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Abstract 

The development of grating fabrication shares its journey with the development of X-ray 
phase contrast imaging. Indeed, the fabrication of gratings with features of sufficiently high 

aspect ratio is one of the bottlenecks preventing the widespread application of phase 
contrast imaging in X-ray diagnostics, material science and security. The silicon platform that 

underlies modern manufacture of integrated circuits, with its well-established technologies 
for lithography, etching and metal deposition, has the potential to provide high yields and 

volumes for industrial fabrication of both phase and absorption gratings used in a grating-
based X-ray imaging systems. This review article introduces recent developments in the 

fabrication of high aspect ratio X-ray gratings using ubiquitous clean-room manufacturing 

tools, focusing on deep reactive ion etching processes. It summarizes the most challenging 

issues for fabricating features with aspect ratios reaching 70:1, proposing approaches to 
overcome processing problems and improve product quality. 
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1. Introduction 

1.1 X-ray Grating Interferometry  

 

Figure 1: Schematics of (a) a classic Talbot-Lau Interferometry system with three gratings G0, G1, G2, (b) the 

phase stepping curves retrieved at one of the pixels on the detector, with (blue, label s) and without (red, label 

f) the test sample (see the text for details). The attenuation signal is calculated from Bf/Bs, the phase shift is Δɸ, 

and the dark field signal is calculated from AsBf/AfBs, and (c) schematics for the origin of the three different 

types of X-ray signals from the sample. Figure adapted with permission from ref. [1]. 

Since Ro ntgen's discovery that X-rays can reveal bone structures, X-ray imaging has become 

an essential tool in medical diagnostics, failure analysis, and materials science. However, the 
commonly used X-ray absorption contrast mechanism is ineffective for objects composed of 

weakly absorbing matter (e.g., low Z-elements) such as biological soft tissues or carbon 

reinforced polymers that offer small absolute variation in optical properties. Grating-based 

X-ray interferometric (XGI) imaging, with early experiments performed on synchrotrons [2] 
and later experiments with laboratory sources exploiting phase [3] and dark field [4] 

contrasts, offers a superior option for such materials. This technique has high potential for 
medical diagnostics [5-8] as well as being a powerful method for the non-destructive imaging 

of interior structures for applications in materials science [9] and security [10]. However, 
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because the angular sensitivity of the interferometer increases as the grating pitch decreases, 

small grating pitch are needed for materials exhibiting small refraction angle [11]. Gratings 
with metal lamellas at micrometer- or even sub-micrometer-scale pitch are typically 

required. At the same time, medical diagnostics applications require hard X-rays (> 30 keV), 
for which the height of the metal features must be in a range of tens or even hundreds of 

micrometers, depending on the X-ray energy used and the metal material. This requires very 
high aspect ratio grating structures, e.g., lamella’s height to width ratio (AR) higher than 50:1, 

and highly absorbing metals such as gold. Further, because the field of view of the imaging 
technique depends directly on the physical size of the grating, patterning must be 

accomplished with high precision over large areas (e.g., larger than 50 cm2). The assessment 
of grating quality in the high aspect ratio regime remains challenging since the metrology to 

investigate the presence of defects and their nature (e.g., the geometrical fidelity of the 

grating, aspect ratio, line width, uniformity, bar tilt, verticality, etc.) is limited to local 

characterization, while the functional performance metrics (e.g., visibility and diffraction 

efficiency) are related to large area non-local effects [12-14]. As the gratings are key to 
detecting subtle variation in the interferometric patterns underlying imaging, local as well as 

overall uniformity of the grating features is critical for performance. Grating features such as 
pitch size, duty cycle (DC, i.e., the ratio of transmitting line width to grating pitch) and their 

uniformity over the patterned area [15], are usually characterized by scanning electron 
microscopy (SEM), with all the artefacts and criticalities of a destructive procedure to realize 

a cross section and only when the material allows it. The ultimate performance of a grating 
in XGI depends on the specific system configuration. While several non-destructive methods 

exist to characterize the grating quality for low aspect ratio structures, including optical 

profilometry, X-ray diffraction efficiency mapping [16-18], large-area rocking curves 

measurements [19] and support of optical simulations [14, 20] are needed for high aspect 

ratio gratings. Visibility (see below) is commonly accepted as a figure of merit of the 
interferometric set-up [21], but it depends on features of the system, including the X-ray 

spectrum and detector, in addition to the actual grating quality. In XGI, visibility is a measure 
of fringe contrast and is commonly used as a performance metric for evaluating grating 

quality. It is defined as 𝑉 = (𝐼max − 𝐼min) / (𝐼max + 𝐼min), where 𝐼max and 𝐼min are the maximum 
and minimum intensities of the interference fringes, respectively. As a general rule, then, the 

visibility value cannot be absolutely ascribed to grating quality. That said, visibility maps 
across the field of view can support the evaluation of grating uniformity as well as relative 

comparisons. The efficiency of interferometric systems is characterized by the sensitivity, 
defined as the product of visibility and the square root of the transmitted photon counts. 

Sensitivity is directly proportional to the signal to noise ratio, making it a crucial parameter 
for assessing the overall performance of imaging systems[22]. 

 

Grating-based X-ray imaging requires only moderate spatial coherence, making it a 

promising technique for use without synchrotron sources [3]. However, for clinical 
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applicability, the technology must be compatible with conventional laboratory sources such 

as X-ray tubes. While compact or so-called 'desktop' synchrotrons have been demonstrated 
in a few research settings [23-25], they remain rare and are not the primary drivers for 

advancements in grating technology. Figure 1a illustrates a classic Talbot-Lau interferometry 
system used for X-ray phase contrast imaging [4]. It consists of an X-ray tube as source, a first 

absorption grating (G0) to create spatial coherence, a phase grating (G1) to generate the 
interference pattern, and a second absorption grating (G2) to help analyze the fine fringes 

from the interference pattern, whose pitch can be much smaller than the pixel size on the 
detector. By displacing, for instance, the G2 grating within one period of the interference 

pattern formed by G1, a sinusoidal intensity variation is recorded at each detector pixel. This 
process is known as phase stepping [26]. By comparing the sinusoidal curves recorded with 

and without the sample (Figure 1b), the three most important signals can be extracted 

(Figure 1c). The attenuation is obtained from decrease of the average intensity (Bs/Bf). The 

differential phase contrast is obtained from the phase shift at each pixel (Δφ). The small angle 

scattering, also referred to as the dark field signal, is obtained from the decrease of the 
visibility (AsBf/AfBs). XGI can also be realized with other methods with respect to the one 

described in Figure 1. For example, dual-phase grating interferometry avoid the use of 
absorption G2 gratings [27-29]. 

 

Due to the long-standing challenge of fabricating high aspect ratio micrometer and 
submicrometer structures (AR larger than 50:1) in heavily X-ray absorbing materials, high 

quality diffractive optics have largely been unavailable for hard X-rays and remain a principal 

bottleneck for commercialization of XGI imaging technique. While silicon remains the 

dominant material for fabricating these gratings owing to well-established microfabrication 

processes, alternative materials such as diamond have recently garnered interest [30-33]. 
Diamond offers exceptional mechanical stability, high thermal conductivity, and outstanding 

radiation hardness, which make it particularly suitable for demanding experimental 
environments such as X-ray free-electron lasers (XFELs), which have brilliance values a 

billion times higher than that from conventional synchrotron, and microstructured array 
anode sources, where G0 is integrated in the tabletop X-ray source.  The unique properties of 

diamond gratings help overcome some limitations of silicon, expanding the capabilities and 
robustness of grating-based X-ray interferometry. So far, reactive ion etching of lithographic 

patterned diamond [33] is still the manufacturing technology achieving the highest aspect 
ratio in diamond gratings, with an approach very similar to what described here for silicon.  

The overall quality of the gratings plays a vital role in the XGI imaging systems [11, 34]. 

Table 1 lists some of the key control metrics in X-ray grating fabrication and how they affect 
XGI performance. The impact of grating line profiles as well as related defects has been 

recently analyzed in detail, including validation by optics simulations with XGI experimental 
data [14].  
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Table 1: List of key X-ray grating quality control metrics and their relevant effects on the performance of XGI 

imaging systems. A schematic illustration of these attributes and defects is provided in Fig. 9 (Section 2.2). 

 

 Control metrics / Common defects Effect on XGI performance  

 Grating period Angular sensitivity, signal to noise ratio  

 Grating duty cycle Sensitivity, signal to noise ratio  

 Lamella height Effective X-ray energy, visibility  

 Pattern uniformity Visibility, phase map uniformity  

 Grating area and bending  Field of view, visibility uniformity  

 Density of metal filling Effective X-ray energy, visibility  

 

 

1.2. Grating Fabrication 

Fabrication of high-aspect-ratio silicon micro- and nano-structures is a key process in many 
applications, including microelectronics [35], microelectromechanical systems [36, 37], 

sensors [38], thermoelectric materials [39], battery anodes [40], solar cells [41], photonic 
devices [42] and X-ray optics [26]. A number of microfabrication approaches create a low X-

ray absorbing template which is then coated or filled with highly absorbing material. 

