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Abstract:  

X-ray microscope as an important nanoprobing tool is expected to play a powerful role 

in nano-inspections of materials. Despite the fast advances of high resolution 

focusing/imaging reported, the diffraction efficiency of existing binary zone plates as 

the lenses in the microscope is mostly around 5% in practice and rapidly goes down to 

1-2% when the resolution approaches 10 nm, failing its applications in advanced 

scientific research. Zone plates with Kinoform profile are supposed to be high efficient, 

little progress for achieving both high resolution and high efficiency has been reported. 

The conflict between the resolution and the efficiency in X ray optics has become a 

long-lasting bottleneck in the further development of X-ray microscope. Based on our 

earlier success in developing high efficiency Kinoform zone plates by greyscale 

electron beam lithography, we proposed, in this work, a new zone plate structure by 

combing a dielectric Kinoform zone plate with an atomic layer deposited HfO2 zone 

plate to achieve high resolution focusing/imaging with high efficiency. Beam 

propagation method was applied in designing and optimizing Kinoform shapes of the 
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zones, greyscale and/or binary electron beam lithography was carried out for generating 

both 3D Kinoform as well as rectangular zones with aspect ratio of 23/1 in dielectric 

resist, and finally high-quality atomic layer deposition of HfO2 was conducted to form 

the 15-nm wide outermost zone. Optical characterizations by an in-house developed 

soft X ray microscope demonstrated 15-nm resolution focusing/imaging with over 7% 

efficiency, which is the highest with such a resolution as far as our awareness. The 

origin of such an improvement behind the proposed novel lenses is interpreted by our 

BMP calculation results and the comparisons with existing performances by other 

reports in literature was discussed. 

1 Introduction 

Soft X-ray microscopy (0.2-2 keV) with near-edge spectroscopy is of extensive 

applications in broad areas, spanning but not limited to biological science1,2, material 

science3, structural inspections in NEMS/ICs4 and nanotechnology 5-8 etc. Especially in 

the wavelengths of 2.3–4.4 nm (the “water-window”), it is particularly powerful for 

high resolution imaging of biological specimens 9-11 thanks to the high optical contrast 

between carbon and water present in testing materials in this energy regime. To prevent 

cells from damaging, the exposure time of X-ray should be extremely limited, requiring 

high transmission efficiency of the optical system. Fresnel zone plates (FZPs) as 

diffractive focusing/imaging lenses are the critical components in X-ray microscopes 

with the resolution determined by the outmost zone width of the plate, which can be 

readily realized by state-of-art electron beam lithography capable of replicating the 

minimum line-width of 1-2 nm in PMMA 12. However, to maximize the efficiency, the 

zone height, on the other hand, should be high enough to meet the coherent diffraction 

requirement on the focal plane. Even though, binary zone plates made from noble 

metals with a beamstop in the centre suffer from intrinsically low efficiencies. The 

theoretical limit is 40% for phase zone plates and 10% for amplitude ones, but merely 

5% in reality for most of the time. When the focusing/imaging resolution advances 

beyond 30 nm, the conventional technique of electron beam lithography followed by 

Au electroplating fails because of the proximity effect 13. Atomic layer depositions 

(ALDs) of noble metals such as iridium (Ir) has come to the stage to form metallic 

zones on sidewalls of pre-replicated zone plate templates 14-19. 10 nm and even sub-10 

nm 19,20 zone-width (i.e. the thickness of ALD film) with desired aspect ratio have been 
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frequently reported. Unfortunately, the efficiency of such high resolution zone plates is 

merely 1-2% 18 in soft X-ray. The conflict between high resolution and high efficiency 

in the current zone plate technique has become an obstacle for its further development 

and applications.  

