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Blazed silicon gratings for soft X-ray and extreme ultraviolet radiation:
the effect of groove profile shape and random roughness on the

diffraction efficiency
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The effect of the groove profile shape and random roughness of the reflecting facet of five silicon diffraction
gratings (1—4° blaze angle, period 0.4, 1.4, 2, and 4 um, various coatings) operating in the soft X-ray and extreme
ultraviolet radiation ranges on the outflow of the diffraction efficiency from working orders is studied. Diffraction
gratings were fabricated by wet etching of Si(111) vicinal wafers and characterized by atomic force microscopy to
determine the shape of the groove profile and roughness. The diffraction efficiency of gratings operating in classical
and conical diffraction mounts was calculated based on realistic groove profiles by computer simulation using the
PCGrate™ code and taking into account the scattering intensity using Nevot-Croce or Debye-Waller corrections or
using the Monte Carlo method (rigorously). The effect of the groove profile shape and roughness on the diffraction

efficiency of the fabricated Si gratings is shown.
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Introduction

The aim of the present study is to estimate the spread
of the groove profile shape over the grating aperture
and the permissible roughness of the reflecting facet that
do not exert a significant influence on the maximum
attainable diffraction efficiency of gratings operating in
the soft Xray (SXR) and extreme ultraviolet (EUV)
ranges in classical and conical diffraction mounts. The
values of efficiency determined using a computer code
(PCGrate™ and Monte Carlo modeling of the scattering
intensity) with the inclusion of random roughness relief
and without it are compared for this purpose [1,2]. The
correctness of model efficiency values is normally verified
by comparing them to reflectometry data. It has been
demonstrated in our study [3] that the results of modeling
relying on the method of boundary integral equations
and the results of reflectometric determination of the
grating efficiency agree well (specifically, in the case when
the influence of random roughness on the outflow of
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diffraction efficiency from working orders is taken into
account).

No studies of this type have been performed earlier;
the allowed root-mean-square (RMS) roughness o of the
reflecting facet was typically estimated as ¢ < 1/6 cos 6 [4],
where 1 is the incident radiation wavelength and 6 is
the incidence angle measured from the normal. The
following values of o of the grating surface are considered
acceptable: ~ 0.5—1nm [5] for applications in EUV and
~0.3—0.4nm [6] for the SXR range. The influence of
the groove profile shape and random surface roughness of
the reflecting facet on the outflow of diffraction efficiency
from the working order was examined for SXR and EUV
radiation and Si gratings with a blaze angle of 1—-4°, periods
of 04, 14, 2, and 4um, and various coatings. Gratings
were designed to be operated within the SXR wavelength
range of 0.6—1.4nm and at EUV wavelengths of 11.3, 13.6,
17.1, and 304nm. The studied diffraction gratings were
fabricated by wet etching of vicinal (111) silicon wafers
following an improved procedure that was detailed in [7,8].
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1. Theory of scattering off random
roughness

The development of a rigorous electromagnetic (EM)
theory of (elastic) scattering of light by particles and
irregularities (roughness) was initiated in the middle of
the 20th century when computers and the corresponding
mathematical theories and numerical techniques became
available. Only a handful of exact solutions of diffrac-
tion problems for individual elements (circular cylinder
(Rayleigh, 1882), perfect half-plane (Sommerfeld, 1896),
and sphere (Mie, 1908)) were known at the time. At
present, if wave number k and characteristic size a of a
scatterer are related as ka < 1 (Rayleigh approximation)
or ka >> 1 (geometric optics, scalar Kirchhoff integral), one
may find a great number of elegant and efficient analytical,
semi-analytical, and rapidly converging numerical solutions
of diffraction problems for various obstacles in different
fields of study. The Born approximation (BA), the distorted-
wave Born approximation (DWBA), and the Beckman—
Spizzichino theory may serve as examples in the short-wave
range.

