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Fresnel zone plate (FZP) stacking is an approach to enhance diffraction efficiency in x-ray focusing and 
imaging by physically aligning 2 or more FZPs to increase the effective thickness and optical efficiency. 
Existing methods face limitations in x-ray-source availability, controlled degrees of freedom, alignment 
accuracy, and contact-induced friction. To overcome these limitations, we develop a double-illumination 
all-optical nanoalignment (DIANA) system. Designed to leverage the x-ray FZP chip’s nanopatterned 
characteristics, DIANA uses coherent illumination in reflection mode to implement laser interferometry 
for accurate tilt and yaw adjustment. It also employs incoherent illumination in transmission mode for 
high-contrast nanoalignment using Vernier/main scales and moiré fringes. Using DIANA, we demonstrate 
the stacking of 2 x-ray FZPs with under 30-nm alignment accuracy.

Introduction

   Fresnel zone plates (FZPs) are diffractive optical elements used 
for x-ray focusing and imaging [  1 ]. Fabricated on an x-ray 
transparent membrane (e.g., Si3N4 and SiC), they are composed 
of concentric circular Fresnel zones alternating between being 
transparent and opaque [  2 ]. The incident x-ray beam, diffracted 
by the opaque zones made from high-Z-number and phase-
shifting materials (e.g., Au, Ni, Pt, and W), can be focused on 
certain distances by constructive interference. Compared to 
other x-ray focusing optics (e.g., compound refractive lenses 
[  3 ,  4 ], capillary optics [  5 ,  6 ], Kirkpatrick–Baez mirrors [  7 ,  8 ], and 
multilayer Laue lenses [  9 ,  10 ]), FZPs offer a much more compact 
solution with a comparable spatial resolution [  11 ]. Thus, they 
have become key x-ray optical components for diverse applica-
tions [  12 ], including advanced instrumentation [  13 –  15 ], nano-
lithography [  16 ], and astronomy [  17 ].

   Among the technical parameters of an FZP, diffraction effi-
ciency is of great importance. Highly efficient FZPs can largely 
decrease the acquisition time, which enables faster experiments 
and thus reduces radiation damage to specimens [  18 ,  19 ]. To 
accomplish this goal while maintaining a high spatial resolu-
tion, especially in the hard x-ray region, an FZP is required to 
have high-aspect-ratio structures, with the outermost zone 
widths comparable to the desired resolution of the system [  20 ]. 
However, high-aspect-ratio zones required for high efficiency 
and high resolution often exceed the fabrication capability of 
nanolithography [  21 ], resulting in the bending, distortion, and/
or collapse of spatial structures. This constraint limits the dif-
fraction efficiency of FZPs in the soft x-ray regime, rapidly fur-
ther decreasing toward the hard x-ray range [  22 ].

   Various nanofabrication techniques have been developed to 
produce high-aspect-ratio FZPs [  23 ]. For example, multilayer 
FZPs can be fabricated by sequentially coating a cylindrical 
substrate (e.g., a glass fiber [  24 ] and a capillary lumen [  25 ]) via 
atomic layer deposition of high-Z-number and low-Z-number 
materials with proper thicknesses according to the Fresnel zone 
widths, followed by focus-ion-beam slicing [  26 –  28 ]. Although 
capable of producing hundreds-to-one aspect ratios on tens-of-
nanometer spatial features [  29 ], this method requires demand-
ing thickness control in the deposition processes. Limited by 
the slow deposition speed, the produced FZPs often have a rela-
tively small aperture size, resulting in a short working distance 
that impedes their applicability [  30 ]. To obtain a large aperture 
and a high aspect ratio, conventional electron beam lithography 
has been teamed up with metal-assisted chemical etching to 
deep-etch silicon with a >100:1 aspect ratio [  31 ]. Nonetheless, 
using silicon as a scaffold can lead to high x-ray absorption.