This paper reports our recent success in achieving both high resolution and high 

focusing/imaging efficiency by developing a new lens structure, a combined dielectric 

Kinoform/15-nm ALD layer zone plate with 15 nm resolution. For the outer zones, 

dielectric materials with high refractive indices such as HfO2 and Al2O3 instead of 

metals are used so that the plates work as phase ones. For inner zones, Kinoform 

profiles, which are replicated by 3D greyscale e-beam lithography in SiOx based HSQ, 

are used without the central beamstop, greatly enhanced the efficiency beyond the 

conventional binary zone plates. Therefore, the new 15-nm dielectric Kinoform zone 

plate (DKZP) is the combination of the conventional Kinoform zone plate in the inner 

area with the binary dielectric one in the outer area. 

In this work, the modeling, fabrication and characterization of the dielectric 

Kinoform zone plate was carried out. Using Beam Propagation Method (BPM), the 

focusing/imaging performance such as the position, the intensity profile and the 

efficiency of the foci corresponding to the diffraction orders of the new lens was 

computed and compared with traditional Kinoform lens. State-of-art 3D grayscale EBL 

(GS-EBL) was applied to generate the desired Kinoform profile in the center of the lens 

and high resolution EBL on HSQ was applied for shaping the template in the outer area 

for forming dense zones by atomic layer deposition of 15-nm thick high index films. 

Optical characterizations of the lens was carried out by an in-house developed scanning 

transmission X-ray microscope in Shanghai Synchrotron Radiation Facilities (SSRF). 

 

2 Design and modeling of dielectric Kinoform zone plates 

In X-ray optics, material refractive index is characterized by n=1- δ - iβ, in which the 

real part δ denotes the phase shifting and the imaginary β accounts for the X-ray 

absorption. The dielectric Kinoform zone plate in question can be divided into three 
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different regions, as illustrated in Fig.1a. In region Ⅰ in the inner area (Fig. 1a.), the 

zones are of typical Kinoform profile in HSQ (the purple color) without the beamstop. 

The zone profile in region Ⅱ slightly deviates from parabolic profile due to e-beam 

spreading caused by electron forward scatterings and proximity effect during the GS-

EBL. When entering into region III, the e-beam replicated zones in HSQ gradually 

evolve into vertical ridges with the width of dr/4 (dr denotes the pitch in outer zones) 

and the height (h) as pattern density increases, in which the HfO2 (or Al2O3) film by 

atomic layer deposition acts as the zones. 

 In order to assess the performance of the dielectric Kinoform zone plate, a model of 

wavefield propagation inside the HfO2-HSQ-DKZP (R=50 μm, dr=60 nm, h=350 nm) 

was constructed by means of beam propagation method (BPM) 21. Cylindrical 

coordinate system and zero-order Hankel transform22 was applied to simplify the 

calculation work on symmetric model. A one-dimensional radial refractive index profile 

of HfO2-HSQ-DKZP was generated by interpolation on MATLAB. Assuming that the 

lens consists of many thin slices with small thickness △h. When the slice was 

illuminated by a wave field Φ(r, z), the wave field propagation at z-direction inside the 

lens over a short distance △h can then be calculated using BPM as 

( ) ( ) ( ), exp exp exp ,
2 2

h h
r z h h r z

∆ ∆   Φ + ∆ = ∆ Φ   
   

A A
B         (1) 

where A and B are respectively:  

2

0

1
=  

2
− ∇j

kn
A

               (2) 

( ) ( ) 0= , ,r z jk n r z nδ− − −  B
            (3) 

Repeating this computation process for all slices, the propagation of the wave field 

from the entrance of the lens to its exit can be computed. The two-dimensional (2D) 

phase and intensity distribution of the actual wave field inside the three regions of 

HfO2-HSQ-DKZP is presented in Fig. 1b-d, respectively. One-dimensional (1D) phase 