In what follows, the X-ray range is understood as radi-
ation with wavelength 4 ranging from ~ 0.04 to ~ 60nm
(i.e., hard X-ray (HXR), SXR, and EUV combined). The ex-
ploration of the X-ray range began at HXR wavelengths: the
theory of X-ray diffraction in crystals has been developed
already in the early 20th century by Ewald, Bragg, Darwin,
and Prince. About 20 Nobel Prizes have been awarded
in the last century to researchers who made discoveries
in this range. Following the advent of thin-film coatings
in the middle of the 20th century, the simplest optical
theories characterizing similar phenomena from a different
standpoint (that of Maxwell equations) have been outlined
for the first time in the works of Abeles, Vlasov, Rouard,
Heavens, Parratt, and Brekhovskikh. The dynamic theory
of X-ray scattering in its complete and precise formulation
yields the same results as the corresponding optical theory
(i.e., these theories are equivalent). However, since the EM
theory is more versatile in nature and numerical methods
and computers have enjoyed an enormous progress, studies
relying on EM methods become more and more important
in the X-ray range.

Multiple diffraction, refraction, absorption, waveguide
effects, and deformation of fronts largely govern the scat-
tering of SXR and EUV radiation and cold neutrons by
nanoirregularities of continuous media and layers. The
inclusion of these purely dynamic effects, which requires
the application of the EM theory, provides an opportunity
to calculate the absolute intensity of mirror and diffuse
components, which may have resonance peaks. However,
if the sizes of irregularities differ by 3—5 orders of
magnitude (e.g., in the case of a diffraction grating with
period d ~ 1—-10 um and RMS roughness o ~ 1—0.1nm),
accurate characterization of diffraction turns into a serious
computational challenge even for modern workstations.

The Debye-Waller (DW) amplitude correction,

row(K) = exp{—2(27a (K) cos 6c/2)"},

characterizing the outflow of power from the mirror
component at roughness (diffuseness) of the interface with
number K is known from BA. It is used more often in the
region when incidence angle 6x measured from the normal
to the surface is smaller than the critical angle. Another
model with the Nevot-Croce (NC) coefficient,

rne(K) = exp[—Z(Zno-(k)/l)znkH 08 Ok 1 1Nk cos O],

which is derived from DWBA, is commonly used at grazing
incidence beyond the critical angle from a medium with
real part ng of the refraction index. Both factors of
attenuation of mirror reflection are valid in the case of a
Gaussian roughness and a Gaussian autocorrelation function
at, strictly speaking, a low boundary roughness height h
and a very large (DW) or very small (NC) correlation
length ¢ [4,9,10].  All approximations feature severe
restrictions, especially on the maximum values of h [11-14].
DWBA is commonly applied to arbitrary h values; by
definition, however, this approximation is valid only at
hcos6/4 < 1 and {kcos? 0 < 1, where 1 is the wavelength
in vacuum. It is known that second-order DWBA and
roughness-height perturbation theory may be used in the
context of an arbitrary correlation length and more general
roughness statistics. However, parameters o and { become
insufficient for characterization of the intensity distribution
of the diffuse component when o cos > 1/10 [15].

A new approach in short-wave reflectometry relying on
the rigorous theory of diffraction of EM radiation and
utilizing the method of boundary integral equations and the
Monte Carlo method [1,16] has been proposed relatively
recently, when convergence of the corresponding equations
for 2/¢ ~ 107° was achieved [17,18]. Such rigorous calcu-
lations of the intensity of scattering by random roughness
with accurate characterization of absorption are referred to
as deep X-ray reflectometry (DXRR) in literature [19,20].
The DXRR method may provide an accurate description of
all phenomena ranging from total internal reflection to com-
plete absorption of short-way radiation. In addition to mirror
reflection coefficients, it allows one to determine accurately
the intensity of scattered radiation and absorption [21].
This method and the PCGrate™ code [22] were used to
calculate the coefficients of mirror and diffuse (diffraction)
reflection off single-layer Ge/Si [23] and multilayer (mul-
tiplied) In(Ga)As/GaAs quantum dots (islands) [24]; gold
rough mirrors [4,21]; rough GaAs substrates [19,20] and
multilayer Al(Ga)As/GaAs heterostructures [25]; multilayer
X-ray Mo/Si and Al/Zr mirrors [9,10]; WB4/C and Cr/C
diffraction gratings (based on the data from a model
of growth of realistic boundaries at arbitrary roughness
statistics) [26]; the surface of a hydrosol with 10nm SiO,
particles enriched with CsOH [27]; and bulk and multilayer
gratings with a measured roughness of boundaries [1,21,28].
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Figure 1. SEM images of the grating surface: @ — Sv-1, 100K; b — Si-p-6, 50K; ¢ — Si-13-2, 30K.