   An attractive alternative to increase the structure thickness 
is FZP on-chip stacking [  32 ]. If aligned laterally to within one-
third of the width of the outermost zone and longitudinally 
within the optical near field, these stacked FZPs can be consid-
ered a single optical element of larger effective thickness [ 31 ]. 
This approach can be directly realized by repeating the existing 
nanostructuring processes of electron beam lithography, reactive 
ion etching, and electroplating [  33 ,  34 ]. In principle, the achiev-
able aspect ratio is limited only by the number of FZPs that can 
be accurately stacked. In practice, however, the requirement of 
many steps makes this approach vulnerable to fabrication issues. 
To overcome this limitation, FZPs can be fabricated on each side 
of the membrane [  35 ]. Despite simplifying the fabrication com-
plexity, double-sided FZPs are subject to a potential scaling issue, 
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possibly induced by the shrinkage of the used low-Z-number 
material during fabrication [  36 ].

   Besides using sophisticated fabrication-based stacking tech-
niques, a more direct approach is to align and stack multiple 
standard FZPs [  37 ]. Without disrupting the mature fabrication 
procedure, this approach leverages the high availability and high 
quality of standard FZPs. The alignment can be performed by 
using x-ray phase-contrast microscopy [  38 ]. In particular, the 
x-ray transmitted through the FZP stack is filtered by an order-
sorting aperture. The selected first-order diffraction is converted 
by a scintillator to visible light, which is then recorded by an 
optical microscopy setup. FZPs can be accurately stacked by 
monitoring the location of the first diffraction order [  39 ] or 
imaging the x-ray interference [ 31 ,  40 ]. Since its first success in 
the early 2000s [ 18 ], x-ray-based FZP stacking has made sub-
stantial development [ 39 –  42 ]. A stack of up to 6 FZPs has been 
demonstrated, which improves the diffraction efficiency by 15.7 
times at 27 keV compared to the single-FZP counterpart [  41 ]. 
However, x-ray light sources, especially synchrotrons, have high 
operation expenses and limited availability. They also require 
sophisticated training and equipment handling in a working 
environment in which ionized radiation could pose potential 
harm to health. All these limitations have increasingly hindered 
the further development and mass implementation of x-ray-
based FZP stacking.

   The limitations imposed by x-rays can be circumvented by 
optical nanoalignment using visible light [  43 –  45 ]. A key tool that 
supports detecting nanometer-level movement is moiré fringes 
[  46 ]. Manifesting the beat frequency in space, moiré fringes allow 
sensing diminutive displacement beyond the optical diffraction 
limit [  47 ]. This method is also universally applicable to diverse 
types of light sources. These salient features for highly sensitive 
displacement detection have propelled the widespread implemen-
tation of moiré fringes as an accurate alignment approach in 
advanced lithography [  48 –  50 ]. Integrated into many instruments 
of nanoimprint lithography [  51 ] and proximity lithography [  52 ], 
moiré-fringe-based metrology has reached an alignment accuracy 
of tens of nanometers [  53 ]. Nonetheless, existing optical moiré-
fringe-based alignment systems confront difficulties for x-ray FZP 
stacking. First, most of the techniques, implemented on lithog-
raphy apparatus, are in reflection mode. Due to the high optical 
reflection of high-Z-number materials, the produced moiré 
fringes have low contrast and hence a reduced alignment accu-
racy. Meanwhile, despite offering highly sensitive measurement 
in the lateral displacement, moiré fringes face challenges in 
sensitivity for tilt–yaw adjustments, requesting auxiliaries. An 
attempt distributed 10-μm-diameter microbeads on the edge 
between 2 FZP chips and pressed the 2 chips to touch for paral-
lelism [  54 ]. However, due to the lack of optical feedback, the align-
ment accuracy of the tilt–yaw adjustment was not verified. More 
importantly, the contact of microbeads to both chips induced 
friction during lateral adjustment, which led to limited alignment 
accuracy and potential chip damage.

   To surmount these problems, we develop double-illumination 
all-optical nanoalignment (DIANA) for contactless stacking of 
2 hard x-ray FZP chips. Leveraging the highly reflected seed 
layer on the FZP chip, laser interferometry is employed in 
reflection mode for tilt–yaw adjustment with a 0.3-mrad accu-
racy. Quadruple moiré-fringe alignment, assisted by geometric 
image alignment, is implemented in transmission mode to 
achieve an alignment accuracy of under 30 nm in the  x    and  y    
directions and 100 μrad in rotation.   