(gray solid line) and the intensity (orange solid line) variation of the wave field on the 

exit surface is shown on the top of each 2D map. The exact zone profiles as the model 
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in the calculations are given as references at the bottom of Fig. 1. In region Ⅰ as shown 

in Fig. 1b, wavefield inside the Kinoform structure has continuous phase shift from 0 

to π, indicating that HfO2-HSQ-DKZP in region Ⅰ behaves like a refractive lens as 

designed and is not affected by the 15 nm thick HfO2. In region Ⅱ (Fig. 1c), intensity 

peaks can be observed at the exit surface in each zone together with interrupted phases, 

which is mainly caused by the competition between diffractive waves on the HfO2-HSQ 

boundary and refractive waves in HSQ-DKZP. As the period shrinks in region Ⅲ, 

diffraction becomes dominant and all the coherent peaks correspond to the HfO2 zones, 

as clearly seen in Fig. 1d. It is important to stress that the HfO2 layer on the sloped 

surface (θ<70°) fails to modulate the wave field because the thickness along the optical 

path is not long enough, which explains that the HfO2 zones on vertical sidewalls in 

region Ⅲ work as in a binary zone plate with 15 nm resolution, while those in region Ⅰ 

behave like a Kinoform zone plate with high-efficiency wave field modulation as 

expected. 

 

Fig. 1 Illustration of zone-doubled Kinoform zone plate in soft X-ray and wave 

field propagation inside the lens. a, Illustrations of zone profile for HfO2-HSQ-DKZP. 

The HSQ Kinoform zone plate is coated with a thin HfO2 with the thickness of dr/4. 

The lens is divided into three regions according to the slope of replicated ridges (Ⅰ: 
0<θ<70°; Ⅱ: 70<θ<80°; Ⅲ: 80<θ<90°). b-d, The zone profiles in three different regions 

are shown at the bottom panel, respectively. Corresponding 2D intensity (top panel) and 



 

 6 / 18 

 

phase (middle panel) distribution of the wave field inside the HfO2-HSQ-DKZP (R=50 

μm, dr=60 nm, h=350 nm) are presented, calculated by beam propagation method with 

X-ray energy of 1200 eV. The 1D wave field intensity (orange solid line) and the phase 
(gray solid line) variation at exit surface are attached to the 2D maps, respectively.  

According to the calculated wavefront at the exit surface of HfO2-HSQ-DKZP in 

Fig .1, Fig. 2 presents the calculated intensities of the wave field propagation in free 

space for the energy of 1200 eV. The HSQ-DKZP without the HfO2 layer was also 

calculated for comparison (Fig. 2a), which has the diameter of 100 μm, the outmost 

period width dr of 60 nm (corresponding to 30 nm zone width) and the thickness h of 

350 nm. The central beamstop was not used so that the diffracted light by the central 

Kinoform zones was also counted. The white solid line shows the intensity distribution 

along the central optical axis behind the HSQ-DKZP. The wavefield propagated from 

the optical element located at 0 mm to its 1st order focal spot located at the distance of 

3 mm. The 2-nd diffraction order foci with the resolution of 15 nm at the focus distance 

of 1.5 mm can also be clearly identified in credit to the parabolic profile of the zones. 

In comparison with the HSQ-DKZP, Fig. 2b shows the intensity distribution of HfO2-

HSQ-DKZP with the 15-nm deposited HfO2. The 15-nm HfO2-zone plate gives rise to 

the 1st order of focus also at the 1.5 mm position, coinciding with the 2-nd order foci 

of the HSQ-DKZP, leading to 4 times higher intensity than that in the 1-st order foci, 

which decreases by 40%, as shown in Fig. 2c. Therefore, for the dielectric HSQ-HfO2 

Kinoform zone plate developed in this work, the working distance of 15 mm, i.e. the 

second order focus of the HSQ KZP or the first order focus of the HfO2 zone plate, 

should be used as the focal plane for both high resolution (15 nm) and high efficiency.  

