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. Advances in the fundamentals and applications of diffraction gratings have received much attention.
However, conventional diffraction gratings often suffer from higher-order diffraction contamination.
Here, we introduce a simple and compact single optical element, named inclined rectangular

. aperture gratings (IRAG), for quasi suppression of higher-order diffractions. We show, both in the

© visible light and soft x-ray regions, that IRAG can significantly suppress higher-order diffractions

© with moderate diffraction efficiency. Especially, as no support strut is needed to maintain the free-

: standing patterns, the IRAG is highly advantageous to the extreme-ultraviolet and soft x-ray regions.

. The diffraction efficiency of the IRAG and the influences of fabrication constraints are also discussed.

. The unique quasi-single order diffraction properties of IRAG may open the door to a wide range of

. photonic applications.

Diffraction gratings with periodic structures are simple and fundamental optical elements that disperse
. incident light into its constituent spectrum'?. They also play a crucial role in the extreme ultraviolet and
© x-ray regions. Their applications range from laboratory-generated and astrophysical plasma diagnosis to
: synchrotron radiation light monochromator®”’. From its very beginning, conventional binary (black and
. white) transmission gratings (TGs) are composed of lots of evenly spaced parallel slits on an opaque
screen. Most applications of diffraction gratings have only relied on the generated +1st diffracted orders.
. The broadband spectra measured by TGs always suffer from higher-order diffraction contamination due
* to the higher-order overlapping®. Consequently, complicated unfolding process is a cumbersome task
. and always inevitable to filter the stray light, resulting in ambiguous spectroscopic data’. Similarly, the
synchrotron radiation monochromatic light obtained with conventional diffraction gratings also contains
unwanted higher-order harmonic components, a complicated higher-harmonics suppressor system is
needed to reduce higher-order diffraction®!%.

Sinusoidal amplitude transmission grating (STG) with continuous relief can suppress the higher-order
diffraction effectively in the visible light region®. The robust fabrication process of imprinting and dry
etching can ensure production quality of STG in the visible light region'%. However, the diffraction prop-
erties of the diffractive optical elements in the extreme ultraviolet and x-ray regions differ from those
in the visible light region. This is due to the fact that all known materials in the extreme ultraviolet
and x-ray regions have complex refractive index and is very close to unity. It is difficult to fabricate
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high-Z metal absorber with the required continuous relief using modern photolithography technology.
Single optical element in the extreme ultraviolet and x-ray regions typically consists of a thin mem-
brane that is transparent to X-rays, on which x-ray absorber (usually gold) patterns are placed'®. For
certain applications such as x-ray astronomy and diagnostics of laser produced plasmas, free-standing
gold bars are often required'*. Thus, the manufacture of a STG for the extreme ultraviolet and x-ray
regions remains a great challenge’. In order to overcome the so-called higher-order diffractions contam-
ination problem, several techniques have been developed in the past years, e.g., the use of thin films to
reduce the influence of higher-order effects's, the amplitude grating whose stripes present rough edges'”
and the order-sorting method using an array detector'®. In 2007, Cao et al. proposed the concept of
binary sinusoidal transmission grating (BSTG)". A BSTG consists of sinusoidal-shaped apertures in
two dimensions. An amplitude sinusoidal transmission function along one dimension can be realized
by such structures. Both the calculated and experimental results demonstrated that the BSTG can elim-
inate higher-order diffraction effectively along the symmetric axis. Followed by this new idea, a variety
of single-order diffraction gratings were then further developed, such as quantum-dot-array diffraction
gratings (QDADG)", zigzag transmission gratings (ZZTG)%, quasi-sinusoidal single-order diffraction
transmission gratings (QSTG)*' and modulated groove position gratings (MGPGs)?%. All these efforts
attempted to realize a sinusoidal amplitude transmission function in one dimension by arranging special
geometric patterns in two dimensions, resulting in a sinusoidal average diffractive effect that suppresses
higher-order diffractions. However, for the purpose of realizing free-standing metal structures, support
struts are required to satisfy both optical and mechanical requirements, resulting in a loss of 25-50% of
the grating throughput. Such support struts not only produce diffraction spikes in the diffraction plane?,
but also decrease the diffraction efficiency (the ratio between the intensity of the 1st or —1st order dif-
fracted light versus the intensity of the incident light). Until now, the above mentioned gratings with high
line density (>1000lines/mm) and free-standing structures have not been reported.