Historically, the templates are based either on polymer [43, 44] or silicon[45].  
Although most recent work on X-ray gratings is based on silicon micromachining and 

DRIE, LIGA (from the German Lithographie, Galvanoformung, Abformung, meaning 
lithography, electroplating, and molding) has also been explored as an alternative approach 

and is briefly summarized here for completeness [43, 44, 46]. The LIGA process combines 

deep X-ray lithography with electroplating to fabricate high aspect ratio metallic structures. 

It was among the earliest methods used to demonstrate X-ray phase gratings and offers 
excellent verticality and material absorption properties. However, limitations such as the 

requirement for synchrotron radiation, challenges in achieving uniform large-area 
structures, and restricted aspect ratios (around 10:1 for a pitch of 1.2 µm [47]) have limited 

its wider adoption for grating interferometry. Nevertheless, LIGA remains one of the most 
advanced microfabrication technologies and continues to be applied where its unique 

advantages are beneficial.  

In contrast, silicon microfabrication is a well-developed technology in the 
manufacture of integrated circuits and micro electromechanical systems (MEMS) for the 

semiconductor industry. This gives it the advantage of well-assessed technologies for 

competitive mass production including deep reactive ion etching [48] and wet etching [49, 

50]. The combination of these technologies with unconventional processing methods, along 
with the flexibility that comes from operating outside the strict design rules of 

microelectronics manufacturing, has expanded the range of capabilities and significantly 
contributed to advancements in nanotechnology [51]. With respect to X-ray LIGA, 

microstructures in monocrystalline silicon are usually also more stable than those in polymer, 
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so comparatively higher aspect ratios and smaller pitches are achievable in silicon templates. 

In fact, silicon-based microfabrication produces both robust and very high aspect ratio 
templates with dimensions below 1 µm. Additionally, the scale-up of substrate size is 

comparatively straightforward given that commercial manufacturing tools, including for 
deep reactive ion etching, are commercially available for 300 cm wafers used by the 

microelectronics industry. Periodic linear gratings with pitches in the range of 100 nm can 
be patterned at wafer scale by either maskless interference lithography [52] or mask-based 

displacement Talbot lithography [53], and nanoimprinting processes can be implemented to 
further increase the patterned area with nanoscale resolution [16, 54]. In addition to 

polymer- and silicon-based templates, metallic glasses have been explored as imprint 
materials for high aspect ratio grating fabrication. Owing to their amorphous structure and 

relatively low glass transition temperature, bulk metallic glasses can be thermoplastically 

deformed with high fidelity, allowing sub-micrometer resolution over large areas. Metallic 

glass imprinting has been successfully used to fabricate X-ray gratings with aspect ratios 

exceeding those achievable with conventional polymer imprinting, demonstrating good 
mechanical stability and durability [55, 56]. This method offers a complementary route to 

high performance gratings, it requires a silicon etched template as master and its application 
remains limited compared to silicon DRIE. From the fabrication point of view, silicon 

technology is mature and already scaled in mass production and large areas. However, there 
are unique features of grating manufacture and quality that are not shared by other fields of 

silicon-based microfabrication. In particular, grating manufacture requires etching 
technology capable of pattern transfer into the substrate with high control of feature size as 

a function of the aspect ratio and minimal deformation of high aspect ratio lamellae. Recently 

reported results indicated that π-phase shift could be introduced to an X-ray with energy of 

up to 31 keV directly by Si gratings with periods of 1.2 µm and up to 180 keV for gratings 

with period of 9.92 µm [57]. Figure 2 presents the calculated grating height as a function of 
X-ray energy for π-phase-shifting Si gratings and absorption gratings, with symbols 

indicating the grating heights and pitches reported in recent works.  
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Figure 2: Required grating height as a function of X-ray energy for (a) π-phase shift gratings and (b) assuming 

Au-filled Si templates. Symbols indicate fabricated (a) Si gratings in [57] and (b) Au-filled Si DRIE gratings in 
[58-61]. with different pitches. Photon intensity reduction is shown for 1/e (dotted line) and 1/e² (solid line) 

absorption levels. Horizontal dashed blue lines in (a) and (b) are useful to find the corresponding operational 

X-ray energy (b) if the Si gratings in (a) are filled with Au. A Si grating with pitch 9.92 µm and height of 231 µm 

is also indicated, its π-phase shift energy is out of the scale. For clarity, absorption grating data points are shown 

only on the 1/e curve. Figure reproduced with permission from [57]. 

 

Beyond XGI, reflection gratings, for example, are widely used in synchrotron and laboratory-

scale spectrometers, where they provide high spectral resolution across the soft X-ray to EUV 

ranges, they are usually blazed periodic structures etched in silicon at low aspect ratio [62]. 

Transmission gratings also play a critical role in monochromators for beamline 
instrumentation, enabling wavelength selection and spectral purity in synchrotron facilities. 

In addition, large-area transmission gratings are essential for space-based X-ray astronomy 

[63, 64]. These critical-angle transmission (CAT) gratings are submicron periodic free-
standing and silicon lamellas with aspect ratio in the range of 40-60 [63, 64] and have been 

developed to achieve high-resolution spectroscopy of astrophysical sources. The methods 
currently used for fabrication of reflection gratings, such as diamond ruling [65] or more 

advanced anisotropic wet etching of miscut <111> Si wafers [66, 67], reactive ion etching 
[68], through mask oxidation [69] and others are essentially different from the those used 

for high aspect ratio transmission gratings and are out of scope of this review. The present 
review focuses on transmission gratings fabricated using deep reactive ion etching for X-ray 

phase contrast imaging, these other applications highlight the wider technological 
importance of grating fabrication methods in X-ray Optics. 

Beyond X-ray applications, high aspect ratio gratings are also required in neutron grating 
interferometry, particularly for thermal neutrons (neutrons with a kinetic energy of about 

0.025 eV). The fabrication strategies are closely related to those developed for X-ray Optics, 
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with deep reactive ion etching of silicon playing a central role. Early demonstrations of 

silicon-based neutron gratings established the feasibility of DRIE for this purpose [70]. Like 
in case of X-rays, Si high aspect ratio gratings can be used as phase gratings also in case of 

neutrons [71-73]. Gadolinium is used as absorption material for neutrons. Tilt-evaporation 
[70, 71], particles filling [74], metallic glass imprinting [75, 76], and laser ablation [77] have 

been reported as methods to create absorption gratings. Including neutron gratings 
highlights the broader applicability of DRIE-based processes for fabricating high aspect ratio 

periodic structures across different types of penetrating radiation. 
 
1.3. Silicon-based grating fabrication 

The process flow generally includes three main steps (Figure 3): 1) the grating pattern is 

prepared on the silicon substrate with a lithography step; then 2) the pattern is transferred 

into the silicon using an etch process; finally, 3) the deep trenches formed in the second step 

are filled with highly absorbing materials. For each step, there are various methods to choose 
from, depending on the specifications from the grating design, such as the period, height, 

material. 
Patterning is usually accomplished using a lithographic method that can be mask-less 

(direct writing) or involving the use of a mask (mask lithography) or a master (nano-imprint 

lithography). It involves the use of a radiation-sensitive polymer resist that can be patterned 
with the grating design through the modified chemical reactivity of the exposed resist. 

Etching can be accomplished by dry methods involving a plasma [57, 60, 78-82], 

anisotropic wet solutions [45, 49, 83] or catalyst-based metal-assisted chemical etching [42, 
51]. 

The metallization step comprises electroplating [59, 84-86], metal casting [87, 88], 
atomic layer deposition (ALD) [89], or centrifugal deposition [80, 90]. 

The flexibility of the Patterning-Etching-Metallization approach, with the multiple 

methods available for each step, makes silicon-based fabrication more widely accessible to 
research groups working on grating-based X-ray imaging technologies [79]. In Figure 3, it is 

seen that, by going through only the first two steps, a silicon-based phase grating can be 

produced; adding the third ‘metallization’ step allows fabrication of absorption or phase 
gratings for higher X-ray energies. A more advanced method to further increase the aspect 

ratio of the grating is the double-side grating fabrication technique [50], which has grating 
structures embedded in both sides of the silicon wafer. This relies highly on the alignment 

accuracy of the lithography system, as well as having additional potential challenges for using 

such gratings in X-ray experiments. Bendability of double side patterned gratings may also 

be limited by the tensile stress induced closer to the outer (convex) surface, especially if the 
grating is intended for use as the G0 grating located in front of the source, where bending 
radii of several centimeters are needed. 
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Figure 3: Schematic of the Patterning-Etching-Metallization process flow for preparing high aspect ratio 

metallic microstructures with silicon template. There are multiple methods to accomplish each step; only a few 

examples are listed here. Original figures by the authors are provided to support the concept. 