Materials and Methods

Configuration of the FZP chips
   The sizes of the top FZP chip and the bottom FZP chip are 
4 mm × 4 mm and 5 mm × 5 mm, respectively. A side-view 
schematic of these chips is shown in Fig.  1 A. A 400-μm-thick 
Si substrate is used as the handle. A 2 mm × 2 mm square win-
dow is hollowed out in the middle to maintain a sufficiently large 
area for patterning. A 1-μm-thick Si3N4 film is deposited above 
the Si handle. Above the Si3N4 layer, a 3-nm-thick Cr layer and 
a 15-nm-thick Au seed layer are plated to connect and support 
all spatial features made of Au with a height of 0.7 to 0.8 μm.        

   Top-view schematics of the top chip and the bottom chip 
are shown in Fig.  1 B and C, respectively. On each chip, an FZP 
with a 310-μm diameter and a 100-nm-wide outermost zone 
is placed in the center. Alignment patterns and markers, whose 
design rationale is detailed in the next section, are added to the 
periphery. In particular, gratings with periods of  P1i = 2.42 μm   , 
﻿P2i = 2.58 μm   ,  P1o = 2.46 μm   , and  P2o = 2.54 μm    are placed in 
the inner and outer areas of both chips to generate moiré 
fringes (see details in Table  1 ). At 4 sides of the periphery of 
the top chip are Vernier scales [  55 ] with the smallest division 
of 15 μm. The midpoints of these Vernier scales are aligned 
with the FZP center. Correspondingly, on the bottom chip, the 
main scales are placed with the smallest division of 15.5 μm. 
At the 4 corners, anti-cross markers with a gap of 12 μm are 
placed on the top chip, and cross markers with a width of 
10 μm are placed on the bottom chip.   

Design rationale of the FZP chips
   The overall goal of alignment is to stack the 2 FZP chips face 
to face in proximity with an accuracy of one-third of the finest 
spatial feature [  56 ], which requires an accuracy of ~30 nm for 
the FZPs used in this work. To achieve this goal, we intend to 
adjust 5 degrees of freedom—namely,  x   ,  y   , rotation, tilt, and 
yaw. In particular, the tilt and yaw are adjusted to reduce the 
misalignment to less than 5 mrad. In the  z    direction, this level 
of parallelism produces a scaling error of a few nanometers 
over the patterned area, which is negligibly small to affect the 
﻿x    and  y    alignment accuracy. This step also enables reducing the 
interchip distance to the tens-of-micrometer level. At this prox-
imity, both chips can be clearly imaged, which is essential for 
the execution of the ensuing steps. Then, the  x   ,  y   , and rotation 
are adjusted in a coarse alignment by using both the 4 cross/
anti-cross markers and the Vernier/main scales so that the mis-
alignments are reduced to ±0.5 μm, ±0.5 μm, and ±1.25 mrad, 
all of which are within the measurement range of moiré fringes. 
These 3 degrees of freedom are further controlled in a fine 
alignment by using moiré patterns to achieve an accuracy of 
30 nm in the  x    and  y    directions and 100 μrad in rotation.

   To produce suitable moiré fringes, 2 one-dimensional grat-
ings with similar pitches are designed for the FZP chips. In 
particular, their superposition modulates the transmitted light 
with a spatial pitch related to the difference in the frequencies 
of both gratings [  57 ]. The minimum interchip distance is set 
to be 10 μm to protect the fine spatial features on both chips. 
Considering the Talbot effect, the gratings’ averaged pitch is 
calculated to be 2.5 μm.

   To obtain the relative displacement of the 2 FZP chips along 
the direction perpendicular to the grating grooves, a pair of 
gratings on both chips is necessary. On one chip, 2 gratings are 
placed adjacently along the direction of the grating grooves. 
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Fig. 1. Design and fabrication of the Fresnel zone plate (FZP) chips. (A) Side-view schematic. (B and C) Top-view schematics of the designed patterns on the top (B) and 
the bottom (C) FZP chips. P1i, P2i, P1o, P2o, periods of gratings in the inner and outer areas. (D) Scanning electron microscopy images of a fabricated bottom FZP chip with a 
magnification ratio of ×86 (top) and 2 local areas marked by the blue and orange boxes in the top image with magnification ratios of ×377 (bottom left) and ×383 (bottom 
right). (E) Optical microscopy images of a local area of a fabricated grating on the FZP chip in reflection mode (left) and transmission mode (right).

