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The diffraction properties of phase gratings with the period D = 1.6, 1.0 and

0.5 mm fabricated on an Si(111) crystal by e-beam lithography were studied by

triple-axis X-ray diffraction. A 100 nm-thick tungsten layer was used as a phase-

shift layer. It is shown that the presence of a grating as a phase-shift W layer on

the surface of the Si(111) crystal causes the formation of a complicated two-

dimensional diffraction pattern related to the diffraction of X-rays on the phase

grating at the X-ray entrance and exit from the crystal. A model of X-ray

diffraction on the W phase diffraction grating is proposed.

1. Introduction

Diffraction gratings are important X-ray optical elements and

are widely used as monochromators and spectral elements in

the X-ray wavelength range. Modern technologies enable the

fabrication of diffraction gratings on large areas with a very

high density of grating grooves by photo- and electron-beam

lithographies, reactive plasmochemical and ion etchings, and

direct ruling of grating grooves by specially oriented diamond

tools. A diffraction grating can be fabricated, at present, with

any groove profile: rectangular, triangular, trapezoidal and

sinusoidal. Of great significance is the fact that diffraction

gratings can be formed with an ore-set inclination of reflecting

planes, which enables almost all diffracted X-rays to be

directed to a given diffraction order, thus creating gratings

with the so-called ‘blazed’ effect. In this case, the intensity of

the first diffraction order can be as high as �60–70% of the

intensity of the incident X-ray radiation. The optical proper-

ties of diffraction gratings have been thoroughly studied for

diffraction at normal X-ray incidence by transmission

diffraction gratings (Schnopper et al., 1977; Darahanau et al.,

2005; David et al., 2007; Nikulin et al., 2008), total external

reflection (Filevich et al., 2000; Seminario et al., 2001) and

Bragg diffraction on multilayer diffraction gratings (Erko et

al., 1993; Martynov et al., 1994). The diffraction properties of

crystalline diffraction gratings based on an Si crystal have also

been studied (Aristov, Nikulin et al., 1986; Aristov, Erko et al.,

1986; Aristov et al., 1988). It was shown that the angular

divergence between diffraction satellites on the rocking curve

is determined by the diffraction period. Moreover, X-ray

diffraction on crystals modulated by a surface acoustic wave,

which caused a sinusoidal modulation of both the crystal

lattice and crystal surface, has been investigated in detail

(Roshchupkin et al., 1992, 1997, 2009; Tucoulou et al., 2000).

However, fundamental studies on the phase-shift diffraction

grating have not been reported yet, to the best of our

knowledge.
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The aim of this work was to fabricate and study the optical

properties of tungsten phase diffraction gratings based on an

Si(111) crystal.

2. Fabrication of W phase diffraction gratings

The fabrication process of the phase diffraction gratings is

schematically shown in Fig. 1(a). An Si(111) crystal [i.e. the

reflecting planes (111) are parallel to the crystal surface] was

used as a substrate. The roughness of the Si(111) substrate did

not exceed 0.7 nm. Patterns of phase diffraction gratings of

2 � 2 mm area were fabricated on the Si crystal surface in a

0.4 mm-thick poly(methyl methacrylate) resist by e-beam

lithography. At the next fabrication step, a 100 nm-thick W

layer was sputtered onto the surface of the substrate with the

pattern of the diffraction grating in the resist by magnetron

sputtering. Tungsten is a strongly absorbing material and was

used as a phase-shift layer for X-ray radiation. ‘Lift-off’, the

last technological operation, leaves a W phase diffraction

grating on the surface of the Si(111) crystal. The whole

procedure was used to fabricate phase-shift diffraction grat-

ings with the period D ¼ 1:6, 1.0 and 0.5 mm. Fig. 1(b) shows a

W phase diffraction grating with the period D ¼ 0:5 mm on the

surface of an Si(111) substrate.

3. Experimental setup

The diffraction properties of the W phase diffraction gratings

were studied using a four-circle X-ray diffractometer (Bruker

D8 DISCOVER) with a rotating copper anode (Cu K�1

radiation, � ¼ 0:154 nm) in a triple-axis X-ray diffractometer

setup, as shown schematically in Fig. 2. The X-ray radiation

was collimated by a 100 mm entrance slit and mono-

chromotized by two Ge(022) monochromators with a double

reflection in the du Mond–Hart–Bartels scheme. The mono-

chromatized X-ray radiation illuminates the studied W phase

diffraction grating on the Si(111) surface at the Bragg angle

�ð111Þ ¼ 14:3�.

