
 1 

Fabrication of 200 nm Period Hard X-Ray Phase Gratings 

Houxun Miao,*
,†
 Nicholas Chedid,

†
 Andrew A. Gomella,

†
 Lei Chen,

‡
 and Han Wen

*,†
 

† Imaging Physics Laboratory, Biochemistry and Biophysics Center, National Heart, Lung and 

Blood Institute, National Institutes of Health, Bethesda, MD 20892 

‡ Center for Nanoscale Science and Technology, National Institute of Standards and 

Technology, Gaithersburg, MD 20899 

KEYWORDS: Hard x-ray phase grating, grating Bonse-Hart interferometer, x-ray Mach-

Zehnder interferometer, x-ray phase contrast imaging, nano-imprint lithography, cryogenic 

reactive ion etch, atomic layer deposition, electroplating. 

ABSTRACT: Far field x-ray grating interferometry achieves extraordinary phase sensitivity in 

imaging weakly absorbing samples, provided that the grating period is within the transverse 

coherence length of the x-ray source. Here we describe a cost-efficient process to fabricate large 

area, 100 nm half-pitch hard x-ray phase gratings with an aspect ratio of 32. The nanometric 

gratings are suitable for ordinary compact x-ray sources having low spatial coherence, as 

demonstrated by x-ray diffraction experiments.  
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X-ray modalities accounts for the majority of medical imaging procedures today, owing to the 

penetrating power of hard x-ray photons (energies > 20 keV) through the human body
1
.  The 

partial absorption of x-rays that pass through an opaque object is responsible for the first shadow 

grams observed by W. Roentgen in 1895
2
, and still the primary contrast mechanism in x-ray 

imaging today. Inherently, this mechanism involves the absorption of radiation by the sample 

medium, leading to harmful ionization effects. This is a growing concern in healthcare due to the 

rising prescription of computed tomography (CT) scans. Phase contrast provides a fundamental 

solution to the problem. Phase contrast methods detect the refractive bending of the x-rays 

instead of their attenuation. In the wave picture, phase contrast refers to sensing the distortion of 

the wavefront after propagation through a sample.  

 Some of the first demonstrations of phase contrast are achromatic visible light two-beam 

interferometers, such as the Michelson-Morley
3
 and the Mach-Zehnder

4
 interferometers. They 

are sensitive to the relative phase shift between two light paths of nearly equal lengths. The x-ray 

embodiment of a two-beam interferometer is the Bonse-Hart interferometer, which uses 

monolithic crystals to split and direct the beams
5
. It achieves the highest phase sensitivity among 

common hard x-ray techniques
6
, and can reveal subtle soft tissue structures with low radiation 

exposure
7,
 
8
. However, the crystals reject most of the flux of a broadband source (Δλ/λ≈10

-4
), 

which restricts applications with ordinary x-ray tube sources.   

 Recently, methods based on the near-field self imaging (Talbot) phenomenon of micro 

gratings have been extensively investigated for x-ray phase contrast imaging with compact 

sources
9,
 

10,
 

11,
 

12, 13, 14, 15
. Although suitable for polychromatic sources, they do not rival the 

sensitivity of the classic far-field interferometer
16

. More recently, with the development of 

nanofabrication techniques, prototype 200 nm period hard x-ray phase gratings have been 
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fabricated that can replace the monolithic crystals in the classic Bonse-Hart interferometer
17

, thus 

releasing the bandwidth restrictions on the x-ray source. The first grating Bonse-Hart 

interferometer demonstrated exquisite sensitivity approaching those of crystal interferometers 

while operating at a source bandwidth that is two orders of magnitude higher
18

.  