Significant differences (including those in the magnitude of
reconstructed roughness parameters) between the rigorous
approach and the application of corrections were revealed in
the case of mirror (Bragg) reflection coefficients of Au and
multilayer mirrors with various roughness statistics within a
wide range of wavelengths and incidence angles [4,10].

2. Parameters of grating grooves and
methods for characterization and
simulation of efficiency

In order to determine the parameters of a grating, its
profile is recorded over a length of 10 periods in several
regions (depending on the grating size). The efficiency
is then calculated using specialized software tools and
averaged parameters of the grating and reflective coating
layers. The parameters of studied gratings (all fabricated
on wafers with a thickness of 1.5mm, except for grating
Si-13-2 with a thickness of ~ 0.4 mm) are listed in Table 1.
The type of reflective coating and the blazed wavelength
are indicated in the last column. Gratings with a gold or
platinum coating may operate both in classical and conical
diffraction mounts in EUV and SXR ranges, while gratings
with multilayer coatings are designed to be used in the
classical setup at EUV wavelengths. A proper multilayer
coating (period A and layer thicknesses) was selected with
account for the chosen wavelength (range) and parameters
of fabricated gratings, with the most important of them
being the groove period and the blaze angle (ie., groove
depth). The potential for operation in high spectrum orders,
which is governed by planarity and the working facet length,
was also taken into account [29].

Figure 1 presents the images of surfaces of several
fabricated gratings obtained under different magnifications
using a Supra25 scanning electron microscope (SEM).

Figure 2 shows the photographic image of grating Si-p-3
fabricated on a silicon wafer 76.2 mm in diameter.

Roughness. High-frequency and medium-frequency
(waviness) roughness components, which scatter incident
radiation, are found on the surface of a reflecting facet of
a Si grating. High-frequency (o) roughness was measured
with an atomic force microscope in a 1 x 1um? field, while
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Figure 2. Structure photo of the Si-p-3 grating.

medium-frequency roughness (Ry) was determined within a
length of 20 um along a groove on the surface of a reflecting
facet (Fig. 3). Roughness calculations were performed using
the Gwyddion code [30].

Averaged profile. A field containing ten periods of a
grating was scanned to determine the grating parameters
listed in Table 1. An example AFM topography of a
20 x 20um? field for a grating with a period of 2um
is shown in Fig. 4,a. Scanning was performed in the
transverse (i.e., perpendicular to the grooves) direction in
order to suppress artifacts. A profile averaged over 128 scan
lines, which is representative of certain averaged parameters
of a grating, may be derived from these scans [31]. In
order to obtain a realistic averaged profile of a single groove
for efficiency modeling, a similar procedure was performed
in a field with a length of 1.5 grating periods, and points
definitely corresponding to a single period were selected
from this field. A scan size reduction is needed to raise the
number of groove profile sampling points and characterize
random roughness. An example averaged profile of a single
groove of a grating with a period of 2um is shown in
Fig. 4,b. A similar profile was used in PCGrate™ to
calculate the diffraction efficiency.

Random profile. Several non-averaged AFM scans of
grating groove profiles containing a few periods are used to
characterize random roughness accurately. In the present
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Table 1. Parameters of gratings

Working |Working| Working | Nonworking| RMS roughness, nm Reflective
Sample No. | Period, um facet facet facet facet 5 coating type/blazed
length, nm | tilt, deg | curvature, deg| tilt, deg o 1x1pm™|Rq 20 um wavelength, nm
Sv-1 04 339 39 — 28 0.34 220 Mo—Be/11.3
Si-p-8-2 14 1085 39 0.74 15 0.58 438 Au/11.3, 0.8
Si-p-6 2.0 1600 35 0.80 19 042 272 Au/17.1
Si-p-3 4.0 3677 34 0.57 28 049 1.19 Be—Mg/30.4
Si-13-2 4.0 3191 1.2 0.81 10 0.55 240 Pt/13.6
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Figure 4. Modeled grating with a period of 2um: @ — AFM topography of a region 20 x 20 um® in size; b — profile of an averaged

grating groove.