On the basis of our previous work, here we introduce a new type of single optical element with the
capabilities of quasi-single order diffraction and free-standing structures. The key idea is to rotate regular
rectangular apertures to 45 degree, leading to dominant £1st diffraction orders on the observation line.
Compared with the previous schemes, this simple and compact single optical element, named inclined
rectangular aperture gratings (IRAG), consists of a series of periodically arranged inclined rectangular
apertures milled into Au film with thickness ranges from few tens of nanometers to a few microns. Such
diffractive structures allow one to suppress the high-order diffraction effect. Furthermore, free-standing
gold structures for the extreme ultraviolet and x-ray regions can be achieved without the need of any
support strut. An IRAG on a quartz substrate for the visible light region was fabricated using electron
beam direct writing technique. The measurement results show good agreement with the theoretical pre-
dictions. By combing electron beam lithography and x-ray lithography, a free-standing x-ray IRAG with
line density of 1000lines/mm was also fabricated. The optical characterization that was performed at
Beijing synchrotron radiation facility demonstrates the effectiveness of this method.

Results

Inclined rectangular aperture gratings concept. Figure 1 shows the schematic illustration of an
IRAG. Here, by rotating the coordinate system X-Y clock wise with a 45 degree angle, a coordinate system
X’-Y’ is generated. The periodically arranged inclined rectangular apertures which generate diffracted
orders are perforated on an Au film. Since the IRAG has no connected regions, the free-standing metal
structures fabrication would be highly advantageous. The size of the aperture is axband a : b =3 : 2.
The period d of the IRAG is equal to-/2 a. The coordinate transforming relations between the two coordi-
nate systems can be expressed as

x"'=x cos(m/4) — y sin(w/4)
y' =x sin(n/4) + y cos(mw/4)
¢ = ¢ cos(n/4) — n sin(r/4)’
W = € sin(n/4) + 1 cos(r/4) 0

where (x, y) and (x, y’) denote the grating plane, and (§, n) and (€, ") denote the observation plane,
respectively.

Theoretical analysis. Let us begin with an amplitude type IRAG which is commonly used in the
visible light region. In the (x, y) coordinate system, the transmission function ¢ (x, y) can be expressed
as

(X, ) = D 0 0 (X = Xppy ¥ — ¥,,) 5to (%, ) @

where (x,,,, ¥,.,) stand for the central position of the inclined rectangular apertures, and f,(x, y) is the
transmission function of the elemental aperture. In the (x', y’) coordinate system, the transmission
function can be expressed as
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Figure 1. Inclined rectangular aperture gratings scheme. (a) Schematic diagram of an IRAG.
(b) The details of four inclined rectangular apertures. (c) The coordinate systems in the aperture plane and
observation planes. (d) The structure of an inclined rectangular aperture.
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to(x’, y") =
o*, ) {07 else (3)
For simplicity and clarity, we only consider the case that the IRAG is normally illuminated by a mono-
chromatic plane wave with amplitude of A,. The distribution of complex field in the observation plane
can be obtained by the Fraunhofer diffraction formula

U(n) =AXx /_ZO t(x,y) x exp[—2mi (& + ny)/Az]dxdy, (4)

where A = A,/ (i\z) xexp (ikz) exp[ik (¢* + n?)/2z), k = 27/ ) is the wave number, and z is the prop-
agation distance between the single optical element plane and the observation plane.
By substituting Eq. (1)-Eq. (3) into Eq. (4), we obtain

2ar

abA ) J2br
U, n = e X s1nc[ e

2z

(£—n)]sin6[ (£+n)]

o0 oo

< E Bzl

m=—00 n=—00

where sinc(x) = sin(x)/x.
For the purpose of suppressing higher-order diffraction, here we choose a = gd and b = %d. For
this case, the intensity distribution of the diffraction pattern can be expressed as
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I(&n) o< [UE )

a’h*A? 2[(111 - n)7r] )
o T sinc sinc

5 (m+n)7r]
-

m=0,4£1,42- , n=0,+1,42--- , (6)

where m and n are the grating diffraction orders (spectral orders). The £1th orders mean the diffrac-
tion order with m=0, n==1 or m==£1, n=0. Similarly, the+2th orders mean the diffraction order
with m=0, n==22 or m==2, n=0, and so on. Here, we define a suppression ratio of higher-order
diffractions of the IRAG as the ratio between the intensity of the higher-order diffracted light versus the
intensity of the 1st or —1st order diffracted light. The binarization of the IRAG can significantly suppress
the higher-order diffraction background. The suppression ratio of the +5th and +7th diffracted light is
as low as —55.9dB and —68dB, respectively. Thus, as expected, an IRAG can obtain quasi-single-order
diffraction effect in the observation plane, approaching that of a perfect STG.