 A key requirement of a grating far-field interferometer is that the transverse coherence of 

the incident beam exceeds the grating period. Common x-ray tubes in the hard x-ray range have 

transverse coherence lengths of 1 µm or less within a 0.5 m distance. Thus, nanometric gratings 

are a pre-requisite. Alternatively, the pitch of the gratings should be sufficiently small such that 

adjacent diffraction orders of an incident beam are fully separated after propagating over a 

reasonable distance. As an example, assuming normal incidence, in order to separate two 

adjacent diffraction orders by 50 μm after a propagation distance of 0.5 m, the diffraction angle 

between the two beams (≈ x-ray wavelength/grating pitch) must be greater than 10
-4

 radians. For 

typical photon energies in radiological imaging of 25 keV to 100 keV, the pitch of the grating 

must be as small as 500 nm to 124 nm to have a first order diffraction angle of 1x10
-4

 radians. 

Additionally, the efficiency of the phase gratings is measured by the fraction of the incident 

energy that is diffracted into higher orders, typically the ±1 orders.  This depends on the 

amplitude of the phase modulation by the gratings. For example, a 50 % duty cycle, π phase shift 

binary phase grating diffracts 100 % of incident energy to higher orders, of which 40.5 % goes 

into the ±1 orders each. For a binary grating with alternating Au and Si strips, a strip height of 

5.8 μm to 23.4 μm is required to get a π phase shift for 25 keV to 100 keV x-rays, corresponding 

to an aspect ratio (gold strip height-to-width ratio) of 23 to 377. The difficulties imposed by the 

combination of small periods and high aspect ratios make the fabrication particularly 

challenging. The first prototype gratings met the requirements with multilayer stacks viewed 
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from the side. However, the multilayer stacks took lengthy coating runs which were difficult to 

control precisely
17

. 

 The fabrication of hard x-ray gratings and zone plates typically involves creating a free 

standing high aspect ratio mold, and then filling the trenches of the mold with high atomic 

number metals via electroplating.  For grating periods of several microns, the molds can be made 

in either polymer layers of tens of μm thickness using deep x-ray lithography or optical 

lithography
19, 20

, or in silicon wafers by direct etching (reactive ion etch (RIE) or wet KOH 

etch)
20, 21

. The former takes advantage of the spin coating of polymer resist such that the seed 

layer for electroplating can be pre-deposited on the substrate. The latter benefits from the rigidity 

of silicon and only requires minimal (or no) supporting bars across the structures. For silicon 

gratings an additional metal deposition and/or lift-off process is needed to create the seed layer 

for electroplating. In x-ray zone plates of nanoscale features, the molds are typically created 

either by directly patterning a polymer resist layer (< 2 μm) using x-ray lithography
22, 23

 or 

electron beam lithography
23, 24, 25, 26

, or by dry etching a masked polymer layer (< 1 μm)
27

 or 

diamond layer
28

. The reported aspect ratios of the walls in nanoscale zone plates typically 

approaches 25
25, 28

.    

Here we present a cost-efficient fabrication process of large-area, 200 nm pitch hard x-

ray phase gratings with walls having an aspect ratio of 32 (Fig.1). Single crystal silicon is 

selected as the mold material for its superior mechanical properties. In the first step, etch masks 

of 200 nm period are patterned on the silicon wafer via nano-imprint lithography
29

, bi-directional 

chromium shadowing
30

 and RIE of the nano-imprint resist layer. This is followed by cryogenic 

RIE
31, 32

 to create deep trenches in the silicon, then O2 plasma removal of the mask materials. A 

seed layer for electroplating is formed on the silicon mold by atomic layer deposition (ALD) of a 
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thin platinum layer (≈ 10 nm)
33, 34, 35, 36

. Proper thickness of the seed layer is essential: too thick 

and the excessive stress may collapse the walls of the mold; too thin will not provide electrical 

connectivity. The trenches between the walls are then filled with gold via conformal 

electroplating
20, 37, 38, 39

, mainly from the sidewalls. The performance of the product as an x-ray 

grating is tested by x-ray diffraction experiments on a tabletop device.  

The common options for patterning etch masks of 100 nm features on the silicon wafers 

are electron beam lithography, optical interference lithography and nano-imprint lithography. 