After the Ge(220) crystal analyzer with double reflection,

the diffracted X-ray radiation was registered with a standard

NaI scintillation detector. Rocking curves and maps of

diffracted X-ray intensity were obtained. The presence of the

diffraction grating on the Si crystal surface gives rise to

diffraction satellites on the rocking curves. The angular

divergence between diffraction satellites on the rocking curves

is determined as

�� ¼ d=D; ð1Þ

where d ¼ 0:311 nm is the interplanar spacing for Si(111)

reflection and D is the period of the phase diffraction grating.

The rocking curves of the diffracted X-ray radiation were

measured with the crystal analyzer located at the exact Bragg

position 2� ¼ 28:6� for the Si 111 reflection and the diffrac-

tion grating was scanned at the angle � around the Bragg

peak.

4. Experimental results

Fig. 3 presents the rocking curves measured for the phase

diffraction gratings with the periods of D ¼ 1:0 mm and

D ¼ 0:5 mm. The rocking curves exhibit some diffraction

satellites. For the diffraction grating with D ¼ 1:0 mm (Fig. 3a),

the angular divergence between the diffraction satellites is

�� ¼ 0:0178�, which corresponds to the value calculated from

expression (1). For the diffraction grating with D ¼ 0:5 mm the

angular divergence between the diffraction satellites is

�� ¼ 0:0356�, which also agrees with the value calculated

from equation (1). It means that a decrease in the diffraction

grating period leads to an increase of the angular divergence

between satellites on the rocking curve.
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Figure 1
Phase diffraction grating: (a) technology of phase diffraction grating
fabrication; (b) W phase diffraction grating with a period of D ¼ 0:5 mm.

Figure 2
Experimental setup of the triple-axis X-ray diffractometer.
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Note that the tungsten grating on the Si(111) crystal surface

causes the formation of a complicated two-dimensional

diffraction pattern related to X-ray diffraction on the

diffraction grating at the entrance and exit of X-rays from the

crystal.

Fig. 4 shows the Qz–Qx maps of diffracted X-ray intensity

distribution for the phase-shift gratings with D ¼ 1:6 mm (a),

D ¼ 1:0 mm (b) and D ¼ 0:5 mm (c). The maps were obtained

by measuring the rocking curves at various angular positions

of the crystal analyzer. It is clearly seen from the maps that the

distribution of the diffracted X-ray intensity is of two-

dimensional character. This two-dimensional distribution is

connected with X-ray diffraction on the W phase diffraction

grating at the entrance to the crystal followed by the diffrac-

tion of each diffracted ray again on the grating at the exit from

the crystal.

5. Theory

It is known that scattering of X-rays on lateral periodic

structures causes the appearance of diffraction satellites on

the maps of reciprocal space in the horizontal direction

(Punegov et al., 2010; Jergel et al., 1999). The measured

contours of comparable intensity of the W phase diffraction

grating (Fig. 4) exhibit fairly intensive diagonal diffraction

orders in addition to the lateral satellites. The cause of the

appearance of these diffraction orders is, at first sight, not

clear. To search for the explanation of this observation, let us
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Figure 4
Qx–Qz maps of X-ray radiation diffracted by W phase diffraction
gratings: (a) D ¼ 1:6 mm; (b) D ¼ 1:0 mm; (c) D ¼ 0:5 mm.

Figure 3
Rocking curves of the W phase diffraction gratings: (a) D ¼ 1:0 mm; (b)
D ¼ 0:5 mm.
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consider the following physical model. Without a W phase-

shift grating, ordinary X-ray diffraction by a silicon crystal

occurs and no other diffraction orders except the basic Bragg

peak are observed. Therefore, the cause of the satellites could

be a periodic changing of the illuminated and black-out areas

of the reflecting atomic planes. Periodic amplitude–phase

changes in the Si crystal volume induce a modulated X-ray

field. This field as a periodic rhomboidal structure is shown

schematically in Fig. 5.

The Takagi equation (Takagi, 1962), taking into account the

induced modulation of the X-ray field, gives a system of

differential equations that describe the general case of

multiwave diffraction. Since the X-ray field structure is peri-

odic both in the lateral and in the vertical direction (Fig. 5), a

system of satellite diffraction peaks denoted by m and n is

formed in the reciprocal space. Neglecting the multiwave

interaction between diffraction orders (Punegov & Rosh-

chupkin, 2012), a system of equations for satellites denoted as

ðm; nÞ is

@Em;n
0

@z
¼ ia0E

m;n
0 þ ia�hfG ð1 � �Þ þ ��ðzÞ½ �

� exp in�zz
� �

Cm;nE
m;n
h ;

� @Em;n
h

@z
¼ i½ba0 � ðqz � n�zÞ�Em;n

h þ iahfG ð1 � �Þ þ ��ðzÞ½ �
� exp �in�zz

� �
Cm;nE

m;n
0 ;