The focusing efficiency, that is, the fraction of the incoming intensity diffracted into 

a particular order, can also be calculated from the intensity distributions. Fig. 2d 

presents the efficiency calculation by BPM method for HSQ-DKZPs (R=50μm，

dr=60nm, h=350nm) coated by various 15-nm thick films. Comparing with metal films, 

metal oxides such as HfO2 or Al2O3 exhibit relatively high efficiencies in a wide energy 

band in soft X-ray, especially in water window band (270-530 eV). This can be 
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explained by relatively large phase shifts (1−δ) but lower absorption (β) of metal oxides 

in soft X-ray, which is the reason why metal oxides were applied in this work. 

 

Fig. 2 The wavefield propagation of HSQ-DKZP and HfO2-HSQ-DKZP. The 

diameter of DKZPs is 100 μm with a thickness of 350 nm. The outmost period width is 

60 nm. The thickness of the HfO2 layer is 15nm. Wavefield propagation in free space 

was numerically calculated by the beam propagation method with X-ray energy of 1200 

eV. a-b, 2D intensity distribution of the wavefield propagation of HSQ-DKZP and 

HfO2-HSQ-DKZP, respectively. The 1-D intensity curve along the central optical axis 

(white solid line) is presented in the insets. c, The normalized intensities of the 1st and 

the 2nd order focal spots of the two lenses, respectively. d, The focusing efficiency 

calculation by BPM method for HSQ-DKZP coated with a high refractive index film 

by ALD with the thickness of 15 nm. 

3 Fabrication of the dielectric Kinoform zone plate 

Dielectric Kinoform zone plates were fabricated by 3D grey scale electron beam 

lithography (GS-EBL) 23 in SiOx based hydrogen silsesquioxane (HSQ). To achieve the 

parabolic shape for the zones in HSQ-DKZP by GS-EBL as illustrated in Fig. 1a, 

exposure dose distributions were calculated by using commercially available software 

of TRACER and LAB, delivered by GenLsys Ltd, following the desired profiles of the 

lens zones. In order to maintain the sloping shape of the periphery and reduce structural 

distortions, greyscale proximity effect correction (GS-PEC) 23 was also applied. A 350-
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nm-thick HSQ was spin-coated on 100-nm-thick Si3N4 membrane, followed by a soft 

bake in oven at 180 °C for 2 min. Grayscale exposure using the dose distribution as 

discussed above (see in Extended Data Fig. 1) was carried out by a beam-writer, JBX-

6300 FS at 100 kV with an e-beam of 7 nm in diameter and 500 pA as the beam current. 

Hot developing (50°C) in TMAH: H2O (1:3) for 4 min was applied to ensure the 

clearance of the residual resist. Then the sample was rinsed in de-ionized water for 30 

s and dried gently with compressed nitrogen gas. Finally, the whole sample was coated 

with a 15 nm thick HfO2 by atomic layer deposition. Further ALD details can be found 

in the references 24,25. 

Low magnification images in Fig. 3a-b are the overview of the HfO2-HSQ-DKZP 

lens with the diameter of 100 μm. Clear Kinoform like profiles can be observed in 

region Ⅰ and region Ⅱ, as shown in the cross-sectional view of the HfO2- HSQ-DKZP 

at the tilt angle of 45° (Fig. 3c). Fig. 3d-e shows the outer zones with 15 nm zone-width 

and 60 nm pitch of the HSQ-DKZP before and after the 15 nm thick HfO2 coating by 

ALD by the top and the 45° tilted view, respectively. The measured height of the zones 

is ~ 350 nm such that DKZP has the aspect ratio of 23:1. In regions of the template 

containing zones with less than 150 nm in width, additional ribs were facilitated to 

prevent the zones from collapsing. The scanning electron micrographs, as presented 

above, demonstrate the high quality of the DKZP by both grayscale and high resolution 

electron beam lithography in this work. 
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b shows the overviews of HfO2-DKZP lens with the diameter of 100 μm, dr=60 nm, 

h=350 nm and its effective outmost zone width of 15 nm. c, The micrographs by SEM 

for the cross-sectional view at the tilt of 45° of the HfO2-HSQ-DKZP. Kinoform profiles 

can be observed. d, The top view of 15 nm-wide lines made of HSQ resist in the outmost 

area before and after HfO2 coating. e, The close-up view at the tilt of 45°of the 

replicated HfO2-HSQ-DKZP before and after HfO2 coating. 