The definition of the area to be etched involves the preparation of a grating pattern on the 

substrate. Various lithography methods can be selected based on the grating design, with 
each presenting its own advantages and drawbacks. Direct writing methods are often 

distinguished by high resolution. Electron beam lithography (EBL) [21] has a longstanding 
history of application in grating pattern preparation [91, 92] and mask fabrication [93]. It 

remains widely employed for prototyping novel X-ray optics designs, especially for 

nanometer-scale grating periods [94-98]. Its primary limitation lies in process speed, with 

writing times ranging from many hours to days or even weeks for gratings of tens of cm² in 
size. Additionally, the photoresists for EBL, even the ZEP-series 'etching-photoresist' [99], are 

not resilient enough for deep reactive ion etching (DRIE) processes. Direct laser writing 

(DLW) [100], by contrast, does not require vacuum and offers faster exposure speeds [101, 

102], making it feasible for producing large-scale gratings with micrometer-scale periods. 

However, DLW remains time-consuming for extra-large gratings or for mass production 
when sub-micrometer periods are required. Mask-based lithography has fast processing 

time (minutes) and is more suitable for batch production. Conventional UV-lithography with 
a mask aligner offers a swift process by directly projecting the entire grating pattern onto the 

silicon substrate [89]. This method is most convenient for gratings with relatively large 
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periods; the resolution is limited, typically at about 1 μm pitch, with the linewidth uniformity 

over large areas potentially problematic, which is a critical issue in grating fabrication [53]. 
This arises from the fact that any imperfections or defects present on the wafer surface 

induce non-uniform UV light scattering, attributable to variations in the mask-to-wafer 
spacing during the contact mode exposure used for the highest patterning resolution. As an 

interference lithographic method, Displacement Talbot lithography (DTL) provides a non-
contact exposure process [103], ensuring uniform line width roughness across the entire 

wafer with a large depth of focus [53]. Leveraging the interference pattern generated with a 
laser source and a photomask, DTL proves particularly effective for creating periodic 

patterns with pitches ranging from a few micrometers down to about two hundred 
nanometers [15, 104, 105]. Nanoimprint lithography has demonstrated its efficacy as a 

viable technique for generating patterns featuring sub-micrometer critical dimensions 

across extensive areas [106]. This approach has been employed in the production of high-

quality blazed diffraction gratings, including for synchrotron beamline applications [107] 

and for astrophysical soft X-ray spectroscopy [107, 108]. To prevent the degradation of the 
costly master, a preventive measure involves the application of a sacrificial medium layer [16], 

which effectively preserves the high fidelity of this method. However, nanoimprint has very 
high surface cleanness and wafer flatness requirements, which affects the robustness of the 

method, especially when it comes to serial production.   
The lithographic step is often accompanied by an additional hard-mask preparation step 

to transfer the pattern into more etching-resistant materials [84]. In a plasma etching 
process, the hardmask acts as a protective layer and exhibits high selectivity compared to the 

target etching material. There is a wide selection of materials suitable for hardmasks, 

including silicon nitride [109], silicon oxide [110], aluminum oxide [111], and metals such as 

aluminum [112] and chrome [113]. The process of transferring the etching pattern from 

photoresist to the hardmask and then into the substrate is shown schematically in Figure 4. 
Details of associated processes can be found in the literature [95, 114].  

 

Figure 4: Schematic of pattern transfer from the photoresist to the hardmask. 1. Deposition of the hardmask 

material. 2. Lithographic patterning of the photoresist. 3. Etching of the hardmask using the photoresist layer 

as the etching mask. 4. Final silicon DRIE step using the hardmask as the etching mask (shown after its removal).  
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1.3.2 Silicon etching 

High aspect ratio pattern transfer is usually achieved by plasma etching [115]. A high 

etching rate with low dependence on aspect ratio is crucial for good profile control during 
deep reactive ion etching [57], which is described in details in section 2. Wet-etching in 

alkaline solutions [45, 116] has been used for microfabrication as a less expensive technology. 

However, the aspect ratio is limited by the ratio of the etching rates of different 
crystallographic orientations and only possible in simple geometries like linear gratings or 

crossed linear gratings defined by the direction of the <111> crystallographic planes of 
silicon. For gratings fabricated on (110) silicon wafers, the crystallographic directions must 

be aligned with the lithographic pattern orientation, i.e., correspondence of the <111> 
orientation on the wafer surface and the direction of the grating lines, to suppress transverse 

etching that otherwise limits the achievable aspect ratio and duty cycle (Si line width/pitch, 

DC)[117]. Established procedures such as the wagon wheel method are commonly used for 

this alignment [118]. In addition, KOH etching has been applied after DRIE as a polishing step 
to improve sidewall quality and reduce surface roughness [119], particularly in the context 

of critical angle transmission (CAT) gratings developed for astrophysics [120]. Examples of 
wet-etched gratings are shown in Figure 5 [49, 117]. Limited selectivity between the etching 

rates of crystallographic planes in Si results in a reduced duty cycle of ~0.28 [49]. Moreover, 

the etching depth is subject to increasing non-uniformity with increasing aspect ratio due to 
trapping of hydrogen gas by-products at the undercut beneath the mask [49]. 

 

Figure 5. Examples of Si gratings produced by KOH wet-etching, cross-section SEM images reproduced with 
permission from ref. [49] (left) and [117] (right). 

Another approach for anisotropic wet etching of Si is photo-assisted and voltage 

biased electrochemical etching [121]. Pits are first etched into the Si surface in an alkaline 
KOH solution. These pits are then extended into the underlying substrate through a 

combination of rear and front surface illumination to generate minority carriers and a 
biasing electrical field within the wafer in an acidic HF solution to localize etching to the 

feature bottom. Using this method 1.5×1.9 µm2 holes were demonstrated to a depth of 
150 µm [122].  
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Figure 6. A grating with 1.5×1.9 µm2 rectangular holes in a periodic multi-pore pattern etched to a depth of 

150 µm by electrochemical etching, reproduced with permission from ref. [122]. 

 
As an alternative approach, metal assisted chemical etching (MacEtch)[123] has 

attracted great interest [121, 124-126] because it is a plasma-free, low-cost, and scalable 
method  [48] to produce high aspect ratio structures across widely different dimensions [127, 

128]. In the MacEtch process, a metal catalyst (e.g., Pt, Au or Pd) promotes localized reduction 
of H2O2  that, coupled with hole transfer to the Si substrate, promotes oxidation and removal 

of Si in an HF acid solution. The catalyst descends into the substrate with the Si removal 

enabling a continuous etching reaction. Unlike conventional alkaline wet-etch [116], the 

MacEtch process is almost independent of crystal orientation. It also may be used to create a 

wide variety of patterns without suffering from the micro-loading effects of dry-etch 
processes [51, 105, 129-132]. Further, although the method offers considerable reduction in 

fabrication costs and complexity with respect to the other techniques, demonstration of good 
uniformity over large areas of MacEtch fabrication is still limited, in part by a lack of 

commercial tools. An example of a Si grating realized by MacEtch is shown in Figure 7.  
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Figure 7. Schematic of MacEtch process for Si gratings; cross-section SEM image (grating with pitch 10 μm and 
trench depth of 110 μm), reproduced with permission from ref. [131]. 

 

 
2. Silicon Deep Reactive Ion Etching 

Among the many variants of the Patterning-Etching-Metallization process flow, for the 

etching step, deep reactive ion etching (DRIE) has the advantage of good uniformity over 
large areas and wafer-to-wafer repeatability at a reasonable process cost. Indeed, the DRIE 

method has a proven track record for the production of high aspect ratio microstructures 
[133]. However, there are intrinsic limitations in silicon DRIE. This review paper discusses 

the main challenges, detailing how the DRIE method can be optimized in the Patterning-
Etching-Metallization protocol for the fabrication of X-ray gratings. 

Deep reactive ion etching (DRIE) of silicon has been extensively studied due to its critical 
role in applications including very large-scale integration (VLSI) and 

microelectromechanical systems (MEMS) [134]. Broadly speaking, such plasma etching 
processes are complex, involving both physical bombardments from ions and chemical 

reactions with etchants [135]. Given the strong chemical bond in silicon, dry etching of silicon 
demands a high etchant density [1]. Consequently, inductively coupled plasma (ICP) etching 

systems, which offer a higher ionization rate compared to capacitively coupled plasma (CCP) 

systems, are commonly used for silicon DRIE. A commercial ICP system typically includes a 
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power supply to ignite the plasma and continuously ionize the etchant gas, as well as a radio-

frequency (RF) power supply to increase the bias voltage (Figure 8a) [135]. Some ICP etchers 
feature multiple sets of ICP or RF power supplies, leading to improved etching uniformity 
through more evenly distributed etchant density [136]. 

