER and LWR distributions
are the same for all grooves; the displacement, ΔLER, of the groove position from its ideal loca-
tion due to LER is small and centered about 0; the value of ΔLWR, the change in the groove width
from its nominal value, is small and centered about 0; and that both ΔLER andΔLWR are normally
distributed about 0 with a variance of σ2LER and σ2LWR, respectively.

30 The TASTE grating is
blazed rather than laminar, and the wedge shape of the groove profile makes it unclear how
to define LER and LWR as there are not obvious edges on the grooves. As such, it is difficult
to measure the LER and LWR to verify that the corresponding Δ is small and normally distrib-
uted about 0. The roughness distribution parameter, Σ, was adjusted without changing σLER or
σLWR individually because they are neither clearly defined nor measured for the TASTE grating.
The reported values of Σ are not necessarily physically representative of the true grating and
should not be interpreted as such. While all of the conditions on the DWF given by
Eq. (13) are not met by the TASTE grating, the DWF does a better job of qualitatively modeling
the diffraction efficiency when combined with the NCF compared to the NCF alone. This sug-
gests a more complex model accurately incorporating effects from both the surface roughness
and LER/LWR of a blazed grating is necessary to better describe the diffraction efficiency data.
An improved groove profile that is more representative of the true profile would also benefit the
modeling.

As mentioned previously, the 400-nm TASTE grating tested at ALS has a greater relative
efficiency including zeroth order than the 160-nm grating tested here with ≳0.9 across their
shared 180- to 800-eV bandpass. Additionally, the NCF accurately models the efficiency loss
of the 400-nm grating due to surface roughness,7 whereas the 160-nm TASTE grating has addi-
tional scattering at higher orders. There is no indication of a significant amount of diffuse vac-
uum scattering occurring in the 400-nm grating, suggesting that the two TASTE gratings have
very different roughness profiles. The difference in the roughness profile between the two

Fig. 12 The NCF and relative diffraction efficiency as a function of photon energy. The red data
are the relative efficiency including zeroth order. The dashed black line is the NCF for a gold layer
with an rms surface roughness of 0.8 nm calculated using Eq. (9) and the index of refraction from
the CXRO database. The solid black line is the difference between the NCF and the relative dif-
fraction efficiency including zeroth order.
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gratings is a result of the smaller grooves necessary to accommodate a 160-nm period. The
grayscale profile used to fabricate the 160-nm grating, shown in Fig. 2(a), has two 40-nm-wide
steps and one 80-nm-wide step. The profile in the 400-nm TASTE grating used four 100-nm-
wide steps. Decreasing the step width increases the sensitivity of the final grayscale profile to
electron-scattering effects present during ebeam exposure, which are collectively known as the
proximity effect, to the characteristics of the electron beam, and to effects due to the resist. The
proximity effect is the result of electrons being injected into the resist at one location and scatter-
ing off the resist or the underlying substrate into a different region.11 These processes act to
spread out the electron dose and decrease the lateral dose contrast in adjacent regions, especially
smaller ones. While BEAMER adjusts the dose to account for the proximity effect, it is very
complicated to model and is imperfect. This has a troublesome effect on small-period grayscale
profiles.

An important aspect of TASTE, as the name suggests, is selective topography equilibration,
which is a result of regions in a grayscale profile having different molecular weights. These
regions will begin to flow at a higher or lower temperature for a larger or smaller molecular
weight, respectively.20 The 160-nm grayscale profile has lower lateral dose contrast between
its three smaller regions compared to the lateral dose contrast between the four regions in the
400-nm profile as a result of the proximity effect, the electron beam characteristics, and resist
effects making up a larger fraction of the region size. This reduces the lateral molecular-weight
contrast, allowing the regions to thermally reflow at similar temperatures. Reflowing the gray-
scale profile into a blazed profile under these conditions is difficult and limited in what temper-
atures and reflow times are accessible. The 400-nm grating was reflown at 116°C for 30 min,6,7