Diffraction efficiency is also an important figure of merit of the IRAG. For a perfect IRAG, the absolute
diffraction efficiency of the Oth order, =1st orders, 3-5th orders and +7th are 11.11%, 3.08%, 0.0049%
and 0.00123%, respectively, while the absolute diffraction efficiencies of other higher-order diffractions
approach zero. The relative diffraction efficiency of the £ 1st orders (the 1st or —1st order diffracted light
intensity divided by the Oth order diffracted light intensity) is 27.72%.

Next we consider the case of the extreme-ultraviolet and x-ray regions. As mentioned above, even
for a high-Z metal absorber, the interaction between the incident x-ray beam and the absorber is weak.
Thus, Eq. (3) is rewritten as

to(x, y) = ty(x, y) + [ta(x, y) — ti(x, y)]exp[—i (2m6/N) T]exp[—(27B/A) 7], (7)
with
_ 1 Kl <a/2, [ <b/2
hix. ) {0 otherwise ’ (8)
ty(x, )/) =1 |x| <d/2, |)/| < d/Z, (9)

where 0 is the refractive index decrement, 3 represents the absorption index of the field amplitude, A is
the incident light wavelength, and T is the absorber thickness.
By substituting Eqs (1) and (7) into Eq. (4), we obtain

2 br
e &+ 77)]

J2an
2z

2am
2z

U, n = A{Z—zsinc[ (e n)]sinc[

+

sinc (df5 7T) sinc (df77 7r> - Z—lZsinc[ (&—n) ] sinc

—_——

J2br
e €+ n)]l

exp[—i(2m6/N) T]exp[—(27B/N) 7]} i i (5[f5 - _’fn - =

m=—00Nn=—00

a3
=
SN————

$0
ad—z{sinc[g(m - n)]sinc[%(m + n)]

x{l — exp[—i(27é/N)Tlexp[— 27 B/ N)TI}} m = 0, n =0
A[Z—IZ{I — exp[—i(2m6/ N)Tlexp[— (27 B/ N) 7]}

+exp[—i(2m6/ ) T]exp[— 273/ \)T]) m, n = 0. (11)

U(f, 77) =

In the extreme-ultraviolet and soft x-ray regions, if the absorber thickness is thick enough, the dif-
fraction properties of the IRAG are the same as those in visible light region. However, in the hard x-ray
region, the radiation passes through the IRAG and is partially attenuated and also phase-shifted. Both
the absorption and phase shift decrease with the wavelength, the diffraction efficiency will depend on
the absorber thickness. Conventional transmission gratings with a duty cycle of 0.5 can achieve a max-
imum efficiency in each £1 order of 10.13%. Here the first order diffraction efficiency of the IRAG is
approximately 3%. Advances in high brilliance x-ray sources from laser-fusion targets and the high sen-
sitivity x-ray sensors will allow efficient use of IRAG. In fact, the use of single optical element with low
diffraction efficiency, such as photon sieve, is also applicable on acceptable timescales with present-day
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Figure 2. Numerical results on diffractive properties of an IRAG. (a)The far-field diffraction pattern of
the IRAG. (b) Comparison of intensity profiles produced by an IRAG, a TG with duty cycle (ratio of grating
line width to period) of 0.5, and a STG. The period of all gratings is the same and equal to 1pum. The
wavelength of the incident light is 5nm.

synchrotron light sources*. It should be noted that x-ray free electron (the fourth-generation synchro-
tron light) can produce x-ray beam with peak brightness 10° times higher than that of the most pow-
erful third-generation synchrotron light?. There will be a great opportunity to use the IRAG. However,
for some special application with ultralow signal such as x-ray astronomy, IRAG with multilevel phase
profiles should be designed and fabricated to improve the first order diffraction efficiency. In addition,
the concept of critical angle transmission gratings which eliminates absorption concerns can also be
applicable to our IRAG for achieving much higher diffraction efficiency?®.