study, random groove profiles were measured over a length
of three periods in different grating regions with a large
number of sampling points (at a minimum scan rate).
All heights and spatial frequencies of a statistically rough
surface (commonly defined by o, Ry, and ¢), which affect

the scattering of incident radiation if its wavelength is
comparable to the roughness amplitude (with an allowance
made for the incidence angle), are taken into account in the
mode of scanning with a large number of profile sampling
points. This approach provides an opportunity to use the
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Figure 5. Profiles of one groove of grating Sv-1 measured: a —
of sampling points.

obtained statistical groove profiles in rigorous Monte Carlo
calculations of the efficiency and the intensity of scattered
radiation.

Figure 5 shows the random profiles of a single period
for high-frequency grating Sv-1 measured with average and
large numbers of sampling points (i.e., with average and
low profile measurement rates). An NTegra Aura (Russia)
atomic force microscope was used to scan profiles and
measure the grating surface roughness.

Efficiency modeling. The absolute diffraction efficiency of
the studied gratings was modeled using the obtained realistic
(averaged and sets of random) groove profiles and radiation
with the following wavelengths: 0.6—1.4, 11.3, 13.6, 17.1,
304nm. The efficiency was determined in PCGrate™
v.6.7.1 [22].

An averaged grating groove profile (Fig. 4,b) was used
to model the efficiency without regard to roughness. An
averaged groove profile and NC or DW corrections for
the obtained o roughness values [16,31] were applied in
efficiency modeling with approximate characterization of
interface roughness. Monte Carlo modeling of the efficiency
with rigorous characterization of high-frequency (o) and
medium-frequency (R;) roughness and arbitrary roughness
statistics was performed with the use of several sets of
measured (non-averaged) groove profiles with a few periods
taken from different grating regions.

3. Numerical modelling results
and discussion

Table 2 lists the maximum absolute efficiency values
of the studied gratings in unpolarized radiation both in
classical (radiation is incident on a grating and reflected
into orders within the dispersion plane (perpendicular to
grooves)) and conical (radiation is incident on a grating
along its grooves at a polar angle equal to the blaze angle
and is reflected into orders arranged in a cone) diffraction
mounts [1,32]. The efficiencies at maxima of orders of
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grating Si-p-6 at a wavelength of 17.1nm and grating Si-
p-3 at a wavelength of 30.4nm calculated for the classical
mount without regard to roughness and with approximate
characterization of it are almost equal (the difference is
< 1%). The applicability criteria of roughness corrections
are satisfied by a large margin for these EUV gratings with
low o. Thus, there is no need to perform rigorous Monte
Carlo calculations, and such data are lacking in Table 2.
Likewise, the maximum efficiencies for grating Si-p-8-2 with
a gold coating at 4 = 11.3nm and grating Si-13-2 with a
platinum coating at A = 13.6nm calculated for the classical
mount without regard to roughness and with approximate
characterization of it differ insignificantly (the difference
does not exceed 1-2%). At 1 =0.8nm,the difference
between efficiencies calculated with and without regard to
roughness for grating Si-p-8-2 operated in the conical mount
is of the same order of magnitude: < 1.8%, which is also
insignificant. However, the results of Monte Carlo modeling
with rigorous characterization of scattering off realistic
groove profiles with random roughness reveal a much
more considerable efficiency reduction for grating Si-p-8-
2. Specifically, the diffraction efficiency at A = 11.3nm in
the classical mount calculated with rigorous characterization
of roughness is 4.1% lower in the —3rd order and decreases
by a factor of more than 2 in the —5th order.