    

Figure 8: (a) Schematics of an ICP etching system, reproduced with permission from ref. [137]. (b) Schematics 

of silicon etching mechanism (Bosch process) by radicals.  

 

While the physical impingement and mass removal in plasma etching gives the process a 
directional nature, lateral etching from chemical reactions limits the achievable aspect ratio. 

The Bosch process addresses this limitation by alternating the etching steps with deposition 
sub-steps that form protective polymer layers on the trench sidewalls, facilitating the etching 

of deeper trenches [138]. The etching step commonly employs SF6, which breaks into 
fluorine-based radicals that etch silicon isotropically. Fluorocarbon radicals are then created 

in the second step by breaking up C4F6. These radicals deposit as a robust polymer, stable 
below 50 °C, on the sidewalls of the etched surface [139]. Termination of the etching process 

occurs when the required depth is reached or the etching mask is fully consumed. To 

maximize the achievable aspect ratio with a limited hardmask thickness, precise estimation 
of the instantaneous etch rate is crucial to avoid overconsumption of the hardmask. A 

modified Coburn-Winters model describes aspect-ratio dependency with a simplified 
Knudsen coefficient K = ln(α)/α, where K is the Knudsen coefficient and α is the 

instantaneous aspect ratio of the deeply etched trench [57]. Advanced Bosch etching 
processes further refine the etching sub-steps, initially removing polymer protective layers 

at a higher bias voltage and then reducing the bias voltage once the silicon material is 

exposed again. This conserves the etching mask even as it decreases sidewall roughness 

[140]. Extending the DRIE process to create deeper features can be accomplished by 
increasing the thickness of the hardmask and/or using a hardmask with higher selectivity to 
etching versus the underlying substrate.  
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Defects including scallops, tapering, bowing, and microloading are characteristic markers 

of  Bosch processes in etched microstructures [135]. As defects, they reduce the quality of 
the etched profile and negatively impact the performance of the gratings. A detailed 

presentation of commonly observed Bosch defects, together with strategies for mitigating 
them, follows.  

The crucial specifications of an X-ray grating extend beyond the aspect ratio of its features. 

No less importantly, their profiles play a significant role in the performance of the imaging 

system in which they are integrated. Ideally, both phase shift and absorption gratings should 
feature perfectly rectangular-shaped grating lines. However, current micro-fabrication 

technology limitations compel researchers to navigate the different defects, including a 
trade-off between aspect ratio requirements and profile control. Key parameters are 

schematically illustrated in Figure 9a: 

− Pitch (p): the grating’s period. 

− Duty cycle: a/p and b/p, where ‘a’ and ‘b’ are the Si line width at the top and bottom 

of the trench, respectively. 

− Average etch rate: calculated by measuring the etch depth (h1) at the end of the 

etching process. 

− Selectivity: the ratio between the etch rates of silicon and the hardmask. 

− Sidewall angle (α): the degree of tapering, calculated by arctan((b – a)/2h1). 

− Bowing: for gratings with a given pitch and height, described using the thinnest 

part of the silicon lamellae (denoted as ‘c’ in Figure 9a), frequently in terms of the 
average width 

Figure 9b-g show SEM images of cross-sectioned gratings that illustrate the typical Bosch-

defects. The profile of the trench is extremely important for the X-ray imaging applications 
since the optimal duty cycle (DC) for XGI is in the range of 0.4 to 0.5 [141]. Variation of the Si 

line width as a function of depth (e.g., a, c, b in Figure 9a) translates into a modulated X-ray 
intensity profile through the grating, with non-obvious impact on performance of the XGI 
system in terms of visibility, sensitivity and dose efficiency [14].  
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Figure 9: Typical defects in a high-aspect-ratio grating fabricated by DRIE [1]. In the schematic (a) with etch 

depth denoted as h1, the hardmask consumption is labelled as h2. The upper duty cycle is defined as a/p while 

the bottom value is defined as b/p. The thinnest linewidth, c, is used to describe the severity of bowing. The 

sidewall angle is denoted as α. Example SEM images of (b) grass, (c) scallops, (d) undercut, (e) taper, (f) loading 

effects (i.e., variation of etch depth with feature size and density), and (g) bowing. Reproduced with permission 

from ref. [1]. 
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2.1 Etching features  

 

2.1.1 Grassing 

Formation of silicon nanowires in etched trenches, aka “grass”, is a consequence of 
random micro-mask formation in the exposed area. The schematics in Figure 10 show two 

of the major causes of micro-masks formation. Sputtered and relocated hardmask material 
can serve as micro-hardmasks [137, 142-144] that lead to the formation of silicon grass. 

Alternatively, insufficient polymer removal from the bottom surface can also create micro-
hardmasks [137, 145, 146]. Together, these mechanisms explain why the grassing is often 
observed during the fabrication of gratings that have larger periods (>10 µm) or using metal 

hardmasks. Even in a mask-free plasma etching process, local non-uniformity in etching 
behavior can create a grassy surface, which has a direct application in black silicon 

production [147, 148].  

 

Figure 10: Two possible mechanisms for the formation of grass defects. (a) Thicker polymer protection layers 

can form inside trenches with larger openings; incomplete removal of the bottom polymer during the etching 

steps leaves residue that acts as micro-masks. (b) The plasma can sputter and re-deposit hardmask material 

from the field that serves as micro-masks at the bottoms of the trenches. 

Depending on the density of these defects, grass can produce X-ray scattering and 
contribute to the noise of an XGI imaging system; a low density of the defects might be 

tolerated in G1 gratings, barring impact on the subsequent metal filling step. They can be 

moderated, or eliminated, using several different approaches. For example, some mask 

materials with moderate selectivity (such as SiO2 or Si3N4) form volatile products of reaction 
with plasma such that they are less likely to form micro-masks in a plasma etching process. 

Grass formation can also be inhibited by increase of the etching-to-deposition ratio [149] or 
higher bias voltage to ensure that byproducts are fully removed from the trench bottoms. 

Alternatively, grass structures can be removed with mild post-process (e.g., SF6/O2 plasma 
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treatment, short KOH etching, etc.) after the etching is otherwise completed. However, 

formation of the small and high aspect ratio grass structures generally marks the limit of the 
maximum achievable etching depth.    

2.1.2 Scalloping 

Scalloping refers to the periodic roughness that can be observed on the sidewalls of 
Bosch-etched microstructures [150]. Its formation is inevitable given the iterative use of 

etching and deposition steps in Bosch etching processes. In particular, the plasma etching 
process is a combination of chemical reaction between the etchant and the sample material 

and the physical bombardment of the positively charged ions from which a certain level of 

isotropic etching is expected. Figure 11 schematically explains the formation of the scallops 
during a Bosch etching process, although the actual result is generally more complex [151]. 

Typically, scallops are in the range of 80 nm to 120 nm in size, but they can be much larger 
depending on the parameters of the etching recipe [152-154]. Like modest grass formation, 

scallops do not typically affect grating performance in XGI meaningfully, particularly if the 
period of the gratings is relatively large (e.g., 2 μm). However, when the period of the gratings 

is small, e.g., sub-micrometer, then the impact of scallops can be non-negligible. Approaches 
similar to those used for grass removal can also be applied to smooth the sidewalls of the 

trenches [140, 155]. Scallops predominantly affect the upper part of the trench profile, as 
shown in Figure 9c, d. This is because the upper sidewall is more exposed to the etching 

plasma and the ions can hit the sidewalls at large incident angles yielding comparatively fast 
removal of material. In contrast, the ion trajectories are progressively more parallel to the 

sidewalls farther down the trenches, yielding a smoother surface [156]. Aspect ratio 

dependent etching also influences the scallop profile; as the aspect ratio of the etched trench 
increases, the convection of the gases and removal of etch byproducts becomes less effective, 

stabilizing the polymer on the sidewall, which further decreases the scallop size and 
contributes to the smoother appearance of the sidewalls [157]. 

 

Figure 11: Formation of the characteristic scalloped profile from a Bosch etching process. (a) Trench profile 

after the first etching step, (b) the sidewall and the bottom are protected with a layer of polymer after the first 

deposition step, (c) trench profile after the second etching step, that begins with removal of the polymer layer 

at the bottom of the volume removed during the first etching step, and (d) trench profile after the second 

deposition step. 
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2.1.3 Undercut 

Undercut is associated with the first ‘scallop’ feature under the hardmask and is usually 

deeper (more recessed in the sidewall) than the other scallops. The origin of undercut is still 
under debate [113, 158-164], but there is general agreement that its severity relates to the 

hardmask material. Undercut is often described as the difference between the hardmask 
edge and the width at the top of the silicon microstructure, as shown in Figure 9a; as the 

hardmask is also consumed laterally during the etching process, increase of the trench 
opening width is the sum of the undercut length and the hardmask consumption length. 

