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Abstract
Microfabricated silicon gratings provide unique test procedures for instruments in neutron scattering and the interpretation of
experimental data. Ultra-Small Angle Neutron Scattering (USANS) is currently becoming an effective technique for the analysis of
structures in the micrometer range. A series of one-dimensional silicon gratings was fabricated using a highly anisotropic ion etching
technique (RIE) and measured at the USANS instrument S18 at ILL, Grenoble. The scattering patterns show up to 17 orders of
diffraction, grating parameters derived from these data are in good agreement with the nominal values. Scattering length density
correlation functions calculated from the USANS data are compared to Spin Echo SANS (SESANS) correlation functions measured at
the Delft University of Technology, demonstrating the complementarity of the two scattering methods.
r 2008 Elsevier B.V. All rights reserved.
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1. Introduction
Ultra-small-angle scattering using perfect silicon crystals
was developed decades ago for X-rays [1] and adapted for
thermal neutrons [2]. This technique provides a resolution
of the order of 105 Å1 in reciprocal space. The typical
structure size probed with the technique ranges from a few
tenths of a micrometer up to a few tens of micrometers
making this destruction-free method an interesting option
for various branches in condensed matter science and
technology, e.g. Ref. [3]. Artiﬁcial periodic structures have
already become a topic of interest for fundamental
quantization aspects in neutron optics [4–6]. For the
studies presented here a series of silicon gratings with
periods ranging from 12 to 28 mm was fabricated using an
anisotropic dry etching process (reactive ion etching, RIE)
[7,8]. This technique allows for high aspect ratios of the
etched features with good proﬁle control. To match
the neutron beam cross-section available at the instrument
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S18 the patterned area of these gratings was chosen
exceptionally large at 22  22 mm2 . After optimization of
the etching process a nearly ideally rectangular proﬁle of
the trenches was achieved [9], Fig. 1.
2. Experimental
Experiments were performed with the USANS option of
the instrument S18 at the ILL, Grenoble. The set-up is a
double perfect crystal diffractometer in Bonse–Hart conﬁguration with two triple-bounce channel-cut perfect
silicon crystals serving as monochromator and analyser,
which are mounted on a common optical bench, Fig. 2.
The crystals are optimized for Bragg reﬂections under 30
from the [2 2 0] crystal plane, yielding a neutron wavelength of 1.9 Å after the monochromator. USANS patterns
are recorded by rotating the analyser crystal with typical
sub-mrad step widths. Exposure times per diffraction
pattern range from about 1 to 10 h. The rocking curve
I R ðQÞ (scattering vector Q in horizontal direction perpendicular to the rotation axis of the analyser and the
incoming beam) of the empty instrument is described by
a convolution of the reﬂection curves of the two perfect
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This speciﬁc orientation of the line gratings avoids the
effect of slit height smearing in the recorded scattering
signal. The Bonse–Hart camera resolves the scattered
intensity in horizontal direction while the signal is
integrated in vertical direction, e.g. Ref. [5].
3. Scattering curves

Fig. 1. Grating with period 12 mm, trench depth 40 mm. The optimized
etching process creates trenches with excellent control over geometry and
depth of the etched features.

The density distribution of line gratings does not depend
on the coordinate y parallel to the trenches. For small
scattering angles the problem can be treated in the plane
parallel to the grating surface. This corresponds to the so
called projection approximation [10]. The three dimensional scattering length density distribution of the line
gratings rðx; y; zÞ is replaced by its projection along the
incoming beam.
Z
Z
rðxÞ  rðx; y; zÞ dz ¼ rðx; zÞ dz
(2)
where z is the coordinate along the incident neutron beam
and ðx; yÞ are the coordinates in the plane of the grating. In
Born’s approximation the scattering pattern of a periodic
structure in the far-ﬁeld can be decomposed into a form
factor PðQÞ and a structure factor SðQÞ


