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Well-defined model systems are needed for better understanding of the relationship between 

optical, electronic, magnetic, and catalytic properties of these nanoparticles and their structure. 

Chemical synthesis of metal nanoparticles results in large size and shape dispersion and lack of 

lateral order. In contrast, conventional top-down lithography techniques provide control over 

the lateral order and dimensions. However, they are either limited in resolution or have low 

throughput and therefore do not enable the large patterning area needed to obtain good signal -

to-noise ratio in common analytical and characterization techniques. Extreme ultraviolet 

(EUV) lithography has the throughput and simplicity advantages of photolithography as well 

as high resolution due to its wavelength. Using EUV achromatic Talbot lithography, we have 

obtained 15 nm particle arrays with a periodicity of about 100 nm over an area of several 

square centimeters with high-throughput enabling the use of nanotechnology for fabrication of 

model systems to study large ensembles of well-defined identical nanoparticles with a density 

of 1010 particles/cm2. 

A. Introduction 

Metal nanostructures are of interest due to their unique optical, 

electronic, magnetic, and catalytic properties 1-3. For instance, 

metal nanoparticles play a major role in biomass conversion, in 

production of chemicals, in the refinery and in fuel cells. 

Conventional processes that involve chemical synthesis to 

fabricate model systems either do not feature uniformity in size 

or lack well-defined separation of nanoparticles over large area  

4-6. Nanopatterning using top-down methods has, therefore, 

attracted substantial attention to develop reproducible model 

systems in which size and order of nanoparticles can be 

controlled in a straightforward manner. Well-defined systems 

with metal nanoparticles will enable more systematic studies of 

the effects of particle size, inter-particle distance, and metal-

support interaction. Recent advances in nanotechnology have 

enabled feature sizes below 20 nm, which coincides with 

particle sizes of interest for applications in optoelectronics  7, 

plasmonics 8, magnetism 9, and catalysis 10-13.  For example, 

model catalysts have been fabricated using top-down 

lithography, such as electron beam lithography (EBL) and 

photolithography with control of nanoparticle size, surface 

structure, location, and support-metal interface 14-16. These 

conventional techniques are either low-throughput, e.g. EBL, or 

do not enable the required resolution, e.g. laser interference 

lithography. Large arrays of nanoparticles have been fabricated 

using other techniques, such as nano-imprint lithography 17, ion 

milling 18, but there is always a trade-off between smallest 

achievable feature size, density of particles, and throughput of 

fabrication. Large-area patterning up to several square 

centimeters with sub-20 nm features is needed to study 

quantum electronic and chemical properties. Moreover, many 

physical and chemical and optical characterization tools, such 

as X-ray diffraction, X-ray photoelectron spectroscopy, and X-

ray topography require large ensembles of identical 

nanoparticles to obtain sufficient signal-to-noise ratio.  

 

Extreme ultraviolet interference lithography (EUV-IL) has the 

throughput and simplicity advantages of interference 

lithography as well as high resolution due to its short 

wavelength of 13.5 nm. Generation of sub-10 nm structures has 

been demonstrated using EUV-IL, which is currently the record 

for photolithography 19. Dot arrays can either be achieved using 

four-beam interference lithography 20, 21 shown in Fig. 1(a) or 

using achromatic Talbot lithography (ATL), also known as 

achromatic spatial frequency multiplication method (ASFM)  22, 

23 shown in Fig. 1(b). Here, we employ these holographic 

lithography approaches using EUV light to achieve large-area 

dot arrays with high resolution over large areas and with 

superior uniformity. For this purpose, we have introduced new 

concepts for the fabrication of masks, i.e. diffractive 

transmission gratings, using EBL and nickel electroplating (Fig. 

1(c)). We designed masks that are highly efficiency and require 

minimum number of lithographic steps to increase the yield and 

throughput of fabrication. We fabricated different masks and 

compared the performance of various approaches of multiple-

beam EUV-IL and EUV-ATL. We developed an approach of 

EUV-ATL that produces sub-20 nm feature size over an area of 
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500 × 500 µm2 in a single-shot exposure of few seconds with 

high replication and throughput. Step-and-repeat exposure to 

stitch multiple fields is demonstrated to achieve patterned area 

up to several square centimeters within few minutes. 