Significant undercut is mostly observed with a metal hardmask; it can be moderated using a 

dielectric hardmask. Silicon nitride hardmask is reported to reduce undercut better than 
silicon oxide, repelling ions like SF5+ from the positively charged hardmask edge [162]. 

Altering the protective layer is another approach to reduce the undercut [165]. Lowering the 
process temperature also is effective in minimizing undercut [164]. However, this adjustment 

concurrently reduces the etch rate and alters the etching profile, so implementation of this 
approach requires further recipe tuning. Alternatively, one may simply introduce systematic 

compensation at the lithography step and make the average trench width narrower (or wider) 
by finetuning the angle of sidewall tilt, as shown in Figure 12.  

 

Figure 12: Two mechanisms of undercut formation. (a) A negatively charged attracts the positively charged 

etchant ions as they approach. (b) The temperature gradient induced by proximity to the plasma convolved 

with more rapid decomposition of the polymer layer at higher temperature results in a thinner protective 

polymer layer close to the hardmask. 

 

2.1.4. Tapering 

 

The cross-sections of the trenches (and features more generally) etched into gratings are 
not always rectangular; they can be parabolic, triangular [166], trapezoidal  [167], etc. That 

said, most X-ray grating designs, especially the phase gratings, have a preferred rectangular 
profile for the grating lines, which requires the etched trenches to have vertical sidewalls. 
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This comes with the caveat that with absorption gratings, a slightly tapered sidewall may be 

introduced to mitigate limitations of the Au deposition process that might otherwise result 
in voided fill [86]. Whether vertical or tapered sidewall, a well-controlled shape requires a 

well-tuned plasma etching process [137]. Parameters that can affect the sidewall angle [168] 
include the etching/deposition time ratio in the Bosch etching process, the RF power setting, 

the gas flow, the chamber pressure, and temperature. Figure 13 shows schematics of sidewall 
profiles representing positive, neutral, and negative taper angles as well as experimental 

examples of the first two [169]. The impact of tapering on an XGI’s performance can be seen 
in Figure 14. 
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Figure 13: Schematics of deeply etched trenches that have (a) positive taper, (b) vertical sidewalls, and (c) 

negative taper. (d) Cross-section SEM image of a silicon grating template that has vertical sidewalls after recipe 

tuning, and (e) partially voided absorption grating with positively tapered sidewalls after nominally conformal 

gold electroplating, adapted from ref. [58]. Visibility predicted as function of (f) pattern height and normalized 

linewidth for a rectangular grating and (g) average linewidth and normalized slope width for a trapezoidal 

grating with fixed height, adapted from ref. [169].  

Figure 14: Wave-propagation simulation of a tapered G2 grating for different trench width ratios as defined in 

Figure 9a. The grating with the highest sensitivity is found at a duty cycle of 40 %. For a fixed mean duty cycle 

(i.e., a + b constant, moving perpendicular to the diagonal boundary of the simulated region), tapering leads to 

a moderate change in sensitivity compared to a complete change of the mean duty cycle. Figure reproduced 

with permission from ref. [14]. 

  

2.1.5. Loading effects 

Loading effects refer to pattern-density–dependent variations in etch rate caused by (i) 

local depletion of reactive species in high-density regions and deep trenches and (ii) 
transport limitations for ions, polymer fragments, and volatile byproducts into and out of 

features. Loading effects impact etch-depth uniformity (Figure 9f and Figure 15). As such, 
loading effects depend on exposed area, feature geometry [170] (line trenches, holes or 

pillars), aspect ratio and density (i.e., pitch) as well as the size [48, 171] of the pattern. 
Loading effects are reported using different names in reference to the responsible feature 

[172]. Macroloading is usually in reference to the exposed area. Microloading and ARDE 

(Aspect Ratio Dependent Etching) or RIE-lag [173] refer to lower etch rates in features with 

smaller openings because of reduced transport of fluorine radicals as well as more rapid 
formation of higher aspect ratio recesses during etching. Microloading and ARDE principally 

result from reduced transport of the etchant ions into the features and polymer particles and 

volatile byproducts out of the features during the etching step, as shown schematically in 
Figure 8b. For the fabrication of gratings with periodic patterns the impact of microloading 
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should be uniform and thus irrelevant. However, non-uniform trench opening width, both 

locally and over a larger scale [15], for example, as a result of non-uniformity of the linewidth 
in the etching mask, will result in similarly non-uniform etching depth due to ARDE. Pattern 

uniformity in the lithography step is key. Where such uniformity is difficult, as when the 
period of the grating is small, the etching recipe can be tuned to reduce the impact of 

microloading [173] or even reverse it by attempting inverse-microloading [174] over a 
limited range of aspect ratios. 

 

Figure 15: (a) During the deposition step in DRIE, a layer of polymer is first formed conformally on the exposed 

areas. In trenches with narrower openings, transport of etchant, polymer particles, and byproducts is decreased 

during the subsequent etching step so that the etch rate is reduced. Reproduced with permission from ref. [171]. 
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(b) Geometrical effects can be understood from the range of angular trajectories for etching ions down the 

feature permitted by the feature opening. Reproduced with permission from ref. [170]. (c) An example of the 

resulting microloading effect in a 1 µm pitch grating where the pattern produced by Displacement Talbot 

Lithography had a linewidth beating defect: schematic and SEM images illustrating that narrower trenches are 

etched shallower. Insufficient convection of etchants and byproducts as indicated by the color gradient inside 

the trenches in the schematic is the main reason for microloading effect (Reproduced with permission from ref. 

[15]). (d) An exemplary approach, with standard and modified etching and depositing gas flow rates and cycle 

times indicated on the left and reduced  microloading evident in nominally uniform etch depth in narrower and 

wider trenches, reproduced with permission from ref. [173].  
 

2.1.6. Bowing 

The phenomenon of bowing in deep reactive ion etching (DRIE) refers to undesirable 

widening of the trenches at some depth that is observed in silicon and dielectric substrates. 

Various factors contribute to this defect (Figure 16). For thick hardmasks, a tapered sidewall 

may reflect ions over specific range of angles, leading to the removal of the flourine-based 
polymer deposited on the sidewalls. The cyclic sputtering and redeposition of the byproducts 

can create a non-monotonic profile of width versus depth beneath the trench opening that 
can itself also serve as an ion reflection source [175]. In whichever location, the exposed 

silicon undergoes isotropic etching that creates the bowing defect. The distribution of ion 
incident angles, determined by the bias voltage, can also result in bowing [175] as the 

distribution pattern means that ions with nonzero incident angles with respect to the 

perpendicular direction to the wafer surface can still impact the sidewalls, even without the 
hardmask-derived reflections [176]. During the DRIE process, the sidewalls of deep trenches 

become negatively charged at the top and positively charged at the bottom [177]. This charge 
distribution affects the trajectories of etchant ions, contributing significantly to the bowing 

effect. Significantly, the widening of the trench at the bottleneck, the thinnest part of the 
grating lines, alters the average duty cycle of the X-ray grating. Further, if the bottleneck 

narrows excessively, it becomes prone to breakage during etching, necessitating premature 
termination of the process. Consequently, control of bowing defects is regarded as a critical 

issue in achieving ultra-high aspect ratio microstructures [1]. 
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Figure 16: (a) Schematic of some possible causes of bowing defects. For a given ion incident angle distribution, 

as defined by the etching recipe [175], ions with small incident angle can hit the sidewalls directly [176]. Taper 

of edge of the photoresist/hardmask can reflect the ions. Excess polymer accumulated at the top of the trench 

opening, often called necking, can also reflect the incoming ions [175]. Ions with sufficient remaining kinetic 

energy can experience a second collision with the sidewall. Charging-induced potential variation along the 

sidewall is another source of ion reflections [177]. Example cross-section SEM images of (b) bowing defect 

caused by reflections from the tapered photoresist and (c) bowing caused by necking. 
 