sinðQNa=2Þ2

IðQÞ / PðQÞSðQÞ / jFðrðxÞÞj2 
(3)
QNa=2 
with FðrðxÞÞ the Fourier transform of the one-dimensional
scattering length density distribution of the single unit in
the grating, and a grating with N scattering units. The
function SðQÞ exhibits sharp maxima at values
2pn
(4)
a
where a is the spatial periodicity of the grating. A
measurement with a well-resolved diffraction pattern is
presented in Fig. 3a. An example for a measurement at the
resolution limit of S18 is shown in Fig. 3b. The grating with
nominal period 28 mm produces diffraction orders with
separation DQ  2:26  105 Å1 which is close to FWHM
of the instrument curve of about 1:9  105 Å1 . Several
conclusions can be drawn from the scattering patterns
without further evaluation of the data. The strong
variation of the intensities of the diffraction orders and
suppression of single peaks in Fig. 3b mean that in this
sample high uniformity of the trench proﬁles across the
etched area was achieved. With variations of the proﬁle
these phenomena could not occur since contributions from
several form factors would lead to a more averaged
appearance of the curves. Another result directly obtained
from the patterns concerns uniformity of the period in the
gratings. A variation of periods would cause broadening of
higher orders, which is not observed, see Fig. 3. Evaluation
of the scattering patterns yields determination of the
grating constants with high precision, Table 1. In cases
where the separation of the diffraction orders is higher than
the FWHM of the instrument curve, the uncertainty is in

Qn ¼

Fig. 2. Scheme of a double crystal diffractometer (Bonse–Hart camera).
The scattered intensity is analyzed in the horizontal plane integrating over
contributions in vertical direction.

crystals as
Z
I R ðQÞ ¼ I 0

R3 ðQ0 ÞR3 ðQ  Q0 Þ dQ0 þ I B

(1)

where RðQÞ is the reﬂection probability for a single
reﬂection, I 0 the incoming neutron intensity and I B the
background.
The gratings are placed in the instrument perpendicular
to the neutron beam with the trenches in vertical direction.
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the range of nm. Even for scattering patterns not well
resolved by the instrument (gratings with period 28 mm,
Fig. 3b) determination of the structure periodicity with a
relative precision better than 103 can be achieved. This is a
consequence of the high accessible Q-range and the
unrivaled statistics of the instrument S18 and, on the other
hand, also reﬂects the accuracy to which the gratings were
fabricated. The observed deviations from the nominal

grating periods can be interpreted as about 1% uncertainty
in the neutron wavelength l and instability of the same
order over the period in which the measurements were
performed.
The wavelength of the neutrons in the double crystal
diffractometer may be either determined by placing a
Fermi-chopper between the monochromator and analyser
crystal using time-of-ﬂight over the chopper-detector
distance or by rotating the analyser crystal from the nondispersive orientation into the dispersive position measuring the rotation angle which corresponds to two times the
Bragg angle. In both cases we obtain an intensity
distribution as a function of the wavelength.
USANS curves are usually measured as function of the
analyser rotation angle y, and the Q-values are obtained by
an appropriate scaling of the y-axis, Q ¼ 2py=l, where l is
the central wavelength of the distribution. The experimental curves shown in Fig. 3 were obtained in exactly that
way. The high uniformity of the line gratings and the
precision in their fabrication and in measuring their
scattering patterns open another possibility to determine
the wavelength needed for the conversion to Q. The
periodicity of the lattice may be determined by another
method, e.g. by light optics. From this information the
position of the diffraction peaks is calculated with Eq. (4)
and related to the angular distance Dy ¼ ynþ1  yn of the
peaks by
l¼

2pDy
ynþ1  yn
¼ 2p
.
DQ
Qnþ1  Qn

(5)

This procedure automatically yields an effective wavelength averaged over the actual wavelength distribution
inside the double crystal diffractometer at the sample
position of the instrument. Since the measurement of the
diffraction pattern of a line grating is straight-forward and
does not require a change in the set-up we propose to
introduce line gratings as standard neutron-optical components for wavelength determination in a USANS facility.
From the values compiled in Table 1 we expect a
wavelength accuracy of a few times 104 by this method.
4. Correlation functions
Fig. 3. Scattering patterns obtained from gratings with trench depth
40 mm, periods 12 mm (a), see Fig. 1, and 28 mm (b).

The scattered intensity IðQÞ can be interpreted as the
Fourier transform F of the Patterson- or autocorrelation

Table 1
Nominal values and experimentally determined periods of various silicon line gratings
Meas. orders

Depth ðmmÞ

DQexp ð105 Å1 Þ

Period ðmmÞ nom.

Period ðmmÞ exp.