4 Imaging/focusing by the dielectric Kinoform zone plate 

Optical characterization of the fabricated atomic layer deposited dielectric Kinoform 

zone plates was carried out in Shanghai Synchrotron Radiation Facilities (SSRFs), 

using an in-house developed scanning transmission X-ray microscopes (STXMs) with 

soft X-ray in the beamline of BL08U1A. The lens with the diameter of 100 μm, the 

zone height of 350 nm and the outmost zone width of 15 nm was tested (See the 

Methods for the details of the optical-characterization setup). The standard testing 

samples, Siemens stars, were prepared with the resolution of 15 nm and the height of 

400 nm. 

In the scanning transmission X-ray microscope (STXM), an order-sorting aperture 

was used to select the 1st order diffraction cone. The sample (the 15 nm resolution 

Siemens star), mounted on a piezoelectric positioning stage for high-resolution 

scanning, was positioned at the 1st order focal plane. An X-ray detector located behind 

the sample collected the transmitted light through the sample.  

Fig. 4 presents the images of the testing samples (Siemens star) by the fabricated 

dielectric Kinoform zone plates at 1200 eV. Clear images of the overall sample by the 

HfO2-HSQ-DKZP can be seen in Fig. 4a. The STXM scan was undertaken using a 

dwell time of 1 ms and a step size of 100 nm. Fig. 4b-c shows a close-up view of the 

Siemens star with the resolution of 15 nm in the center using a dwell time of 1 ms and 

a step size of 5 nm. It can be seen that 15-nm wide lines can be clearly resolved with a 

good contrast. The detailed feature in the image matches the SEM image with 

unobservable deviations. According to the intensity data of each pixel of the STXM 

image, the three-dimensional topography of the sample was reconstructed using the 

intensity decay formula, represented by the relative height. As shown in Fig. 4d–e, the 
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map clearly shows the geometry of the sample, further demonstrating the 15 nm 

resolution of the image with high contrast. 

 

Fig. 4 Results of soft X-ray imaging tests. a, The SEM image (left) of the in-house 

made Siemens stars with the resolution of 15 nm and the soft X-ray image (right) of the 

same target at 1200 eV with a dwelling time of 1 ms and 100 nm step size, using the 

HfO2-HSQ-DKZP lens as focusing component. b-c, The SEM image and the soft X-

ray STXM image of magnified central part of the Siemens star at 1200 eV with the 

dwelling time of 1 ms and 5 nm step size, using HfO2-HSQ-DKZP. 15-nm lines can 

be clearly resolved with a good contrast. d-e, The image of three-dimensional 

topography of the test card reconstructed using the intensity decay formula. 

Furthermore, the focusing spot dimensions were measured by the knife edge method 

by scanning the focused spot through the line edge of the Siemen star. Fig. 5a-f presents 

the scanned curves by the focused spot with the HfO2-HSQ-DKZP and the Al2O3-HSQ-

DKZP, respectively. An area of 5x5 µm2 of the structure was scanned using the step 

size of 2.5 nm and the dwell time of 1 ms (Fig. 5a, d) in the X-ray energy of 1200 eV. 

Fig. 5b-c shows that the scanned curves give rise to the full width at half height (FWHH) 

of 15.5 nm in horizon and 15.8 nm in vertical for the HfO2-HSQ-DKZP. The FWHH 

for the Al2O3-HSQ-DKZP lens is 17.4 nm in horizon and 16.8 nm in vertical, 

respectively.  

Efficiencies in the energy rang of 0.4 – 1.5 keV were also measured, as shown in Fig. 