2.1.7. Tilt etching 

The otherwise undesirable phenomenon of tilted etching, where ion trajectories are 

altered due to electric field distortions near the wafer edges, has been repurposed for the 
intentional fabrication of fan-shaped X-ray gratings [178]. In semiconductor manufacturing, 

this effect typically causes non-vertical etching, particularly in high aspect ratio (HAR) 
structures, due to plasma sheath curvature. For X-ray optics, this distortion has been 

intentionally used to create gratings with a progressive tilt from the wafer edge to the center. 
By modulating the electric field during DRIE processes, ions are made to strike the wafer 

surface at oblique angles, producing tilted grating profiles that can align with the divergent 
X-ray beam from conventional X-ray sources [179]. This alignment enlarges the field-of-view 

(FOV) and imaging uniformity in X-ray interferometry systems. The resulting fan-shaped 
gratings improve phase contrast and signal-to-noise ratios in X-ray imaging by ensuring more 

uniform illumination across the field [180]. In the related development of CAT gratings, non-

destructive measurement of bar tilt over large areas has been demonstrated [181], and 
recent work has explored measuring and controlling bar-tilt uniformity across different DRIE 

platforms [182]. These characterization approaches can be leveraged to assess and optimize 
the intentionally tilted gratings described in this review. 
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Figure 17: (a) Schematic of the etching process in the presence of electric field modulators. (b) Slant angle 

as a function of the position from the center in a grating etched with fan-shaped trenches; (c) the angle is 

measured in SEM images of cross-sectioned specimens at different distances from the center of the grating. 

Differential phase contrast images acquired with a Talbot-Lau interferometry system equipped with (d) a 

conventional source grating (i.e., trenches uniformly orthogonal to the field) and (e) a source grating with fan-

shaped trenches; contrast is degraded toward the left and right sides with the former. Reproduced with 

permission from ref. [180] © Optical Society of America.   

2.2 Etching Recipe Tuning with Orthogonal Experimental Design Method 

Defects are intrinsic to DRIE due to the nature of the process. Fine tuning of etching 
recipes to avoid or minimize specific types of defects plays a crucial role in processing 

engineering. There is no ‘golden rule’ in plasma etching, as each of the key parameters can 

have multiple side effects on the etching profile. Thus, for example, correction of a tapered 
profile in deeply etched trenches by increasing the etching/deposition ratio sacrifices 

selectivity. The cross-effects of parameters in plasma etching makes the control variates 
method that is commonly used for tuning processes [137], ill-suited for the adjustment of the 

DRIE processing parameters. The orthogonal experimental design (OED) method, an 
approach that provides qualitative conclusions, is well suited for recipe tuning, especially for 

cases where more than two inter-affecting parameters need to be investigated [183]. 

2.2.1. Recipe Building Using OED Method 

The OED method is named for the manner in which parameter settings are selected. With 

bowing-reduction in mind, the three parameters that have the greatest impact on the 
formation of bowing defects during DRIE are: the platen power (Pp), the duty cycle of the 
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platen power (DCp) and the chamber pressure during the etching sub-steps (pe). Several 

initial values are derived for each parameter (e.g., based on experience or literature) in a trial 
starting etch recipe. The different parameter values (called ’levels’ in the OED method) are 

then used for exploratory experiments in combinations that satisfy the orthogonality 
condition. To illustrate its relevance to X-ray grating fabrication, representative results from 

the authors’ prior work are included here as examples. Table 2 qualitatively describes the 
typical effects of different parameters on etching characteristics, e.g., increasing the RF 

power supply duty cycle increases the etch rate but also decreases the selectivity. It also 
reports nine etching recipes (1-9) where the three parameters (DCp, pe and Pp), each at three 

levels, are combined in a manner that satisfies the condition of orthogonality. Specifically, 
and characteristic of an OED recipe table, all possible pairings exist exactly once, e.g., the 

combination of DCp=12 % with pe = 200 W occurs only in recipe 6. By the use of these 

restricted combinations, the OED method allows evaluation of the impact of a single 
parameter by virtue of the ability to average out the impact of the others. 
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Table 2: Example of parameters matrix for the study of RF power supply duty cycle (DCp), Chamber pressure 

(pe), and Platen RF power (Pp) in silicon DRIE with the OED method.  

 RF power supply duty cycle (%) 
Chamber pressure (mTorr: 

0.133 Pa) 
Platen RF power (W) 

 Etch Rate ↑ Selectivity ↑ Selectivity ↓ 

 Selectivity ↓ Bowing ↓ Bowing ↑ 
 

1 12 30 150 

2 16 40 150 

3 20 50 150 

4 20 40 200 

5 16 30 200 

6 12 50 200 

7 12 40 250 

8 16 50 250 

9 20 30 250 

 

2.2.2. Data Analysis in the OED Method 

A series of identical patterned wafers were etched using the parameter combinations 

listed in Table 2, with the other parameters (e.g., the number of etching/deposition cycles) 
held constant. Critical dimensions, including the trench opening width, etching depth, 

sidewall angle, and bottleneck width, were measured and recorded for post-analysis. For the 
example of minimum linewidth of the silicon lamellae (c value in Figures 9a), values for each 

set of conditions in Table 2 were obtained from the SEM images of the cross sectioned 
specimens shown in Figure 18. Table 3 provides the post-process data analysis. For the 

analysis, the c values from the three experiments using the same value for a given parameter 
are first summed. The nine sums obtained from the c values, organized according to the 

process parameter (DCp, pe or Pp) in columns and the parameter value in rows (adjacent to 

the parameter value) are found to the right of K. For example, the number 1033.0 nm in the 
first row below DCp (%) in the row for duty cycle 12 % is the sum of the c values measured from 

tests 1, 6, and 7 (from Table 2) for which the duty cycle of the platen RF power was 12 %. The 
values in the section Kavg immediately beneath is simply the average of the values in the K 

section (i.e., divided by 3). Here, R is defined as the range of the average evaluation indices 
for the different levels of a parameter, i.e., R = max(Kavg) − min(Kavg). A larger R indicates a 

stronger influence of that parameter on the evaluated outcome. This definition follows the 
standard OED analysis procedure [184]. By comparing the measured c (Figure 19a), the best 

value (level) for each parameter can be found, and gratings with higher aspect ratio and 
better profile control can be produced (Figure 19b). 
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Figure 18: Cross-section SEM images of the gratings from the OED test using (a-i) recipe 1-9. Each set of 

SEM images includes the overview of the grating (left), close-ups of the top area (top-right) and the bottom area 

(bottom-right). Reproduced with permission from ref. [1]. 

Table 3: The c value (nm) analysis chart from the OED evaluation 

Minimum Linewidth c (nm) 

       DCp (%)                          ∑𝑐𝑖     pe (mTorr)                 ∑𝑐𝑖         Pp (W)                               ∑𝑐𝑖  

K 

12 1033.0 30 1153.2 150 768.8 

16 828.9 40 1138.6 200 790.3 

20 838.3 50 408.4 250 1141.1 

    DCp (%)                          ∑𝑐𝑖/3     pe (mTorr)                 ∑𝑐𝑖/3  Pp (W)                               ∑𝑐𝑖/3 

Kavg 

12 344.3 30 384.4 150 256.3 

16 276.3 40 379.5 200 263.4 

20 279.4 50 136.1 250 380.4 

Least bow 12% 30 mTorr 250 W 

R 68.0 248.3 124.1 
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Figure 19: Left: post-process evaluation of the OED experiment results. The curves of the c values plotted again 

the parameter values (each in increasing order) capture the impact of each parameter on bowing in the final 

etching profile. Right: Cross-section SEM image of a high aspect ratio silicon grating fabricated using a DRIE 

recipe optimized using the OED method; the scale bar is 20 μm. The grating has a period of 4.2 μm while the 

etching depth (marked by the two horizontal lines) is 158 μm, resulting in an aspect ratio exceeding 75:1. 

Reproduced with permission from ref. [1]. 
 

3. Metallization 

A substantial challenge facing implementation of XGI for imaging applications is the 

fabrication of absorption gratings [45]. Requirements are especially stringent for X-ray 
medical diagnostics as a relatively large field of view is necessary. Thus, gratings require 

microfabrication on area of many squared centimeters [26], with a pitch size in a range of 1 
µm to 20 µm and aspect ratio in the range of 10 to 100  that depend on the application energy, 

specific design and performance requirements. The period or pitch (p0, p2) of the absorption 

(G0, G2) gratings is usually in the range of 1 µm to 20 µm,  while the height (h) depends on 
the X-ray energy and absorption efficiency of the material [185]. High density materials, such 

as gold [44, 45, 58], iridium [89, 186], platinum [187], palladium [188] and tungsten [80, 189, 
190] that provide strong X-ray absorption are deposited in the etched trenches. Transmission 

through the metal-filled grating lines below 1/e (37 %) or, more typically, below 1/e2 (13.7 %) 
of the original intensity is required. For perspective, a 10 µm thick Au layer can efficiently 

absorb photons with energies below 20 keV, but for photon energies of 30 keV (60 keV), 
more than 25 µm (160 µm) of Au is required. Recent work on mammography systems 

imposed severe design requirements in terms of system length and sensitivity such that 
small pitch, high aspect ratio G2 gratings were required (p2 in the range of 1 µm and gold 

height of 30 µm [58, 191]). The absence of monolithic gratings with sufficiently large field of 

view necessitates stitching, such as in recent studies of mammography [8] and chest imaging 
[192], introducing non-trivial solution of positioning and alignment. 
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Fabrication of metallic X-ray gratings in silicon templates has been demonstrated, 

with varying degrees of success, using several methodologies: conformal electroplating with 
partial fill, such as can be used for spatial frequency doubling (vide infra) [45] or (nominally) 

complete [45, 60, 79] filling. Approaches for the latter include: seedless electroplating 
through a mask [78, 84]; liquid metal casting of Bi [193] as well as Au and Pb alloys [87, 194]; 

casting of W particles [80]; atomic layer deposition (ALD) of Ir [89]; bottom-up Au 
electroplating [59, 61, 195]; and use of the catalyst from metal assisted chemical etching as 

a seed layer [131, 196]. Each of these techniques has its own benefits and challenges, as 
detailed in what follows.  