Table 1. Specifications of the grating pairs designed for the FZP chips ( j = i or o)

Parameters Inner area Outer area

 Pitch (spatial frequency) of grating 1   P1i = 2.42 μm    (413.2 lp/mm)   P1o = 2.46 μm    (406.5 lp/mm)

 Pitch (spatial frequency) of grating 2   P2i = 2.58 μm    (387.6 lp/mm)   P2o = 2.54 μm    (393.7 lp/mm)

 Pitch (spatial frequency) of moiré fringes  a﻿   Pmi = 39 μm    (25.6 lp/mm)   Pmo = 78 μm    (12.8 lp/mm)

 Magnification ratio of moiré fringes  b﻿   Mmi = 31.25     Mmo = 62.5   

 Measurement range of moiré fringes  c﻿   Rmi ∈
[

−0.624,0.624
]

μm     Rmo ∈
[

−0.624,0.624
]

μm   

a
Pmj = P1jP2j∕∣P1j − P2j∣.

b
Mmj =

(

P1j+P2j
)

∕∣P1j − P2j∣.

c
Rmj ∈ 0.5 ×

[

−Pmj∕Mmj ,Pmj∕Mmj
]

.
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On the other chip, the 2 gratings switch their positions. Their 
superposition generates 2 sets of moiré fringes with the same 
pitch. In case of a lateral displacement between the 2 chips, the 
2 sets of moiré fringes shift in opposite directions. As shown 
in Table  1 , by measuring the displacement  Δj    and using the 
magnification ratio of the moiré fringes  Mmj   , the misalignment 
is calculated by  δj = Δj ∕Mmj   , where  j = i    or  o    specifies the 
inner or the outer area, respectively.

   The grating pitches of the inner area (i.e.,  P1i    and  P2i   ) and 
the outer area (i.e.,  P1o    and  P2o   ) are determined by comprehen-
sively considering the magnification ratio (i.e.,  Mmj   ) and the 
pitch of the moiré fringes (denoted by  Pmj   ). The corresponding 
spatial frequencies are the inverse of the pitches of the gratings 
and moiré fringes. A smaller difference between the 2 grating 
pitches increases both parameters simultaneously, which enhances 

the misalignment detection ability in data acquisition while 
reducing the information extraction ability in the postprocess-
ing. Thus, 2 pairs of gratings with different pitch combinations 
are placed in the inner and outer areas to evaluate alignment 
accuracy (see Table  1  for details).   

Fabrication of FZP chips
   The designed FZP chips were fabricated by using 100-keV elec-
tron beam lithography. The high-quality nanoscale features 
were verified by using scanning electron microscopy (Fig.  1 D). 
Moreover, the gratings were examined under an optical micro-
scope in both reflection mode and transmission mode. The 
former revealed a high reflection of both the gratings and the 
Au seed layer. As a result, the intensity difference could be 
observed only at the groove boundaries (left panel of Fig.  1 E). 

Fig. 2. Double-illumination all-optical nanoalignment (DIANA). (A) System schematic. L1 to L6, lenses; M1 to M7, mirrors. (B and C) Design of the holders for the top (B) and 
the bottom (C) FZP chips. (D) Side-view configuration of chip holding. (E and F) Photos of the loaded top (E) and bottom (F) FZP chips.
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In contrast, complete grating grooves could be seen in trans-
mission mode, as shown in the right panel of Fig.  1 E. These 
results suggested that for the x-ray FZP chips, high-contrast 
moiré fringes could be produced by using the transmission 
mode, while high-contrast interference patterns could be pro-
duced by using the reflection mode.    

Results

System
Double-illumination all-optical nanoalignment
   Based on the requirements of nanoalignment and the character-
ization of the fabricated FZP chips, we designed and constructed 
the DIANA system, which is schematically shown in Fig.  2 A. 
The DIANA system consists of 4 parts—an optical microscope 
with incoherent and coherent light sources, motion control mod-
ules, precise supports for both FZP chips, and auxiliary compo-
nents for chip gluing.        