8>>>>>><
>>>>>>:

ð2Þ
where a0 ¼ ��0=ð� sin�BÞ, ah;�h ¼ C��h;�h=ð� sin�BÞ, �g ¼
�r0�

2Fg=ð�VcÞ, g ¼ 0, h, �h, �B is the Bragg angle, C is the

polarization factor, �z ¼ 2� cot�B=D, � is the X-ray wave-

length Fg is the structure factor, Vc is the unit-cell volume,

r0 ¼ e2=ðmc2Þ is the classical radius of an electron, c is the

speed of light, and e and m are the electron charge and mass.

fG is the Debye–Waller static factor, which depends on the

parameters of the tungsten grating and the structural perfec-

tion of the Si crystal. Expansion of the periodic X-ray field in

terms of the Fourier series involves the Fourier coefficients

Cm;n in equations (2) as a function of the W phase diffraction

grating period and the direction of the incident X-ray beam.

As follows from (2), these coefficients determine the intensity

of the diffraction orders. Moreover, the structural character-

istics of the phase grating also affect the value of the diffrac-

tion orders, in particular such characteristics as the coefficients

of X-ray absorption and refraction by the metal grating

grooves, their size, and their shape. The parameter � in

equations (2) depends on the X-ray beam attenuation

� ¼ expð�	WtWÞ, where 	W and tW are the coefficients of the

absorption and thickness of the W grating groove. This para-

meter determines the magnitude of amplitude–phase modu-

lation of the X-ray field in the crystal volume. If the metal

grating grooves do not transmit X-ray radiation at all so that it

does not reach the crystal (� ¼ 0), the parameter � ¼ 1. Vice

versa, without a metallic grating the coefficient of X-ray

attenuation is � ¼ 1 and then the parameter � ¼ 0. The

function �ðzÞ ¼ 2i sin½iðqx �m=DÞðLx � z cot 
BÞ� in (2)

characterizes the rhomboidal structure of the X-ray field and

depends on the lateral diffraction order m and the lateral

width Lx of the X-ray beam in the diffraction plane. Note that

(2) describes a coherent component of an X-ray wave

reflected from the crystal with the W phase diffraction grating.

Because a metallic grating with ideal period and size and

without surface roughness is technologically hard to fabricate,

the coherent X-ray diffraction described by (2) would always

be accompanied by diffuse scattering.

The angular distribution of diffuse scattering intensity from

the phase grating in the reciprocal space can be described by

(Punegov et al., 2010)

Idh ðqx; qzÞ ¼ ah
�� ��2

1 � f 2
G

� �
Lx Re �ðqx; qzÞ

� �

� Rlz
0

dz I0ðzÞ exp �2	zð Þ; ð3Þ

where �ðqx; qzÞ ¼
R �x
��x

d�x

R �z
��z

d�z exp½iðqx�x þ qz�zÞ�gð�x; �zÞ
is the correlation area of the phase grating (Punegov, 2009), lz
is the crystal thickness, I0ðzÞ is the intensity of X-rays passing

through the crystal and 	 is the coefficient of X-ray absorption

in the crystal.

Let us choose the correlation function gð�x; �zÞ according to

the following model: this function is not equal to zero if points

ðx; zÞ and ðx0; z0Þ belong to the same volume of X-ray scat-

tering whose cross section is in the diffraction plane �x�z,
where �x and �z are the intrinsic correlation lengths in the

lateral and vertical directions. Let �x ¼ x0 � x and �z ¼ z0 � z:

then the condition

gð�x; �zÞ ¼
1

�x

ð�x � j�xjÞ

1

�z

ð�z � j�zjÞ; ð4Þ

should hold, where


ðxÞ ¼ 1; x � 0

0; x< 0

�
ð5Þ

is the Heaviside function. The correlation area for this model

can be written as

�ðqx; qzÞ ¼
R�x
��x

d�x

R�z
��z

d�z

n
exp½iðqx�x þ qz�zÞ�

� 1 � �x

�� ��=�x� �
1 � �z

�� ��=�z� �o
: ð6Þ
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Figure 5
Schematic presentation of X-ray field structure in a crystal with an
amplitude–phase grating.
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Because the grating period, the sizes of the metallic absorption

grooves and other structural parameters of the phase grating

are subject to fluctuations, the correlation lengths should be

statistically averaged in two directions. Note that in the

adopted model we do not consider the effect of surface

roughness of W strips on the formation of the diffraction

pattern, as this effect is much smaller than the effect of the

fluctuations of the strip width and the lattice period. The

model description of the diffuse scattering is analogous to the

optical transfer function of incoherent light, a detailed account

of which can be found in the book by J. W. Goodman (1968).