Considering the time and cost of electron beam lithography over centimeter areas and the high 

environmental stability requirement of optical interference lithography for the small grating 

period, we chose nano-imprint lithography to pattern the mask. The grating master template is a 

4 inch Si wafer with a thermally grown SiO2 layer on top, patterned via optical interference 

lithography and RIE of SiO2. The grating pattern is transferred to a resist layer (Nanonex NXR-

1025) spin-coated on a 4 inch (100) Si wafer via nano-imprint lithography, at a temperature of 

120 °C and a pressure of 13.8 bar for 5 min 30 s. Figure 2a shows a cross-section scanning 

electron micrograph (SEM) of the printed pattern. The triangular shape of the imprinted cross-

sections provides a convenient way to adjust the duty cycle of the subsequent etch mask for deep 

silicon etching. This is accomplished in the next step of chromium shadowing, by changing the 

incident angle of the Cr deposition beam onto the wafer surface (Fig. 1b). Figures 2b-d show 

cross-section SEMs of the etch masks after RIE of the resist with shadowing angles of 30°, 33.4° 

and 36.9°, respectively.  The line width increased from 115 nm to 142 nm over the range of the 

shadowing angles. The flexibility of adjusting the line width is valuable for cryogenic deep 

silicon etching, since there is an undercut of the silicon material immediately below the mask 

lines, which is one of the factors that limit deep RIE of silicon. 
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Two recipes were created for cryogenic deep silicon etching. The first recipe has 

operating parameters of -110 °C temperature, 3.8 mT pressure, inductively coupled plasma (ICP) 

power of 700 W, radio-frequency (RF) power of 10 W, SF6 flow rate of 24 sccm and O2 flow 

rate of 7 sccm. The second recipe has parameters of -110 °C temperature, 6 mT pressure, ICP 

power of 700 W, RF power of 30 W, SF6 flow rate of 36 sccm and O2 flow rate of 10 sccm. To 

give sufficient directionality and kinetic energy to the ion flux for deep etching, either a lower 

pressure of 3.8 mT (first recipe) or a higher RF power of 30 W (second recipe) is used. Both lead 

to over-ablation of the polymer resist layer without additional protection, which is solved by the 

chromium top mask. The parameters of the O2 plasma clean are -110 °C temperature, 20 mT 

pressure, ICP power of 2000 W, RF power of 100 W and O2 flow rate of 100 sccm. Figure 3a 

shows cross-sectional SEM of a sample which was Cr shadowed at 33.4°, followed by 7 min of 

Si etch with the first recipe and 8 min of O2 plasma clean. Figure 3b shows a sample which was 

Cr shadowed at 35.1° and Si etched for 9 min using the second recipe, followed by 8 min of O2 

plasma clean. The two samples have trenches of 3.2 μm and 4.0 μm depths, corresponding to 

aspect ratios of 32 and 40, respectively. The larger Cr shadowing angle of the second sample was 

more effective in slowing the undercut of material below the mask lines, allowing for a deeper 

etch. More details on the cryogenic silicon etching are described in the Supporting Information.     

To fill the trenches with electroplating, the first step is to cover the mold surface with an 

electrically contiguous metal seed layer. In micron period gratings, the seed layer can be formed 

with physical vapor deposition (PVD) followed by a lift-off process
20

. Typically, a PVD layer of 

few tens of nm is needed to have electrical continuity over the mold surface. The PVD process is 

less suitable for the nanometric gratings, since the trench width is too narrow for a seed layer of 

tens of nm, and the stress in the PVD metal layer may collapse the walls. Therefore, the ALD 
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technique is used to form the seed layer. Since ALD lays one atomic layer at a time, a total 

thickness of about 10 nm is sufficient to form an electrically contiguous film for electroplating. 

A 10 nm adhesion layer of Al2O3 is first coated by exposing the sample to 20 ms of trimethyl 

aluminum (TMA) and 40 ms of H2O at 300 °C and 80 mT chamber pressure. The Al2O3 layer 

also increases the wall thickness of the grating, allowing for adjustment of the trench width 

(Detailed information is provided in Supporting Information). A Pt layer is added by using 1 

second trimethyl (methylcyclopentadienyl)-platinum (IV) (MeCpPtMe3) and 50 seconds O2 at 

240 mT chamber pressure and 300 °C. An idle time of 1 min 20 seconds is programmed after 

MeCpPtMe3 injection to allow the precursor to fill the deep trenches. The idle time and other 

ALD parameters have been optimized to improve the Pt coating into high-aspect ratio structures. 