   The coherent light source is a continuous-wave laser at 
﻿�c = 532 nm    (CNI, MGL-III-532-200mw). After expansion and 
collimation using lenses L1 (Thorlabs, LC2265) and L2 (Thorlabs, 
LA1433), the beam is directed by mirrors M1 to M4, passes 
through tube lens L3 (Thorlabs, LA1708), and is reflected by a 
beam splitter (Thorlabs, CM1-BP145B1) to generate a focus 
on the back focal plane of a long working distance ×10 objective 
lens (Thorlabs, MY10X-803) mounted with a kinematic mount 
(Thorlabs, KC1XY) with ±4° tilt and yaw adjustment. This 
scheme produces wide-field illumination with a 2-mm-diameter 

field of view (FOV) to the FZP chips for reflection-mode imag-
ing. Meanwhile, the DIANA system incorporates incoherent 
illumination of a light-emitting diode with a central wavelength 
of  �ic = 617 nm    (Thorlabs, M617L5) working in transmission 
mode. The diverging output beam passes through lenses L4 
(Thorlabs, LA1509) and L5 (Thorlabs, LA1433) to illuminate 
the chips with an FOV the same as that of coherent illumination 
in size. The reflected coherent illumination or the transmitted 
incoherent illumination is collected by the same objective lens, 
transmitted through the beam splitter and tube lens L6 (Thorlabs, 
AC254-200-A-ML) to form an image of the object on a comple-
mentary metal–oxide–semiconductor camera (Edmund Optics, 
BFS-U3-200S6M-C).

   To accurately position the 2 FZP chips facing each other, the 
DIANA system employs a homebuilt 6-axis micropositioning 
stage for the top chip and a 6-axis nanopositioning stage 
(Thorlabs, MAX603D) for the bottom chip. The top chip is glued 
onto a 3-dimensionally printed holder (Fig.  2 B) by 2 small pieces 
of double-sided tape. The holder is placed in a 4-axis rotation 
mount (Thorlabs, KS1RS), providing 360° rotation adjustment 
and a ±4° tilt–yaw adjustment. The 4-axis rotation mount is 
attached to an  x   – y   – z    translation stage (Keenso, SEMX80-AS) 
with a 25-mm linear travel range. This assembled 6-axis micro-
positioning stage is placed on a rail (Thorlabs, XT95SP-500) to 
conveniently load the top chip.

   The bottom chip is glued onto another 3-dimensionally printed 
holder (Fig.  2 C) by a piece of double-sided tape. This holder is 
attached to an extension plate connected to the nanopositioning 

Fig. 3. Quantification of the double-illumination all-optical nanoalignment (DIANA) system’s performance. (A) Images of the top (left) and bottom (right) FZP chips under 
incoherent illumination. (B) Evaluation of spatial resolution. Left: Image of an edge. Middle: Averaged edge spread function. Error bar: standard deviation. Right: Line spread 
function with Gaussian interpolation. FWHM, full width at half maximum.
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stage, which provides an accuracy of 1 nm for the translation 
motions in the  x   ,  y   , and  z    directions and 0.018 μrad for the tilt, 
yaw, and rotation adjustments. A schematic of the 2 chips con-
nected to the holders under both illuminations is shown in Fig. 
 2 D, and photos of loaded chips are shown in Fig.  2 E and F. After 
the alignment, the 2 chips are glued by using an ultraviolet (UV) 
light adhesive to produce the stacked unit.   

Evaluation of the DIANA system’s performance
   The evaluation started by using incoherent illumination to 
inspect the imaging quality of fabricated FZP chips. As shown 
in Fig.  3 A, both chips can be clearly imaged by the DIANA 
system. To quantify the spatial resolution, an edge of a spatial 
feature on the bottom chip was imaged, shown in the left image 
of Fig.  3 B. The averaged edge spread function ESF in the  x    axis 
was analyzed, and the standard deviation was calculated, shown 
in the middle image of Fig.  3 B. Then, the line spread function 
was obtained by taking the derivative of the edge spread func-
tion. Fitted by Gaussian interpolation, the full width at half 
maximum of this line spread function was calculated to be 
1.2 μm, which represents the system spatial resolution (right 
image of Fig.  3 B). Using the spatial resolution as the criterion 
and the grating specifications (see Table  1 ), the theoretical 
alignment accuracy was estimated to be 38.3 nm for the inner 
area and 19.2 nm for the outer area.            