5g for the HfO2-HSQ-DKZP and the Al2O3-HSQ-DKZP, respectively. For comparison, 

the theoretical efficiencies of both the lenses mentioned above are also included. The 

peak efficiency of 7.8% at 1200 eV was measured for the HfO2-HSQ-DKZP, which is 
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about 85 % of the theory. The efficiency peak of the Al2O3-HSQ-DKZP lens is around 

6.5% at 700 eV. The efficiency over 5% by the two lenses covers the energy range from 

500 to 1500 eV, showing promising prospects in applications of sub-20 nm STXM in 

soft X-ray.  

 
Fig. 5 Results of soft X-ray focusing and efficiency tests. a-f, Focused beam profiles 

of the HfO2-HSQ-DKZP and the Al2O3-HSQ-DKZP, respectively, measured by the 

knife-edge scan method on the line edge of the Siemen star with dwell time of 1 ms and 

the step size of 2.5 nm, in which the dotted-line represents the raw data and solid lines 

show the fitting curve and the differential of the raw data. The scanned curves in b and 

c give rise to the full width at half height (FWHH) of 15.5 nm in horizon and 15.8 nm 

in vertical for the HfO2-HSQ-DKZP. The FWHH for the Al2O3-HSQ-DKZP lens is 

17.4 nm in horizon and 16.8 nm in vertical, respectively. g, the comparison between 

the measured focusing efficiencies of HfO2-HSQ-DKZP and the Al2O3-HSQ-DKZP 

and the theoretical ones by the BPM approach. 

Such a high resolution focusing with enhanced efficiency are explained by the sum 

of the 2nd order focusing of the dielectric Kinoform zone plate with the 1st order 

focusing of the thin ALD dielectric zone plate. The limited efficiency (<3%) of early 

reported zone-doubled FZPs19 in soft X-ray are mainly accounted by three reasons: first, 

the metallic zones make the plate work as an absorptive lens. Second, the beamstop in 

the centre blocks a considerable amount of light. Third, all the zones including the 

template ones in HSQ are binary shaped instead of parabolic profiled so that the 2nd 

order focus is missing. As the result, the focusing efficiency, which counts the 

contribution from the ALD thin metallic film zone plate only, is low.  

 

5 Conclusions 
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To achieve both high resolution and high efficiency for the focusing/imaging in soft 

X-ray, a dielectric Kinoform zone plate without the central beamstop has been 

developed in this work. The lens is the concentric combination of the SiOx-based 

Kinoform zone plate (HSQ-DKZP) with a HfO2-based zone plate with the outermost 

zone-width of 15 nm, fabricated by greyscale electron beam lithography and atom layer 

deposition.  

15 nm resolution with the focusing/imaging efficiency of 7.8% at 1200 eV has been 

demonstrated by both theoretical calculation using BMP method and optical 

characterization by scanning transmission x-ray microscope (STXM). Calculation of 

the spatial distribution of the light intensity reveals that the mechanism of the high 

efficiency focusing lies in the following reasons. That is the first order focusing of the 

15-nm HfO2-zone plate was enhanced by the second order focusing of the SiOx-KZP 

at the same focal plane with the resolution of 15 nm (1/2 of half pitch of the outermost 

zone). The dielectric Kinoform zones without the beamstop in the centre not only 

enables the second order focusing but also ensures high diffraction efficiency with 

limited absorption to X-rays. Such an efficiency enhancement by the SiOx-zones in the 

dielectric KZP was not found in the binary zone-doubled FZP or blocked by the 

beamstop in other reports. The focusing mechanism proposed in this work should 

provide a promising solution to the low focusing/imaging efficiency in diffractive X 

ray zone plates. The achievements made in this work open up a new avenue toward 

both high resolution and high efficiency in the development of soft X-ray nanoprobing 

technique. 