Fig. 13 Theoretical and measured diffraction efficiency as a function of photon energy. The mod-
eled diffraction efficiency includes the Debye–Waller factor calculated using Eq. (13) with a value
of Σ ¼ 3.5 nm. The rms surface roughness of the gold layer was set to 0.8 nm. The data are shown
as points with connecting lines, while the modeled efficiency from PCGrate is shown as dot-dash
lines for the diffraction orders with each modeled order being centered above the corresponding
measured order data. The total model efficiency excluding zeroth order is shown as a dashed line.
The Au reflectivity for a 0.8-nm rms surface roughness is shown as a solid gold line.
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whereas the 160-nm period grating was reflown at 108°C for 15 min. Increasing the reflow time
or temperature to allow the profile to better equilibrate led to additional rounding in the profile,
while decreasing the temperature could prevent effective reflow altogether. We hypothesize that
the decreased selective topography equilibration during the thermal reflow step, resulting from
the decreased lateral molecular-weight contrast in the 160-nm period grating, is affecting the
roughness profile and causing the difference in performance as compared to the 400-nm TASTE
grating. Future work will include measuring the effect of the thermal reflow, lithographic, and
deposition processes on the grating roughness profile.

5 Conclusion

We have measured the diffraction efficiency of the first x-ray reflection grating fabricated using
TASTE with a period of 160 nm. The diffraction efficiency was measured from 180 to 1300 eV
using beamline 6.3.2 at Lawrence Berkeley National Laboratory’s ALS. The grating exhibited
modest diffraction efficiency with a maximum total efficiency above 40% and single-order effi-
ciency ranging from 10% to 40%. The performance of the grating was lower than gratings pre-
viously tested at ALS, such as a 400-nm TASTE grating7 and a 160-nm replicated KOH grating.8

The single-order and total diffraction efficiency was lower relative to these gratings as a result of
the groove and roughness profiles of the grating. The efficiency loss, which can be clearly seen
in the decrease in the relative diffraction efficiency including zeroth order, combined with mod-
eling the efficiency losses due to roughness using the Nevot–Croce and Debye–Waller factors,

Fig. 14 Theoretical and measured diffraction efficiency as a function of photon energy. The mod-
eled diffraction efficiency includes the Debye–Waller factor calculated using Eq. (13) with a value
of Σ ¼ 2.35 nm. The rms surface roughness of the gold layer was set to 2.8 nm. The data are
shown as points with connecting lines, while the modeled efficiency from PCGrate is shown
as dot-dash lines for the diffraction orders with each modeled order being centered above the
corresponding measured order data. The total model efficiency excluding zeroth order is shown
as a dashed line. The Au reflectivity for 0.8-nm rms surface roughness is shown as a solid
gold line.
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suggests that there is a significant amount of diffuse vacuum scattering occurring as a result of
the roughness profile of the grating; this is likely due to the correlation length of the roughness
features. We hypothesize that the decrease in grating performance compared to the 400-nm
TASTE grating is due to nonoptimal selective topography equilibration resulting from the
decreased feature sizes necessary to accommodate a 160-nm period.

The measurement results are encouraging for the first attempt at fabricating a TASTE grating
with smaller feature sizes. However, additional development is ongoing to increase the perfor-
mance of TASTE gratings to meet the requirements of Lynx and other future observatories.
These efforts include creating sharper blaze facets to increase single-order diffraction efficiency
as well as characterizing and improving the roughness profile to reduce scatter and increase total
diffraction efficiency. Future gratings tested at beamline 6.3.2 will include measurements to
locate and quantify scatter as a function of photon energy in order to better understand its
dependence on the grating roughness profile. There is a large amount of fabrication parameter
space for TASTE that can be explored to achieve these goals. Example parameters include:
ebeam resists, resist thicknesses, developers, developer concentrations, develop times, grayscale
patterns, and reflow conditions. TASTE offers a promising path forward for fabricating high-
performance, blazed, variable-line-space gratings for future observatories in the x-ray and other
wavelengths.
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