Figure 4a shows a cross-section view of the grating after ALD of Al2O3 and Pt. Figure 4b is a 

face-on view of the Pt film on the surface of a trench wall, from 400 cycles of Pt ALD. The film 

appears to be a tightly packed mosaic. The requirement for the Pt seed layer is that the mosaic 

grains are in electrical contact, which is easily tested with an ohmmeter. More details on the 

ALD of Pt and Al2O3, including an example of less densely packed grains, are provided in the 

Supporting Information.   

With the Pt seed layer in place, gold is electroplated to fill the trenches of the grating.  

Plating is done in Auruna 556 electrolyte solution at a temperature of 50 °C and a DC current 

density of 0.075 mA/cm
2
.  Figure 5a  is an SEM cross-section image of a gold-plated grating 

with a trench depth-to-width ratio of 32. The trenches are fully filled with gold, which grew from 

the side surfaces of the walls
20

. Another sample was split along a trench to expose a face-on view 

of the trench wall (Figure 5b). Part of the wall is covered with a solid gold film, while the rest of 

the film was detached during cleaving, revealing the silicon surface underneath. Part of the Pt 
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seed layer adhered to the gold film and is also visible in the image. The granular structure of the 

plated gold can be seen in Fig. 5a. This resulted in reduced density and refractive index relative 

to bulk gold, which is quantified in the x-ray diffraction experiments. Lastly, the gratings are 

backside-thinned to 170 μm to reduce x-ray attenuation in the silicon substrate.  

The performance of the finished gratings is tested in a tabletop x-ray diffraction device. 

Figure 6a schematically illustrates the experimental setup. The x-ray source is a tungsten-target 

x-ray tube  operating at various peak voltages ranging from 30 kV to 80 kV and 1.0 mA tube 

current. The size of the focal spot of the tube is approximately 100 μm. Two tungsten slits of 20 

μm widths are placed along the beam at 0.44 m spacing to collimate the cone beam into a fan 

beam. The grating is placed at 0.82 m from the first slit. An x-ray camera is placed at 0.59 m 

from the grating. The camera consists of a GdOs phosphor that converts x-rays to green emission 

which is captured by a digital camera of 20 µm pixel size. The camera is tilted around x axis by 

82.5° to give an effective pixel size of 2.6 μm in the y direction
40

.  

To observe x-ray diffraction by the grating, the transverse coherence length of the beam 

(ξ ≈ x-ray wavelength/angular divergence of the beam) should exceed the grating period. In our 

setup the coherence length at the grating is approximately 1.7 μm for 30 keV x-rays, which is 

well over the 200 nm grating period. The grating can be rotated around the vertical y axis to 

increase the x-ray path length through the gold trenches and the accumulated phase shift
14, 41

. 

Figures 6b – 6d summarize the measured diffraction profiles at a range of tube voltages and at 

the y rotation angles of 45°, 60° and 65°, respectively.  

For quantitative analysis, the diffraction profiles are fitted to a superposition of three 

Gaussian peaks representing the ±1 diffraction and the 0th un-diffracted orders.  An example of 
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fitted curves versus measured profiles is shown in Fig. 6e, for the y rotation angle of 65° and 

tube voltage of 40 kV. The widths of the diffraction peaks are the result of the broad spectrum of 

the x-ray tube and the angular divergence of the incident beam. The diffraction angles of the ±1 

orders relate to the x-ray wavelength λ and the grating period P as ±λ/P. Thus, it is possible to 

estimate the mean wavelength of the transmitted beam from the angular separation between the 

+1 and -1 orders. Figure 6f shows the transmitted mean photon energy versus the tube voltage at 

three y rotation angles. The mean photon energy increased not only with the tube voltage, but 

also with the rotation angle of the grating. The cause for the latter is that the vertical rotation 

increases the light paths through the gold and silicon material, leading to more attenuation of the 

lower energy photons and a "hardening" of the transmitted spectrum towards higher photon 

energies.  Taking ± 2 pixels (effective pixel size of 2.6 μm) as the uncertainty of the estimated 

separation of the ±1 diffraction orders on the detector, the uncertainty of the transmitted mean 

photon energy is within ± 1 keV at all combinations of rotation angles and tube voltages.   