 

 
Fig. 1 (a) Schematic of multiple-beam interference lithography 

showing cross-section of the mask and two interfering beams. 

Diffracted beams interfere and form a periodic aerial image on  

the wafer plane. Only first-orders and zeroth-order diffraction 

are shown for simplicity. (b) Schematic showing achromatic 

Talbot lithography and cross-section of mask. Self-images of 

grating are produced at the Talbot distances ZT from the 

transmission mask, which starts to smear out at large distances 

and eventually becomes stationary at a distance larger than ZA.. 

(c) Schematic showing different steps for fabrication of 

transmission masks using nickel for grating and photon stop. 

B. Results and discussion 

Mask fabrication for EUV-IL employing nickel  

EUV-IL typically involves a scheme with a mask which is 

illuminated with a spatially coherent EUV beam, producing a 

periodic aerial image at a certain distance behind the mask due 

to interference of diffraction orders (Fig. 1(a)). Several 

challenges are associated with mask fabrication towards the 

goal of achieving high-resolution nanoparticle arrays with 

uniformity over a large area in a single shot EUV exposure. 

Mask fabrication is done using EBL, since precise positioning 

of individual gratings is necessary to achieve the desired phase 

relations 24. Complex mask fabrication strategies, which 

involve multiple EBL steps with overlay exposures 

substantially, decrease the yield of mask fabrication on thin and 

fragile membranes. Efficiency of transmission masks and 

uniformity of EUV exposure are largely dependent on the 

material used for mask fabrication on Si3N4 membranes. A 

material with high diffraction efficiency is needed for gratings 

and a material with high attenuation to EUV light, subsequently 

called a photon stop, is required in the areas surrounding the 

gratings. 

 

Hydrogen silsesquioxane (HSQ) is a high-resolution negative-

tone EBL resist 25, 26. Upon exposure to electrons and photons it 

is converted to SiO2. It has the advantage that diffractive 

grating patterns can be directly written on the membranes using 

EBL without any pattern transfer, which reduces the number of 

process steps and increases the yield of fabrication. In addition, 

HSQ has high diffraction efficiency for EUV with a maximum 

efficiency at a thickness of 250 nm corresponding to an 180o 

phase shift in the material, as seen in Fig. 2. We note that 

although the diffraction efficiencies shown in Fig. 2 are for the 

grating period, p=150 nm, these calculations are valid for all 

periods in present study since since p≫λ, the wavelength of 

EUV light. For grating period below 100 nm the diffraction 

efficiencies change with varying period 19. 

 

Nickel has been used in the fabrication of Fresnel zone plates 

due to its high diffraction efficiency and high-contrast at EUV 

and soft X-ray ranges 27, 28 and we have introduced it for 

gratings in transmission masks. Moreover, a nickel layer 

thickness of just 120 nm gives sufficient attenuation to act as a 

very good photon stop, which is much higher than HSQ and 

almost ten times higher than conventional photon stop materials 

such as gold of the same thickness (at 13.5 nm wavelength, the 

attenuation length is 14.8 nm for nickel and 20.8 nm for gold). 

We also observed that nickel has constant and still fairly high 

diffraction efficiency above the thickness of just 100 nm (Fig. 

2). This makes a 120-nm-thick nickel film suitable for photon 

stop, due to its high absorbance, and for diffraction gratings as 

it is not sensitive to variation of the layer thickness over large 

area. Use of such thin layers also lowers the stress of 

electroplated thin films, a requirement because of the fragile 

nature of Si3N4 membranes. We fabricated masks with HSQ 

and nickel and present the results of EUV-IL used in this work 

to achieve large-area and uniform dot arrays with different 

interference schemes. 
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Fig. 2 Calculated diffraction efficiency at 13.5 nm wavelength 

for 1:1 lines/space gratings of HSQ and nickel as a function of 

grating thickness for a pitch of 150 nm.  