The above discussions are based on the assumption that the grating size is infinite. It is obvious that
this is an ideal case. In practice, the gratings is finite in extent, and the distance between the grating plane
and the observation plane is also finite, thus making the diffraction pattern different from that described
by Eq. (6) or Eq. (11). Numerical simulation based on Kirchhoff-Fresnel diffraction formula was carried
out to evaluate the diffraction property of the IRAG with finite size. The complex amplitude distribution
in the observation plane can be obtained by Fresnel diffraction formula

_exp Ukz)

U(x,y,z B

//Uo (&n exp{f—[(x -+ (- n)z]}dﬁdn, (12)

where U, (&, n) denotes the initial complex amplitude in the single optical element plane.

The numerical results are shown in Fig. 2. The whole size of the IRAG is 50 pm x 50 um, finite prop-
agation distance between the grating plane and the observation plane is 1m, the wavelength of the
incident light is 5nm and gold was chosen as the absorber material for its high stability and the large
absorption coefficient in the soft x-ray region. Similar to the ideal case, the higher-order diffractions are
significantly suppressed and close to the ideal sinusoidal transmission grating. The suppression ratios of
the £2nd, £3rd, £4th, £5th, +6th, and £7th diffracted light are —67dB, —79dB, —81dB, —50dB,
—106dB and —64dB, respectively.

Experimental demonstration. In order to test the feasibility of the higher-order diffractions sup-
pression in the visible light region, we firstly fabricated a binary IRAG with period of 20 pum by using an
electron beam mask writer (MEBES4700S). A collimated laser beam with wavelength of 532 nm was used
to illuminate the fabricated IRAG, and a charge coupled device (CCD) camera (Lumenera’s Lw230) with
1612 x 1214 pixels and 4.4pm pixel size was placed in the far field to record the diffraction patterns. The
recorded results are shown in Fig. 3. As expected, the higher-order contributions of the fabricated IRAG
are significantly suppressed. The measured suppression ratios of the +2nd, 4-3rd, =4th, £5th, +6th and
£7th diffracted light are —54.9dB, —71dB, —76dB, —72.4dB, —79.2dB, —68.9dB, respectively. The
corresponding theoretical calculated values are —67dB, —79dB, —81dB, —50dB, —106dB and —64dB,
respectively. This result verifies that the IRAG with quasi suppression of higher-order diffractions is
superior to a conventional transmission grating.

We have further investigated the feasibility of the IRAG in the soft x-ray region. As stated above,
the material absorption in the soft x-ray region is much higher than that in the visible light region,
and the free-standing structures are preferred. In this work, we fabricated a free-standing x-ray IRAG
with line density of 1000lines/mm, as shown in Fig. 4. The measured length a and width b are 674.4
and 455.5 nm, respectively. The corresponding CD bias are 32.7 and 15.9 nm, respectively. Details of the
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Figure 3. The fabricated IRAG in the visible light region. (a) Microscopy image of the fabricated IRAG.
(b) Experimental system for optical demonstration. (c) Diffraction pattern recorded by the CCD camera.
(d) The intensity distribution along the m axis.
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Figure 4. The fabricated free-standing x-ray IRAG with line density of 1000lines/mm. (a) Scanning
electron microscope image. (b) Amplified scanning electron microscope image of (a).

free-standing structures fabrication process can be found elsewhere?. In brief, there are two main steps
in our approach. The first step is to pattern the IRAG structures with small thickness on an x-ray mask
using 100kV electron-beam lithography, followed by gold electroplating. The final step is to efficiently
replicate IRAG using x-ray lithography. One major advantage of the IRAG is that no support strut is
needed for the formation of free-standing structures. Thus, no additional lithography step is needed
to fabricate a large-scale gold mesh as the support struts. The technical parameters of the fabricated
free-standing x-ray IRAG are listed in Table 1.

The performance of the fabricated free-standing x-ray IRAG was tested at 4B7B beamline of Beijing
synchrotron radiation facility, which covers the photon energy range from 50eV to 1700eV and is
designed for applications to soft x-ray spectroscopy and x-ray magnetic circular dichroism. The experi-
mental setup is shown in Fig. 5(a). The beamline is equipped with a monochromator which consists of a
varied line space grating and a flat mirror. A filter assembly which consists of an aluminum membrane
with thickness of 0.2pm and a carbon membrane with thickness of 1pm was mounted after the mon-
ochromator. The spot size on the measured free-standing x-ray IRAG was about 1 mm X 1 mm in area.