Alignment procedure
Tilt–yaw alignment
   As the first step in this procedure, tilt and yaw were adjusted 
by using laser interferometry. Under the coherent illumination 
in reflection mode, the highly reflective Au seed layer on both 
chips generated interference fringes of equal inclination. The 
tilt (or yaw) misalignment angle was calculated by  � = N�c∕2w   , 
where  N    is the number of the fringes in the  x    or  y    direction 
and  w    is the length (or width) of the FOV.

   Representative results for this step are shown in Fig.  4 . 
First, by adjusting the micropositioning stage, the misalign-
ments were reduced to 4.4 mrad for tilt and 3.1 mrad for yaw 
(Fig.  4 A). Then, the alignment was performed by tuning the 
nanopositioning stage until no fringes of equal inclination 
can be seen in the FOV (Fig.  4 B and C). The tilt and yaw 
misalignments were calculated to be 0.3 and 0.2 mrad, respec-
tively, indicating that the depth difference over the FOV was 
within  �c∕2   . This level of parallelism could induce only a 
subnanometer projection distortion in the  x    and the  y    direc-
tions within the targeted FOV, thus satisfying the alignment 
accuracy.           

Coarse alignment for x, y, and rotation
   Misalignments in  x   ,  y   , and rotation are defined to describe the 
relative displacement of the top chip to the bottom chip. This 
convention is reflected by the coordinate system shown in 
Fig.  5 A. The coarse alignment was started by adjusting  x   ,  y   , 
and rotation in sequence to align the crosses on the bottom 
chip with the anti-crosses on the top chip in 4 corners. To quan-
titatively evaluate the alignment accuracy, in Fig.  5 B, we plot 
the normalized intensity of 8 selected line profiles (marked as 
﻿li    to  lviii    in Fig.  5 A). These intensity profiles are not symmetric 
with respect to the bar center on the corresponding crosses, 
indicating position mismatches between the crosses and anti-
crosses. The alignments of  x   ,  y   , and rotation were performed 

iteratively until the summation of the intensity difference in all 
line profiles was minimized.        

   Second, using custom alignment calculation and control 
software (detailed in Note  S1  and Fig.  S1 ), Vernier scales on 
the top chip and main scales on the bottom chip on 4 sides were 
used to automatically adjust the position of the 2 chips. Eight 
selected line profiles, centered by the midpoints of the Vernier/
main scales (marked as  l1    to  l8    in Fig.  5 A), were analyzed in 
pairs. The edges of the spatial features in these line profiles were 
obtained by differentiation (Fig.  5 C). The most precisely aligned 
Vernier/main scale pair was determined by averaging the devia-
tion between each pair of peaks of the red and blue lines. The 
position deviations on all 4 sides were calculated to be −0.2 μm 
(top), −1.7 μm (right), 1.2 μm (bottom), and 0 μm (left) with 
an ±0.5 μm uncertainty determined by the difference between 
the smallest division of the main scale (i.e., 15.5 μm) and that 
of the Vernier scales (i.e., 15 μm). In this way, the misalign-
ments in  x   ,  y   , and rotation were determined to be 0.50 μm, 
−0.85 μm, and −2.04 mrad, respectively. After several rounds 
of adjustments, the misalignments in  x    and  y    were reduced 
to be within ±0.5 μm and the rotation misalignment within 
±1.25 mrad, which satisfied the goals of coarse alignment.   

Fine alignment for x, y, and rotation
   After the coarse alignment, the fine alignment with the goal of 
30-nm accuracy was performed by analyzing the moiré fringes 
generated by the grating pairs in the inner and outer areas. We 
first cropped out the moiré fringes from both areas on all 4 

Fig. 4. Laser interferometry for tilt–yaw alignment. (A) Interference fringes 
produced by misalignment in both tilt and yaw. (B) Interference fringes produced 
by misalignment only in yaw. (C) Interference pattern after completing the tilt–
yaw alignment.
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sides. Two examples are shown in the insets of Fig.  6 A. Then, 
the intensity profiles of the moiré fringes were obtained by 
averaging the cropped images along the direction parallel to 
the grating grooves (Fig.  6 B). These curves were Fourier trans-
formed [  58 ,  59 ]. In the example shown in Fig.  6 C, the peak at 
13.2 lp/mm is produced by the moiré fringes, while the peaks 
at 390.4 and 403.7 lp/mm are matched with the specifications 
of the corresponding 2 gratings in the outer area (see Table  1 ). 
To improve the accuracy of moiré-fringe extraction, the Fourier 
spectra were low-pass filtered by a Butterworth filter with no 
phase modulation (Fig.  6 C). The filtered result (shown as the 

dotted lines Fig.  6 B) were further fitted by single-frequency 
sinusoids (shown as the green and black solid lines in Fig.  6 B), 
whose period was given by the extracted moiré fringes. The 
experimental verification of the capability of this approach to 
sense nanometer-level displacement is detailed in Note  S2  and 
Fig.  S2 .        