 
3.1. Metal casting 

Metal casting approaches seek to adapt the ancient and nominally simple technology 

to the filling of much smaller features. The cross-sectional SEM images reproduced in 

Figure 20 showcase typical filling quality. While liquid metal casting [87, 194] is a very 
promising technique in terms of simplicity of fabrication, it cannot be performed with pure 

Au (at least in a Si template due to the low melting Au-Si eutectic), while use of lower melting 
Pb or Bi [193] requires substantial increase of trench height to compensate for the lower 

attenuation coefficient of these material. A further drawback of the thermally driven process 

is that metal casting at elevated temperatures results in substantial stressing of the 
underlying Si wafer due to mismatched thermal expansion coefficients of the Si substrate and 

cast metal, which can cause failure by fracture. The presence of voids as in casting of W 
particles (a melt being impractical if not impossible) may limit application in XGI, since the 

gratings can produce X-ray scattering that complicates dark-field imaging [197].  
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Figure 20: Cross-sectional SEM images of metal filled X-ray gratings representative of different casting methods: 

(a) metal casting with Au80Sn20 eutectic alloy, reproduced with permission from ref. [194] (b) centrifugal 

deposition of bimodal tungsten particles, reproduced with permission from ref. [80], (c) Bi casting into 3 µm 

pitch Si grating with a depth of 150 µm, reproduced with permission from ref. [193]. 

3.2. Electroplating through a mask 

A pre-deposited conducting seed layer is typically required on insulating or dielectric 
surfaces to serve as an anode for metal electrodeposition. Use of low resistivity Si substrates 

enables seedless electroplating that utilizes the patterned and etched (Si) wafer itself for 
through-mask plating [78, 198]. The basic schematic of the process is shown in Figure 21. 

The etched Si structures are thermally oxidized, then additional oxide layer deposited on top 

of the structures by PECVD. This additional layer on top allows to open oxide at the bottom 
of the structures, while keeping the rest of the Si structures electrically isolated. Ohmic 

contact is deposited at the backside of the wafers. Applying the electric potential to the 
backside metal layer and using low resistivity wafers allows the electrodeposition of Au to 

start directly on the surface of the Si trenches and continues upward through the high aspect 

ratio trenches in the oxidized Si template. This technique was recently used to fabricate 

structures with aspect ratio up to approximately 25:1 without stabilizing Si bridges  
(Figure 21) [84]. While it worked well for larger pitches, for a smaller pitch of 1.3 µm and a 

Au height of 16 µm distortions were observed [84]. The introduction of bridges between the 
thin Si lamellae can reduce the problem. However, an intrinsic limitation associated with the 

stresses caused by oxidation of the lamellae prevents use of this technique with smaller 

(c) 
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pitches and at higher aspect ratios. The method is also sensitive to sidewall defects that can 
result in formation of very large Au clusters.  

 
Figure 21. Schematics of fabrication steps (a) and cross-sectional SEM-images of gratings made by seedless 

electroplating on low resistivity Si wafers through oxidized Si lines: (b) grating pitch 5.3 µm, Au height 60 µm 

[78], (c) grating pitch 5.4 µm, Au height 69 µm, reproduced with permission from ref. [84], (d) grating pitch 

1.3 µm, Au height 16 µm, reproduced with permission from ref. [84].    

 

3.3. Conformal electroplating 

ALD of metallic coating has been used to form a metallization layer for subsequent Au 

electroplating by both conventional damascene approaches [60, 199] and Au bottom-up 

filling processes [61]. Conformal Au electroplating approaches were demonstrated using 
ALD deposited Pt [79] and Ru [60] as plating seed layer. Alternatively, seedless conformal Au 

electroplating was demonstrated on low-resistivity Si wafers patterned with trenches having 
aspect ratios of up to 45:1 without use of a metal seed layer [58]. Generally, conformal 

electroplating approaches that are aimed at complete feature filling require slight tapering 
of the sidewalls, such that the trenches are slightly wider on top as compared to the bottom. 

This allows electrolyte transport through the trench depth throughout the deposition 
process, consistent with void-free filling by so-called “geometrical leveling”. However, with 

higher aspect ratio features, decrease of the trench width during growth progressively 
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increases the aspect ratio remaining to be filled virtually to infinity. This typically leaves 

seam-like voids along the center of the metal-filled lines, where the metal layers grown on 
the opposite sidewalls merge together.  Critically, any bottlenecks in the Si trenches become 

the locations of premature bridging of the deposits from the opposite sidewalls, creating 
even larger central voids in the metal below the bottleneck.   
 

  
Figure 22. Cross-sectional SEM-images of gratings made by conformal electroplating of high aspect ratio 

structures in Si: (a) p=400 nm, h≈3.2 µm, AR≈16:1 with voided Au fill by electrodeposition on an ALD deposited 

Al2O3/Pt seed layer, reproduced with permission from ref.[199]; (b) p=1.2 µm, h≈27 µm, AR≈45:1 using back-

contact, seedless Au electrodeposition on low-resistivity Si, reproduced with permission from ref. [58].   

 

3.4. Overcoming Aspect Ratio Limits in DRIE with Frequency Doubling 

 

While DRIE is widely used to fabricate high aspect ratio structures, it faces inherent 

limitations in aspect ratio due to etch constraints, as explained previously. Approaches based 

on complete metal filling and a 0.5 duty cycle (e.g. the width of the Si lines, at one-half the 

pitch, equals the trench width), translate the small pitches required for increased sensitivity 

and thick Au required for use at high X-ray energies into extremely high aspect ratio features 

in the X-ray absorption gratings. The aspect ratio of the DRIE-fabricated structure for a given 

pitch can be decreased by a factor of two if the gap between the Si lines is set to be 3× the 

line width, i.e., using a duty cycle of 0.25 (Si line width / pitch), and the X-ray absorbing metal 

is deposited conformally until its thickness equals that of the Si lines. The resulting structure 

has equally spaced high aspect ratio gold lines with alternating Si and air as the low-

absorption spacer, as shown in Figure 23a, with the width of the air-filled regions equal to 

the width of Si. This approach, which effectively doubles the pitch that needs to be 

implemented by the DRIE, was first demonstrated for fabrication of X-ray gratings by 

anisotropic KOH wet-etching and Au electroplating [45] (see Figure 23b) and later 

implemented by DRIE with the absorbing Ir deposited by ALD [200] (see Figure 23c). 
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Figure 23: (a) Process flow of the frequency doubling method. (b) Example Au X-ray grating deposited on wet-

etched Si template, reproduced with permission from ref. [45]. (c) Example of Si grating (left side) coated by Ir 

(right side), reproduced with permission from ref. [89]. 

 

Increase of the aspect ratio of the final structure through the Au deposition process enables 

extension of fabrication to pitches beyond the resolution limits of currently available 

lithographic techniques. Indeed, the Fresnel Zone Plate gratings created using the Ir ALD 

[200] achieved record resolution. The method, known as spatial frequency multiplication, 

pitch multiplication, sidewall image transfer, spacer patterning, edge lithography, as well as 

sidewall assisted double patterning, is also being examined for the development of next 

generation electronics [201]. That said, this technique requires precise process control of the 

conformal metal deposition and generally suffers from a decrease of quality with increasing 

aspect ratio, particularly to create smaller final pitches. Gratings with an aspect ratio of 60:1 

have been fabricated by coating Si structures by Ir ALD (Figure 23c [89]) to generate pitch 

1 µm absorption grating. While for this particular case, the method was limited to small areas 

due to a limited supply of precursor in the specific ALD chamber, conformal gold 

electroplating would not have such a restriction and be more cost-effective option. 