The measurement of absolute diffraction efficiency in the x-ray region is much more difficult than that
in the visible and UV regime, especially at the first generation synchrotron radiation facility. This is because
the synchrotron radiation experiments are set up parasitically with a primary interest in high-energy
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Parameters Value
Absorber type Au

T (absorber thickness) 550 nm

d (gratings period) 1pm

a (length of the inclined rectangular 707 nm
aperture)

b (width of the inclined rectangular 471nm
aperture)

Grating area 100 pm X 600 pm

Table 1. Parameters of the fabricated free-standing x-ray IRAG.

Normaized Intensity (dB)

T T T T
800 1200 1600 2000

Position (Pixel)

2
S

Figure 5. Experimental results of the fabricated free-standing x-ray IRAG. (a) The experimental
arrangement. The CCD has an image area of 2048 x 2048pixels with a 13.6um square pixel size. The
distance between the grating and the CCD is about 60 cm. The grating width and length are 100 um and

600 pm, respectively. The Au absorber thickness is 550 nm. (b) The diffraction pattern of the fabricated IRAG
at photon energy of 300eV recorded by the CCD. (c) The integrated diffraction intensity of the diffraction
orders along the § axis.

physics. Here we only recorded the diffraction pattern using a CCD camera with 2048 x 2048 pixels and
13.6um pixel size. The result is shown in Fig. 5(b). The normalized 1D profile of the diffraction pattern
along m axis is shown in Fig. 5(c). The relative diffraction efficiencies of the —1st order and 1st order
are 35.2% and 35.9%, respectively. The measured suppression ratios of the —2nd, —3rd, 2nd and 3rd
are —43.1dB, —43.6dB, —41.6dB and —40.3 dB, respectively. The measured suppression ratios of other
higher-order diffraction can be suppressed below —46 dB. The experimental result differs slightly from
the ideal intensity distribution shown in Fig. 2(b). This may be attributed to the limited dynamic range
and signal-to-noise ratio of the CCD, filter inhomogeneity, slightly tilted installation of the measured
IRAG and the inevitable imperfection of the fabrication. Nevertheless, the experimental results clearly
demonstrate the effectiveness of our IRAG.

Discussion

As previously shown, a slight deviation between analytical and experimental results is observed, which
could be attributed to the limited dynamic range and signal-to-noise ratio of the CCD, filter inhomoge-
neity, slightly tilted installation of the measured IRAG and the inevitable imperfection of the fabrication.
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Figure 6. Calculated dependence of the relative efficiency of the £ 1st orders and the higher-order
suppression ratio on relative CD bias.

In the following, we will discuss the influences of practical fabrication errors on the IRAG dispersion
performance. From a fabrication point of view, there are three main factors that can occur, including Au
absorber thickness, position accuracy and critical dimension (CD) bias. Let us analyze and evaluate their
influences on the IRAG dispersion performance one by one. First, for the present fabrication method,
the Au absorber thickness of the fabricated IRAG is as large as 550 nm, the resulting transmission ratio
of the incident x-ray photons with photon energy of 300¢eV is as low as 8.3 x 10~8. Thus, here the fabri-
cated IRAG can be considered to be of amplitude type, and the influence of Au absorber thickness on
the practical performance can be neglected. Secondly, for the free-standing x-ray IRAG with line density
of 1000lines/mm presented in this work, the nominal position accuracy determined by the electron
beam mask writer is about +20nm, which has little negative effect on the practical performance of
IRAG. For the IRAG with higher line density, it should be noted that the position accuracy of 1.6 + 0.6 nm
can be achieved by state-of-the-art lithography tools?®, which should satisfy the position accuracy
requirement of IRAG. Finally, we analyzed and evaluated the influence of the CD bias of the inclined
rectangular apertures on the practical performance. Here we define a relative CD bias as
§=(a—a')/a= (b— b')/b, where a’ and b’ are the length and width of the fabricated inclined rec-
tangular aperture, respectively, while a and b are the corresponding target CDs. Based on Eq. (6), the
relative diffraction efficiency of the £1st orders and the suppression ratios of the higher-order diffrac-
tions can be expressed as

ry = sincz[%(l + 6)(i1)]sinc2[%(l + 6)(11)]

E =

sinc2<ﬁ—;m(l 4 8)(m — n))smcz(ﬁ"” (1+8)(m+ n))

2 2d

sincz(%(l + 5)(j:1))sinc2(€;b 1+ 5)(j:1))

m=0,n==%2,+3..;m==+2,+3..,.n=0 (13)