A measure of the performance of the gratings is the ratio of the diffracted intensity into 

the ±1 orders over the un-diffracted 0th order (±1st/0th). In a phase grating designed to modulate 

the phase distribution of the wavefront without substantial intensity attenuation, how much of the 

incident flux is diffracted depends on the amplitude of the phase modulation. The refractive 

index difference between gold and silicon decreases with photon energy, thus higher energy 

photons experience less phase modulation. The ±1st/0th ratio approaches infinity for an ideal 

binary π phase shift grating. Based on the measured diffraction profiles, the ratio is calculated 

from the afore-mentioned peak fitting. Figure 6g shows the ratio as a function of the tube voltage 

at the three rotation angles. At 45° rotation, the ratio monotonically increased with decreasing 

tube voltage, indicating that the phase modulation was less than π at all voltage levels. The ratio 
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is higher at 60°, showing a nearly vanished 0th order peak at 30 kV tube voltage (mean photon 

energy 23.6 keV). At 65° rotation angle, the ±1st/0th ratio peaks at 40 kV tube voltage (mean 

photon energy 27.7 keV), indicating that the phase modulation reaches π at this photon energy, 

and exceeds π for lower photon energies. From the phase shift estimates, the effective depth of 

the gold trenches can be calculated based on the reference values of the refractive indices of gold 

and silicon for specific photon energies 

(http://physics.nist.gov/PhysRefData/FFast/html/form.html). The effective gold depth is 

estimated to be 2.78±0.15 μm from the 65° data, taking as the lower and upper bounds the 

required depth for a π phase shift at 35 kV and 45 kV tube voltages. This effective depth is less 

than the physical depth of 3.2 μm from the SEM images, due to the granular pattern of the plated 

gold. The gaps between the grains accounts for 13 % of the trench volume. Coherent x-ray 

scattering from the grain structure can account for the weak and broad baseline peak in the 

diffraction profile, visible in Fig. 6e.   

In summary, a reactive ion etching and electroplating process has been developed to 

fabricate 200 nm period gold-in-silicon gratings. The grating areas are 5 cm long and 1 cm wide. 

When compared with the previous multilayer coating fabrication
17

, this process saves substantial 

time and cost. The demonstrated capability of conformal electroplating to fully fill high aspect 

ratio 100 nm wide trenches provides a new approach for nanometer scale high aspect ratio x-ray 

grating fabrication. X-ray diffraction experiments show that at the appropriate photon energy and 

incident angle, the gratings modulate the phase of the wavefront by π radians, thus delivering 

most of the transmitted flux into the first diffraction orders. A slit-collimated beam from an x-ray 

tube is split into two separated beams by the grating. The ability to split and redirect beams offer 
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possibilities of far-field x-ray interferometry with off-the-shelf tube sources, opening the door to 

highly sensitive phase detection and imaging methods with compact sources.  

The first products of this fabrication process have defects to be corrected and there is 

ample room for improvement. For example, the effective width of the gold-filled trenches as a 

percentage of the grating period (the duty cycle) is not precisely controlled. A duty cycle other 

than 50 % leads to incomplete suppression of the 0th diffraction order. Asymmetry of the cross-

sectional shape of the grating leads to asymmetry between the +1 and -1 diffraction orders. The 

depth of the trenches and the density of the gold filling should be improved to reduce the 

required rotation of the grating, and thereby reduce the path length and attenuation in the silicon 

substrate. Lastly, exploring smaller grating periods may lead to further relaxed requirements on 

the transverse coherence of the incident beam, allowing more flux into an imaging device and 

shorter exposure times.   
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Figure 1. Illustration of the fabrication process for 200 nm period hard x-ray phase gratings. (a) 