   In the ensuing analysis, we calculated the phase differences 
(denoted by  Δ�j   ) between the moiré fringes in the inner and 
outer areas, which were transferred to the measured misalign-
ment by  Δj = Δ�jPmj∕2�   . In this example, the phase differ-
ence of moiré fringes was calculated to be −0.61 rad, which 

Fig. 5. Analysis of coarse alignment of x, y, and rotation. (A) Representative image of 2 stacked FZP chips during the alignment. li to lviii, line profiles of the crosses and anti-crosses; 
l1 to l4, line profiles of the main scales; l5 to l8, line profiles of the Vernier scales. (B) Analysis of line profiles li to lviii. (C) Analysis of spatial differentiation of line profiles l1 to l8 in pairs.
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Fig. 6. Analysis of the fine alignment of x, y, and rotation. (A) Two stacked FZP chips during fine alignment. Insets: Zoom-in views of 2 cropped grating areas Aoa and Aob in the 
left region showing moiré fringes. (B) Line profiles used in the fine alignment analysis for the selected areas in (A). loa_ave and lob_ave, averaged line profiles; loa_fil and lob_fil, line 
profiles by low-pass-filtering loa_ave and lob_ave; loa_fit and lob_fit, line profiles by using sinusoidal fitting of loa_fil and lob_fil without the dc term. (C) Fourier spectra of loa_ave and lob_ave 
with the employed low-pass filter.
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Fig. 7. Analysis of aligned FZP chips. (A) Image of 2 aligned chips. Aia and Aib, selected regions from the inner area for moiré-fringe analysis. (B) Cross-sections of the corner 
crosses. (C) Spatial differentiation of the lines of main scales and the Vernier scales marked in (A). (D) Fringe extractions of the inner and outer areas. lia_fil, lib_fil, lia_fit, and lib_fit 
have the same meaning as loa_fil, lob_fil, loa_fit, and lob_fit in Fig. 6 but are for selected regions from the inner area.
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corresponds to a mismatch of −7.48 μm from  Aob    compared to 
﻿Aoa   . Hence, the misalignment was determined to be −120 nm. 
The same process was performed with the right, top, and bot-
tom regions of the outer area, which yielded misalignments 
of −387, 335, and 628 nm, respectively. By averaging the 
misalignment in the left and right regions, the  y    misalignment 
was obtained to be −254 nm. Similarly, the  x    misalignment was 
calculated by averaging the top and bottom regions to be 482 nm. 
Finally, the rotation misalignment was calculated by the differ-
ence between the left and right (or top and bottom) misalign-
ments and divided by the distance between the 2 regions (i.e., 
619 μm), which yielded −0.43 mrad (or −0.47 mrad for the top 
and bottom regions). The same calculations were made based 
on the inner regions to demonstrate the credibility of the 
obtained data. These misalignment results were used as feedback 
to the nanopositioning stage for adjusting the bottom chip’s 
position accordingly. Using the alignment calculation and con-
trol software (see Note  S1  and Fig.  S1 ), several rounds of  x   ,  y   , 
and rotation alignment were performed until the moire fringes 
in both the inner and outer areas were aligned on all 4 sides.   

Analysis of aligned FZP chips
   The quality of alignment was analyzed by using all criteria 
established for the coarse and fine alignments. An example of 
aligned chips is shown in Fig.  7 A. The cross-section profiles 
of the 4 corners show balanced peaks (Fig.  7 B), suggesting 
that all crosses were aligned with anti-crosses. Meanwhile, the 
analysis of Vernier/main scales on all 4 sides shows a misalign-
ment of ±0.5 μm (Fig.  7 C). For moiré-fringe analysis, on each 
side, the results of inner and outer areas are well matched (Fig. 
 7 D) with the calculated misalignment from each region in 
Table  2 . The misalignments in  x   ,  y   , and rotation calculated 
from both areas are shown in Table  3 . Based on the results 

from the outer area, the misalignments are 4.3 nm in  x   , −4.1 
nm in  y   , and 71.5 μrad in rotation. The residual inaccuracy of 
the calculated results was attributed to sampling resolution 
and signal-to-noise ratio.             