The calculated results are shown in Fig. 6. One can observe that the dispersion performance of the
IRAG is strongly dependent on the CD bias of the inclined rectangular apertures. The larger feature size
of the inclined rectangular aperture, the more x-ray photons it allows through, and the higher relative
diffraction efficiencies of the +1st orders are. One can also see that the relative CD bias has a much
larger impact on the £2nd orders than £3rd orders. This is similar to the behavior of the black-white
transmission gratings. To make the higher-order suppression ratio less than —46 dB (5%), the CD bias of
the fabricated rectangular apertures milled into Au films needs to be controlled within +9% of the target
CD, which is slightly higher than the gate CD control budget (+210%) of both dynamic random-access
memory (DRAM) and flash memory given by the international technology roadmap for semiconductors
(ITRS) 2013 edition.

In conclusion, a novel scheme to realize quasi suppression of higher-order diffractions has been
proposed, which is based on periodically arranged inclined rectangular apertures. Theoretical analysis
reveals that the suppression ratios of the 5th and =+ 7th diffracted light are as low as —55.9dB and
—68dB, respectively, while other higher-order diffractions approach zero. This is important for both
fundamental studies and practical application of photonics. An IRAG on a quartz substrate for the vis-
ible light region and a free-standing x-ray IRAG were fabricated and characterizated, respectively. The
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experimental results in both the visible light and soft x-ray regions have demonstrated that this compact
method can suppress the higher-order diffraction significantly. Compared with ideal sinusoidal transmis-
sion gratings, the IRAG can be fabricated by silicon planar technology. Furthermore, no support strut
is needed to maintain the free-standing patterns, which is particularly suited for the extreme ultraviolet
and x-ray regions. This compact method enables higher-order suppression be easily extended to other
wavelength ranges of radiations, for example, microwave, infrared rays, Gamma rays, etc. The CD bias of
the fabricated rectangular apertures is the dominant factor affecting the IRAG dispersion performance.
To achieve higher-order suppression ratio below —46dB, one has to control the CD bias within £9%
of target CD. The past two decades have witnessed extraordinary advances in the fabrication process of
ultra large scale integrated circuits. Such fabrication process can be extended to the single optical element
with higher line density and CD accuracy. Thus, this work may open up a window to new paradigms in
laboratory-generated and astrophysical plasma diagnosis, synchrotron radiation x-ray monochromator,
etc.

Methods

Fabrication process of the binary IRAG for the visible light region. Electron beam lithography
and inductively coupled plasma (ICP) etching techniques were used to fabricate the binary IRAG for
the visible light region. First, a chrome layer with thickness of 100nm was deposited onto the quartz
substrate with an electron beam evaporation system, and a single layer commercially electron beam resist
with thickness of 600nm was spin coated onto the chrome layer. Secondly, GDSII data of the binary
IRAG were imported into an electron beam mask writer (MEBES4700S) donated by Applied Materials
Company. Electron beam exposure and resist development were performed to pattern the binary IRAG
onto the resist. Finally, ICP etching technique was used to transfer the resist pattern onto the chrome
layer, and the residual resist was removed using plasma ashing followed by acetone rinse.

Fabrication process of the free-standing x-ray IRAG. The free-standing x-ray IRAG fabrication
process includes two key steps, i.e., fabrication of an x-ray mask and x-ray lithography. The first step is
to fabricate an x-ray mask by using electron beam writing. SiC membrane with thickness of 2um was
used as substrate. A Cr (5nm)/Au (10nm) plating base was deposited on the substrate by using electron
beam evaporation. After electron beam resist (ZEP520A) was spin coated and baked, the IRAG patterns
were written in the electron beam resist using electron beam lithography system. Then the resist patterns
were transferred into Au layer with thickness of 300 nm by electroplating process. The second step is to
transfer the mask patterns into a positive ZEP520A resist layer upon a 0.2-pm-thick SiC membrane con-
taining a Cr (5nm)/Au (10 nm) plating base. The x-ray lithography was carried out at beamline 3B1B1 of
Beijing synchrotron radiation facility with resist thickness of 600 nm. The resist patterns were transferred
to the Au layer with thickness of 550 nm by electroplating process and the resist mold was removed using
acetone followed by deionized water rinse. Finally, the Cr/Au plating base and the SiC film beneath the
resist mold were removed by ion beam etching and ICP etching, respectively.
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