17
12
13
12
12

40
60
40
60
80

5:2489  0:0007
5:2411  0:0009
2:2593  0:0009
2:2714  0:0014
2:2626  0:0012

12
12
28
28
28

11:970  0:002
11:988  0:002
27:810  0:011
27:662  0:017
27:770  0:015
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function gðxÞ

5. Comparison with results from SESANS

gðxÞ ¼ F1 ðIðQÞÞ ¼ F1 ðjAðQÞj2 Þ
Z
¼ rðxÞ  rðxÞ ¼ rðuÞrðu þ xÞ du

The new spin echo SANS technique (SESANS) developed at the Delft University of Technology during recent
years measures a signal closely related to the correlation
function of the scattering length density distribution
[11,12]. The method is based on the Larmor precession of
polarized neutrons passing through magnetic ﬁelds with
inclined faces, Fig. 5. The trajectory of the neutron
scattered by the sample is encoded by the precession angle.
The measured quantity is the degree of polarization as a
function of the spin-echo length x. The degree of
polarization is closely related to the SESANS-correlation
function GðxÞ:

ð6Þ

where rðxÞ is the scattering length density distribution.
Scattering intensity and correlation function form a Fourier pair like scattering amplitude AðQÞ and scattering
length density distribution rðxÞ. For the case of discrete
diffraction orders from gratings with period a the Fourier
transform can be replaced by a sum. With the symmetry of
the problem rðxÞ ¼ rðxÞ and M measured orders of
diffraction one can write for the experimentally accessible
quantity gexp ðxÞ

2pnx
C n cos
.
gexp ðxÞ ¼
a
n¼1
M
X



PðxÞ
¼ 1  st þ stGðxÞ
P0

(7)

The coefﬁcients C n are the intensities of the corresponding
diffraction orders. From gexp ðxÞ normalized correlation
functions can be calculated.
In Fig. 4 normalized correlation functions for two
gratings with period 12 mm and etch depths of 40 and
60 mm are compared to the correlation function of a
rectangular proﬁle. In both cases deviations from the
nominal proﬁle are evident. It is known from the
development of the etching process that certain variations
in the etch proﬁle can occur due to the sensitivity of the
process. Underetching of the mask material and premature
erosion of the etch mask can cause varying ridge to trench
ratios for different samples with identical nominal structure. Furthermore, etch proﬁles are expected to depend on
etch depth. To test for this effect, two gratings with
different depth and identical period were measured.

Fig. 4. Correlation functions calculated from USANS data for two
gratings with period 12 mm. For both samples with etch depths of 40 mm
(dots) and 60 mm (dash-dots) deviations from the nominal rectangular
proﬁle (solid line) are evident.

x¼

cl2 BL cot y0
2p

(8)

(9)

with s the total scattering cross-section, and t the thickness
of the sample. The spin-echo length depends on the
constant c ¼ 4:6368  1014 T1 m2 , the neutron wavelength l, the magnetic ﬁeld B, the length L of the
precession region and the angle between the incoming
neutron beam and the face of the magnetic ﬁeld regions y0 .
The spin-echo length can be identiﬁed with the coordinate
x in the sample perpendicular to the incident beam. The
function GðxÞ is the projection of the autocorrelation
function of the sample along the direction of the incident
beam. Different from conventional SANS and also
USANS the measured quantity contains information in
real space. For a detailed description of the method see
Ref. [12] and references therein.
The two gratings with period 12 mm and etch depths of
40 and 60 mm were measured at the Delft University of
Technology. With the sample perpendicular to the incoming beam and the trenches perpendicular to the sensitive
direction x the measured signal GðxÞ corresponds to the
autocorrelation function of the scattering length density of
the grating perpendicular to the trenches, which is the
quantity calculated from the USANS data in the previous
section. Uncertainties in the spin-echo length are mainly
due to the fact that the effective angle y0 is known only up
to about 5% [13]. Also the spin-echo length can be
calibrated with the periodic silicon structures. For the data
presented here calibration resulted in a correction of about
4% of the calculated length scale, Eq. (9). In Fig. 6a,b the
experimental data from SESANS are compared to the

Fig. 5. Scheme of a SESANS setup [12].
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6. Summary
We have presented scattering experiments performed on
artiﬁcial silicon lattices. The model samples developed for
these measurements allow a calibration and stability check
of neutron small-angle scattering instruments over a wide
Q-range. Testing devices and methods with model structures of well-known geometries will further pave the way of
ultra-small-angle neutron scattering towards a standard
method. The complementarity of USANS and the new
SESANS method could be demonstrated by comparison of
experimental results from both techniques.
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