 

3.5. Bottom-up electroplating 

Bottom-up Au electrodeposition in the presence of additives is one example of a 

powerful group of “superconformal” deposition processes that allow void-free filling of 
complex and high aspect ratio recessed structures embedded in conductive surface without 

the need for masking. Superconformal filling processes utilize dilute additives to selectively 
modify the kinetics of metal deposition across the substrate surface, thereby localizing metal 
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deposition at, or toward, the bottoms of the recessed features to be filled. Such processes 

underlie the filling of features recessed into metallized dielectric surfaces with copper (i.e., 
damascene processing) in microelectronics for on-chip and wafer stacking interconnection. 

Of the two mechanistic variants demonstrated and explained to date [202-204], one relies 
on surfactant additives whose adsorption on the surface of the growing metal deposit 

accelerates deposition and which stays on the surface during growth, i.e., a surfactant; 
critically, its coverage changes with change of the surface area that occurs during growth on 

non-planar surfaces (the so-called “curvature enhanced accelerator coverage”, aka CEAC, 
mechanism). The other mechanism relies on additives whose adsorption suppresses 

deposition and which are buried, or otherwise consumed, during deposition.  
 

For void-free gold filling of the high aspect ratio trenches (and vias) most relevant to 

fabrication of high aspect ratio grating, patented electrolytes and processes utilizing non-

toxic sodium-gold sulfite with an accelerating Bi3+ ion additive have been shown to be 

especially efficacious. In particular, with micrometer-per-hour deposition rates at the 
bottoms of filling features versus nanometer-per hour deposition rates on the sidewalls 

demonstrated, the technology is capable of void-free filling of features having aspect ratios 
well in excess of 100:1. Without dwelling on the details, the chemistry utilizes enhanced 

coverage of the surfactant bismuth additive that occurs as the surface area at the trench 
bottoms decreases (the CEAC mechanism) as well as a negative correlation of the additive-

adsorption kinetics with the metal-ion concentration. The latter, which enhances deposition 
more strongly at the bottoms of deeper features, is critical to the operation of and, so far, 

unique to, the gold-filling chemistries [205]. Gratings with pitch of 3 µm and Au height of 

85 µm (trench aspect ratio of 56:1) have been filled void-free [59] following pre-deposition 

of a conformal seed layer of Pt by ALD on the silicon template. The Au deposition rate on the 

sidewalls is considerably slower than at the bottom, making this method suitable for void-
free filling of very high aspect ratio silicon trenches. Among others, it has been used to 

fabricate 8 cm × 8 cm gratings on 100 mm Si wafers with trenches of 60:1 aspect ratio at 
2 µm pitch [206]. It has also been used to Au fill grating templates on 100 mm wafer bent to 

a uniform 20 cm radius of curvature [207], creating mechanically robust gratings with 
intrinsic curvatures suitable for application in compact imaging systems. Void-free bottom-

up Au fill was also demonstrated during fabrication of gratings with 300 m and 500 m 

deep trenches on 100 mm wafers, suitable for applications at higher X-ray energies [208, 

209]; and micrometer [20, 29] and submicrometer [210] pitch gratings suitable for high 
resolution XGI. Figure 24 shows representative images. 
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Figure 24: Images of bottom-up Au filling achieved in trenches with fully metallized surfaces by 

electrodeposition using an additive-based superfilling chemistry. (a) p=1.3 m, h=5.5 m gratings with 

different fractions of bottom-up Au fill. (b) Bottom-up filled p=2 m, h=60 m grating. The horizontal profile in 

the higher magnification image manifests ≈ 60 m of growth from the bottom surface and less than 0.2 m of 

Au deposit on the sidewalls of the fully metallized trenches, reproduced with permission from ref. [206] (c) 

Photographs of a grating with 100 m deep trenches at 5.25 m pitch on 100 mm Si wafer after Au fill while 

mounted on a holder imposing a 20 cm radius of curvature; the freestanding grating exhibits a ≈ 30 cm retained 

radius of curvature, reproduced with permission from ref. [207]. 
 

3.6. Exemplary application of the bottom-up filled absorption grating 

In addition to the reviewed literature, we include here original supporting experiments 
carried out by the authors to illustrate practical aspects of DRIE-based grating fabrication. 

These results have not been previously published and are presented solely to complement 
the review discussion. 
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The performance of gratings fabricated using the Patterning-Etching-Metallization 

process flow with bottom-up Au filling is demonstrated in a Talbot-Lau interferometry 
system consisting of one phase grating and two absorption gratings. The system is a 3 µm-

period symmetric design, with the grating patterns prepared using a SUSS MA6 mask aligner. 
The pattern was transferred from S1805 positive photoresist into a 50 nm Cr hardmask to 

increase selectivity during the DRIE process. The voltage and current of the X-ray tube source 
were 40 keV and 1.5 mA, respectively [34]. The 20 keV X-ray design energy of the grating 
interferometer required a phase grating etched in silicon to a depth of 24 µm, while the 

absorption gratings were obtained by Au bottom-up filling 30 µm deep etched silicon 

trenches. The imaging system was arranged to utilize the 11th Talbot order, such that the 

phase grating (G1) was placed 398 mm away from the X-ray focus point, with the analyzing 
absorption grating (G2) placed 398 mm downstream of the phase grating for the 

symmetrical design. The biomedical specimen, a mouse embryo, was placed in front of the 

phase grating (G1) to lengthen the propagation distance of the beam from the sample to the 
detector for increased angular sensitivity [11]. Animal maintenance, husbandry and 

procedures were done in accordance with British Home Office regulations (Animals 
Scientific Procedures Act 1986). The analyzing grating (G2) was step-scanned over one 
period of the 3 µm grating pitch at intervals of 0.6 µm, with acquisition times extended to 

obtain essentially noise-free data at each pixel of the detector for the follow-up image 

reconstruction. The reconstructed images of the sample are shown in Figure 25. Because 

imaging by absorption contrast relies on the presence of high Z-elements, such as the calcium 
and phosphorus found in bones, the phase contrast imaging provides far superior 

differentiation of the soft tissues of the embryo. The signals provided by absorption versus 

phase contrast, being responsive to different properties and constituents of the materials in 
a specimen, are highly complementary.  
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Figure 25: Tomographic reconstruction of a mouse embryo embedded in paraffin wax. (a) The soft tissues of 

the embryo are barely distinguishable from the background in the absorption contrast image. (b) In the phase 

contrast images the different tissues of the mouse embryo are clearly distinguished. Tomographic slices along 

the dashed lines in the left-most image are shown in the correspondingly outlined images. All scale bars are 

1 mm. (c) Visibility map and (d) visibility histogram of the X-ray imaging system used to acquire the phase 

contrast images. Illustrative results obtained by the authors. 

 

4. Future Challenges and Perspectives 

DRIE processes are, and will remain for the foreseeable future, the dominant industrial 
technology for fabrication of high aspect ratio microstructures [211]. Achieving precise 

control over etching profiles while pushing the limits of aspect ratio is the main challenge for 
X-ray optics micro-fabrication. Thanks to developments in both process and hardware for 

DRIE technology, as well as its flexibility and robustness, the Patterning–Etching–

Metallization process flow has become increasingly popular within the subspecialty of X-ray 
transmission gratings for phase-contrast imaging. As noted, plasma etching also permits 
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tilted etching [179] that enables the production of gratings with exotic designs, such as fan-

shaped grating [180] to conform to the divergence of X-ray beams from conventional tube 
sources [207]. Full utilization of X-ray phase contrast imaging technology will require 

gratings of much higher quality, bringing new challenges to the DRIE processing [197, 212]. 
From the process side, the cost and inefficiency of conventional recipe-tuning protocols is 

prompting the rise of computer-aided recipe-tuning  [139, 213, 214]; machine learning (ML) 
may further accelerate this shift [215-218]. The complexity of the plasma environment and 

changes of the etching chamber conditions are such that numerous parameters need to be 
taken into account, making even the OED approach intrinsically limited. One may hope that 

the rise of advanced ML-based models taught by experiment will improve the situation [219]. 
From the hardware side, ICP systems equipped with fast-switching mass flow controllers 

remain the workhorses for the fabrication of high aspect ratio microstructures in X-ray 

gratings. Cryogenic-compatible ICP etching systems could enable fabrication of higher aspect 

ratio features, especially for sub-micron applications [158, 220]. Although not suitable for 

the fabrication of gratings that have relatively large periods, efforts to use smaller period 
gratings for increased resolution in XGI systems could make cryogenic etching useful for 

manufacture of X-ray gratings. DRIE-based Patterning-Etching-Metallization can be 
considered a robust means of fabricating high-quality X-ray optics with aspect ratios 

reaching more than 70:1, and approaches for spatial frequency multiplication could boost 
this value by (at least) a factor of 3. In the end, simplified process tuning and reproducible 

fabrication of high-quality gratings will push XGI from localized academic exercise towards 
broadscale commercial application. 
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