The grating lines are patterned on a polymer resist layer on the silicon wafer by nano-imprint 

lithography. (b) Chromium shadowing and reactive ion etching of the resist layer forms the etch 

mask for the silicon wafer. (c) Cryogenic deep silicon etching produces a grating mold of high 

aspect ratio, followed by plasma cleaning of the etch mask. (d) Atomic layer deposition of Al2O3 

and Pt lays the electroplating seed layer. (e) Electroplating of gold fills the trenches of the mold.  
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Figure 2. Cross-sectional scanning electron microscopy images showing the production of the 

etch mask on the silicon wafer. (a) The resist layer is patterned with nano-imprinting. (b) A top 

chromium protection mask is formed by e-beam deposition at 30° angle from both sides 

(chromium shadowing). RIE then removes the un-protected resist. (c) Chromium shadowing at 

33.4° produces wider resist lines than (b). (d) Chromium shadowing at 36.9° further widens the 

resist lines. In all cross-section samples, a thin layer of Au/Pd was sputtered on the surface to 

remove charging effects on the polymer resist.   
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Figure 3.  Cross-sectional SEM images of cryogenically etched silicon grating molds of 200 nm 

period. (a) This mold has 3.2 µm trenches, giving a depth-to-wall thickness ratio (aspect ratio) of 

32. (b)  This mold has a depth of 4.0 µm and an aspect ratio of 40.  
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Figure 4. Scanning electron microscopy images of the platinum and Al2O3 layers on the silicon 

mold. The Pt layer is the seed layer for electroplating. (a) Cross-sectional view shows conformal 

and uniform coating of the silicon mold. (b) In a face-on view of a side wall of a trench, the Pt 

layer appears to be a tightly packed mosaic of 10 nm to 30 nm patches.   

 

  



 20 

 

Figure 5. Scanning electron microscopy images of 200 nm period gratings with the trenches 

filled by electroplated gold. (a) The cross-sectional view and inset reveals the granular structure 

of the gold filling. (b) A face-on view of the side wall of a trench shows a contiguous layer of 

gold film covering the silicon surface. In the bottom area of the gold film, the Pt layer is attached 

and visible. 
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Figure 6. X-ray diffraction test of a fabricated grating. (a) The cone beam from an x-ray tube is 

collimated by two slits of 20 µm widths and 0.44 m spacing, diffracted by the grating and 
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captured on an x-ray camera. The grating is rotated around the vertical axis by an angle θ to 

increase the effective depth of the gold trenches. (b) The diffraction profiles at various x-ray tube 

voltages at θ = 45° are normalized to the intensity of the beam without the grating. As the tube 

voltage decreases, its output spectrum shifts to lower photon energies, resulting in greater phase 

modulation by the grating and greater fraction of the flux into the +1 and -1 diffraction orders. 

The diffraction angles also increase with lower photon energies. (c) At θ = 60° the effective 

depth of the gold trenches is increased to twice the depth at normal incidence, leading to higher 

phase modulation by the grating and higher diffraction efficiency.  (d) Increasing θ to 65° further 

increases the phase shifts incurred by the grating.  (e) The diffraction profiles are fitted to three 

Gaussian peaks representing the 0th un-diffracted order and the ±1 diffraction orders. The fitted 

curve over the measured profile for θ = 65° and 40 kV tube voltage is shown. (f) Based on the 

separation of the +1 and -1 diffraction orders, the mean photon energy of the x-ray spectrum as a 

function of the tube voltage is calculated for the three rotation angles of the grating. (g) The ratio 

between the intensities of the ±1 diffraction order and the 0th order is a measure of the phase 

modulation amplitude by the grating. A binary π phase shift grating completely suppresses the 

0th order leading to a ratio of infinity. Practically, residual 0th order intensity exists due to the 

broad spectrum of the x-ray beam and grating imperfections. At θ = 65° the ratio peaks at 40 kV 

tube voltage, indicating that the phase modulation reaches π at this tube voltage, and exceeds π 

for lower tube voltages.  

 