Gluing process
   Before the fine alignment of  x   ,  y   , and rotation, a UV light 
adhesive (Norland Products, NOA63) was injected into the 
left and right gaps between the 2 chips by using a syringe with 
a 30-gauge needle. After the completion of the alignment pro-
cedure, 365-nm UV light illuminated the chips for 10 min to 
cure the adhesive. Changes in  x   ,  y   , and rotation were moni-
tored and compensated for during the gluing process. After 
the 2 chips were glued, the assembly was lifted and detached 
from the bottom chip holder.     

Discussion
   We have developed the DIANA system that enables stacking 2 
x-ray FZP chips with nanometer-level accuracy in a noncontact 
manner. The meticulous pattern design combined with coherent 
and incoherent illumination leverages the characteristics of the 
x-ray FZP chips, allowing the integration of laser interferometry, 
geometric image alignment, and moiré-fringe metrology for 
accurate control of the positions of both chips in 5 degrees of 
freedom. This system has demonstrated alignment accuracy of 
sub-30 nm in the  x    and  y    directions and 100 μrad in rotation.

   Future work will be carried out in the aspects of system 
improvement and application exploration. In particular, we plan 
to continue developing the control software and integrate a 
robotic arm into the DIANA system to fully automate the align-
ment and gluing procedure. We will also explore the implemen-
tation of other light sources (e.g., a superluminescent diode) to 
control the movement in the  z    direction. These improvements 
will facilitate the ultimate objective of retrofitting the DIANA 
system into a nanofabrication facility with a stable mass produc-
tion ability of high-diffraction-efficiency stacked FZPs. Toward 
this goal, we plan to use an x-ray microscope to examine the 
stacked FZPs. We will also test their efficiency compared with 
that of single FZPs using x-ray diffraction. In particular, an 
order-sorting aperture and a center stop aperture will be used 
to block x-rays of diffraction orders other than the first order. 
Efficiency will be calculated using the intensity of the first-order 
diffraction divided by the total intensity through the area of the 
FZP stack. From simulations [  60 ], the stacking of two 750-nm-
thick FZPs could enhance the diffraction efficiency from 14.1% 
to 30.1% at a photon energy of 8.39 keV. Thus, experimentally, 
the goal of x-ray inspection is to observe an increase in diffrac-
tion efficiency from the practical diffraction efficiency (i.e., 5% 

Table 2. Experimentally determined mismatch in each region 
using moiré-fringe analysis

Region

Inner area (Mmi = 31.3) Outer area (Mmo = 62.5)

Δi (μm) �i (nm) Δo (μm) �o (nm)

 Top ﻿−0.34 ﻿−2.6 ﻿−1.92 ﻿−7.4

 Bottom  4.56  35.0  4.15  15.9

 Left ﻿−2.9 ﻿−22.7  7.44  28.6

 Right ﻿−1.42 ﻿−10.9 ﻿−9.55 ﻿−36.7

Table 3. Calculated misalignments of x, y, and rotation

Approach

Misalignment

x (nm) y (nm) Rotation (μrad)

 Vernier/main scales  [−500, 500]  [−500, 500]  [−1,250, 1,250]

 Moiré fringes  Inner area  16.2 ﻿−16.8 ﻿−29.3

 Outer area  4.3 ﻿−4.1 ﻿−71.5
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to 10%) of a single FZP. Moreover, we will explore the possibility 
of stacking 2 stacked FZP pairs to further improve the diffraction 
efficiency at higher photon-energy levels. As a generic all-optical 
nanoalignment platform, DIANA can be readily applied to other 
applications, including the stacking of double-sided FZPs to 
further enhance the aspect ratio, the generation of a multi-level 
FZP via alignment of multiple binary FZPs with different feature 
sizes, and the construction of an optical diffractive neural net-
work by accurately assembling diffractive optical elements.   
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