Within the considered model, equations (2) and (3) enable

the calculation of the coherent and diffuse scattering from the

crystal with the W phase diffraction grating. Literature data

(Stepanov & Forrest, 2008; http://sergey.gmca.aps.anl.gov/) for

the 111 reflection of -polarized Cu K�1 X-ray radiation with

� ¼ 0:154 nm were used in the calculations. The Bragg angle

for the chosen reflection was �B ¼ 14:221�, the interplanar

spacing is d111 ¼ 0:31355 nm and the Fourier coefficients of Si

X-ray polarizability are �0 ¼ ð�1:5127 þ i 0:034955Þ � 10�5,

�h ¼ ð�0:79801 þ i 0:024314Þ � 10�5. Taking into account the

direction of the incident beam, the coefficient of W X-ray

absorption on the Cu K�1 line can be found by the formula

	W ¼ 2��im
0;W=ð� sin�BÞ ’ 1:14 mm�1, where the imaginary

part of X-ray polarizability for the tungsten density

�W ¼ 19:3 g cm�3 is �im
0;W ¼ 0:68397 � 10�5 (Stepanov &

Forrest, 2008; http://sergey.gmca.aps.anl.gov/). The coefficient

of attenuation of an X-ray beam for a tW ¼ 100 nm-thick

tungsten film is �W ’ 0:893 without the geometric factor.

Taking the geometric factor into account, the value is 0.06 for

the parameter �. This value of the parameter � was used in

equations (2) and gave the best agreement between the

calculated and experimental data.

Fig. 6 presents the calculated maps for the coherent (a) and

diffuse (b) components of the scattering intensity on the Si

crystal with the W phase diffraction grating with the period of

D ¼ 1:0 mm. The calculated maps are very close to the

experimentally determined values. In Figs. 6 and 7 the

contours of equal intensity are given in the logarithmic scale;

the ratio of intensities between neighboring lines is 0.376.
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Figure 6
Calculated maps for the coherent (a) and diffuse (b) components of the
scattering intensity on the Si crystal with the W phase diffraction grating
with the period of D ¼ 1:0 mm.

Figure 7
Calculated (a) and experimental (b) maps of X-ray intensity diffracted on
the Si crystal with the W phase diffraction grating with the period of
D ¼ 1:0 mm.
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Note that the map of distribution of coherent scattering

intensity (Fig. 6a) exhibits characteristic diagonal lines caused

by the modulation of the X-ray field in the silicon scattering

volume. The map of the angular distribution of the diffuse

scattering (Fig. 6b) was calculated for the lateral correlation

length of 1 mm, which corresponds to the grating period of

D ¼ 1:0 mm. In the vertical direction, the correlated length

was 0.9 mm, which is approximately equal to the extinction

length for the intensity of the symmetric Si 111 reflection in a

perfect silicon crystal. The contours of the diffuse component

shown in Fig. 6(b) were obtained by a qualitative comparison

of the theoretical and experimental data. The Debye–Waller

static factor of the phase grating estimated from the diffuse

scattering intensity was fG ¼ 0:8.

The calculated and experimental data are given in Fig. 7 for

comparison. The experimental map of intensity in Fig. 7(b)

corresponds to the result for the period D ¼ 1:0 mm in

Fig. 4(b), although for the sake of convenience of calculation it

is given on another measurement scale. The calculated map

(Fig. 7a) presents the total intensity including both the

coherent and the diffuse components. A comparative analysis

of the calculated and experimental results shows that the most

intense diffraction orders are diagonal satellites (1, 1), (1, �1),

(�1, 1) and (�1, �1).

6. Conclusion

A triple-axis X-ray diffractometer was used to study the X-ray

Bragg diffraction on a tungsten phase diffraction grating

fabricated by e-beam lithography. It was found that the

presence of the W phase diffraction grating on the Si crystal

gives rise to a complicated two-dimensional picture of

diffracted X-ray intensity distribution. This distribution differs

radically from the Bragg diffraction on a profiled Si crystal

structure where a one-dimensional distribution is observed.

The complicated picture of the angular distribution of the

scattering intensity is explained using a phenomenological

model of a modulated X-ray field in the crystal volume with a

W phase diffraction grating. The derived equation enabled a

numerical simulation of X-ray diffraction in such a system.

The calculated and experimental results were found to agree

well.

X-ray diffraction by phase gratings can also be studied in a

noncoplanar geometry. However, in this case the elastic

deformation at the boundary of the metal strips and the silicon

surface will have a major influence on the formation of the

angular distribution of diffracted intensity (Vanhellemont et

al., 1987).
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