 

Methods 

Beam propagation model development  

Beam propagation method (BPM) was applied for analyzing the focusing/imaging of 

one dimensional Kinoform lens only26. In this work, a quasi-discrete Hankel transform 

(QDHT) routine was applied to simplify the model of circular symmetric Kinoform 

lens and to increase calculation speed in the BPM calculation of the wavefield in near 
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field. Fourier spectrum Ψ(fx, fy, z) of an optical wavefield Φ(x, y, z) at the plane (z) can 

be expressed as a simplified one-dimensional zero-order Hankel transform. Assuming 

that the lens consists of many thin slices with small thickness △h. When the slice was 

illuminated by a wave field Φ(r, z), the wave field propagation at z-direction inside the 

lens over a short distance △h can then be calculated using BPM as 

( ) ( ) ( ), exp exp exp ,
2 2

h h
r z h h r z

∆ ∆   Φ + ∆ = ∆ Φ   
   

A A
B         (1) 

where A and B are respectively:  

2
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=  

2
− ∇j

kn
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               (2) 

( ) ( ) 0= , ,r z jk n r z nδ− − −  B
            (3) 

This equation says that the electric field Φ(r, z) is regarded as propagated first in 

the free space (operator A) over a distance of △h/2, 
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1/2
22 2

0 0 02 rkn k n f knβ β π ∆ = − = − −   , H is Hankel transform, which 

will be discussed later. Then the loss and the phase retardation of the entire length △h 

is taken into account at the center of propagation (operator B).  
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This wavefield continues to propagate in the latter free space (operator A) at the 

distance △h/2 to obtain Φ(r, z+△h). 
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X-ray propagation inside the KZP lens can be quantitatively Fig.d out by repeating 

this computation process many times for all slices.  

The process details in the fabrication of Kinoform zone plate  

To achieve the parabolic shape for the Kinoform zones by GS-EBL, exposure doses 

were assigned to the KZP lens pattern, according to the calculated exposure levels for 

each unit ring. Monte Carlo simulation using BEAMER/TRACER software, supplied 

by GenIsys Ltd, was carried out to work out the spatial distributions of the exposure 

dose. Proximity effect correction (PEC) by TRACER was also included throughout the 

simulation sequence. Developing processes of the exposed resists such as HSQ and 

PMMA, respectively, were simulated by the LAB simulator (GenLsys Ltd.) to Fig. out 

the resultant profiles, using the measured dissolution rates obtained from contrast 

curves of the particular e-beam resists. The theoretical profiles were used as a reference 

to guide the processing parameter adjustments. Iteration of processing parameters in 

the simulation was carried out to minimize the difference between the desired parabolic 

and the practically replicated profiles.  

The optimized dose distributions and the processing flow for two different lens 

profiles are shown in Extended Data Fig. 1. For the Kinoform zone plate in SiOx for 

soft X-rays, a 350-nm-thick HSQ was spin-coated on a Si3N4 membrane, followed by 

a soft bake in oven at 180 °C for 2 min. Grayscale exposure using the dose distribution 

as discussed above was carried out by a beam-writer, JBX-6300 FS at 100 kV with an 

e-beam of 7 nm in diameter and 500 pA as the beam current. Hot developing (50°C) in 

TMAH: H2O (1:3) for 2 min was applied to ensure the clearance of the residual resist. 

Then the sample was rinsed in de-ionized water for 30 s and dried gently with 

compressed nitrogen gas.  

Optical characterization  

Focusing efficiency was characterized by measuring the photocurrents with an 

OSA as a PIN diode. Measurements were carried out with a blank window of the chip 

for the incident flux (I0); with the KF and OSA close to the focus point (If); with the 

beam blocked for the dark current (Id). The ratio of the area of the aperture spot SOSA 
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and the area of the FZP in the shadow image (Slens) were determined by the CCD camera 

image, with the OSA out of the optical path. The efficiency was then determined by 

( )
0

0

FE 100%
f

Lens
d

OSA

I I

S
I I

S

−
= ×

−
            (7) 
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Extended data figure/table legends 

 

Extended Data Fig. 1. The optimized dose distributions for generating 3D profiles of 

the zones for HSQ-DKZP. 

 

 

 