Such significant differences are attributable to a consider-
able medium-frequency roughness of the reflecting surface
(Rg =4.38nm), which is neglected in the approximate
approach (only the high-frequency roughness component
is taken into account) and exerts a strong influence on
the maximum diffraction efficiency and/or its redistribution
among orders. Even at ¢ = 2.32nm, which is four times
higher than the AFM high-frequency roughness estimate,
the results of approximate calculations for grating Si-p-8-
2 reveal only a 2% reduction in efficiency of the —3rd
order. The differences between rigorous and approximate
approaches observed for high-frequency multilayer grating
Sv-1 under the assumption of vertical correlation of bound-
aries and roughness are even greater. Owing to significant
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Table 2. Results of modeling of the absolute efficiency

Parameters of efficiency modeling Maximpm absolgte diffravctivon
Grating/coating/A, nm efficiency in unpolarized radiation, %
mount/ diffraction | without regard to | with regard to o, | with regard to o and Rq,
wavelength, nm order o and Ry approximate Monte Carlo
Sv-1/20xMo-Be/11.4 Classical/11.3 -1 1.7 26 18.0
-2 64 3.1 282
-3 423 29.5 37.0
—4 185 245 6.1
Si-p-8-2/Au Classical/11.3 -1 12.1 121 15.1
-2 194 194 23.7
-3 29.7 29.5 25.6
—4 29.5 29.2 18.8
-5 2438 244 10.3
Conical/0.8 nm -1 61.7 61.6 -
-2 57.6 573 —
-3 515 50.9 —
—4 45.7 44.7 —
-5 394 38.8 —
—6 33.7 326 —
-7 28.2 264 —
-8 224 20.6 —
Si-13-2/Pt Classical/13.6 nm -1 54.0 54.0 —
-2 375 35.8 —
-3 19.5 17.5 —
—4 13.1 122 —
Si-p-3/10xBe-Mg/32.16 | Classical/30.4 nm —6 1.8 1.7 —
-7 8.0 79 —
-8 28.8 28.0 —
-9 232 222 —
—10 5.0 4.6 —
Si-p-6/Au Classical/17.1 nm -1 134 133 —
-2 232 232 —
-3 29.5 29.4 —
—4 25.1 250 —
=5 18.6 185 —
—6 11.8 11.8 —
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variations of the groove profile shape over the grating
aperture and even the profile shape of individual grooves
within the same AFM scan, the efficiency of orders and
the intensity of scattered radiation vary greatly (by up to an
order of magnitude) when one or the other realistic groove
profile is taken into account. It follows from Table 2 that
the approximate characterization of roughness is inadequate
in the case of a high-frequency grating with a shallow depth
and a wide spectrum of correlation lengths. Numerous
statistical profile measurements and rigorous calculations are
needed to process the results correctly in such cases.

Conclusion

The groove profile shape and random roughness of five
diffraction gratings with different periods, blaze angles, and
coatings were examined in detail. The studied gratings were
fabricated by wet etching of vicinal Si(111) wafers and are
designed for application in SXR and EUV radiation ranges.
Statistically averaged and random groove profiles measured
by AFM were used to model the absolute diffraction effi-
ciency based on the rigorous method of boundary integral
equations and the Monte Carlo method in PCGrate™. The
results obtained with accurate characterization of random
roughness were compared to the approximate approach
utilizing Nevot-Croce or Debye-Waller corrections. Al-
though accurate calculations require considerable computer
resources, modeling data are not only comparable to the
results of synchrotron measurements, but also allow one to
determine the magnitude of error corresponding to the use
of any approximations. In addition, this approach is the only
feasible one if the medium-frequency roughness component
is to be taken into account. Our studies demonstrated that
this is especially important in modeling of the efficiency of
high-frequency gratings (with a period of several hundred
nanometers) and gratings with a period on the order of
one micrometer. Although the fabricated Si gratings had an
almost perfect triangular profile and low RMS roughness
values, parameter o characterizes only the contribution
of the high-frequency roughness component. Therefore,
additional parameters (in the present case, Ry) and studies
are needed to determine accurately the roughness statistics
of an examined surface and utilize the data correctly in
modeling of the diffraction efficiency of gratings with a
realistic groove profile with random roughness taken into
account.
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