 

Four-beam EUV-IL for homogenous single-shot patterning 

Two-dimensional periodic patterns consisting of dot arrays are 

obtained by illuminating a transmission mask consisting of four 

gratings. In the case when each of the gratings have the same 

period, interference of first-order diffracted beams from the 

gratings leads to the formation of two-dimensional patterns in 

the form of a square lattice with a period equal to 1/ √ 2 of the 

period of gratings in the transmission mask. The square lattice 

is also rotated by 45° relative to the gratings. This property of 

demagnification is advantageous to achieve nanoparticles with 

high density. Fig. 1(a) shows the schematic of multi-beam 

interference involving a mask with diffractive transmission 

gratings. The diffracted beams interfere and form a periodic 

aerial image on  the wafer plane. In this work, we adopted an 

approach in which the pitch of the vertical and horizontal 

gratings is slightly different and consequently, the period of 

resulting pattern is further reduced to a value that is 1/2 of the 

period in the transmission mask leading to much higher particle 

density.  

 

In most conventional mask fabrication strategies, two different 

materials were used for the gratings and the photon stop which 

requires multiple overlay exposures with EBL – first, writing 

markers with a high contrast material such as gold, followed by 

a second step to fabricate gratings and a third step to prepare 

the photon stop which is the area on the membrane outside the 

desired gratings. We aimed to fabricate large-area masks using 

strategies that require only a single EBL step to simplify the 

mask making process and increase the throughput. One such 

fabrication method to achieve large-area and high-resolution 

transmission masks for four-beam EUV-IL is the footing 

strategy, which circumvents patterns collapse and increases the 

yield of fabrication substantially 29. Fabrication of transmission 

mask using the footing strategy was done on the Si3N4 

membranes with a thermally evaporated Cr/Au/Cr layer 

multilayer as base layer and nickel as photon stop.  EUV 

exposure performed with this mask results in patterns that 

exhibit substantial inhomogeneity (S1 in supporting 

information). We attribute this inhomogeneity to HSQ gratings, 

which are vulnerable to thickness variations since HSQ has 

fluctuating diffraction efficiency at around 250 nm thickness 

(Fig. 2). Inhomogeneous exposure from these line arrays as 

linear gratings leads to disparity in the shape and size of the 

patterns. This makes the footing strategy disadvantageous for 

applications where the goal is to have high uniformity of 

particle sizes over large areas to study size-dependence 

behavior. Based on this observation, we introduce a new 

fabrication strategy that also involves a single EBL step but 

opens up the area between the gratings and employs the 

advantages of nickel as a material for gratings and photon stop.  

 

Fig. 1(c) shows the schematic for the fabrication of 

transmission masks with nickel.  In the first stage, HSQ resist 

was spin-coated on the Si3N4 membrane with thermally 

evaporated base multilayers of Cr/Au/Cr layers (Fig. 1(c)-i). 

The second stage involves writing gratings using the EBL tool. 

The EBL exposure parameters were designed with accurate 

proximity effect correction and the exposure dose was 

optimized to suppress any possibility of footing lines to appear 

between the desired gratings. Following the development of the 

resist, gratings with 50% duty cycle were achieved with no 

residual HSQ in between the gratings, which is critical for 

subsequent stages (Fig. 1(c)-ii).  In the next stage, one 

chromium layer was etched to expose the underneath gold layer 

(Fig. 1(c)-iii). Electroplating had to be optimized so that the 

growth of nickel on the gold layer begins simultaneously within 

the gratings and in the area outside the grating for photon stop. 

A 120-nm-thick nickel layer was electroplated (Fig. 1(c)-iv), 

which is sufficient for constant diffraction efficiency in case of 

gratings and high attenuation to EUV as a photon stop (Fig. 2). 

Following this step, the HSQ gratings were stripped in buffered 

hydrofluoric acid (HF) solution, which exposes the base 

chromium layer (Fig. 1(c)-v). The final stage involved 

removing this chromium layer to achieve transmission masks 

on Si3N4 membrane with nickel central stop and clear nickel 

grating (Fig. 1(c)-vi).  

 

Fig. 3(a) shows a low magnification SEM image of a mask 

fabricated using this new approach. The mask was designed for 

four-beam EUV-IL such that the interference pattern is 

obtained in the projected area between the gratings. SEM image 

at higher magnification (Fig. 3(b)) shows an area of these 

distinct nickel grating with a periodicity of 400 nm and the 

nickel photon stop, both electroplated simulatenously to a 

thickness of 120 nm. EUV exposures were performed on HSQ 

resist using this mask resulting in 2D patterns shown in Fig. 

3(c) to Fig. 3(f). The SEM images in Fig. 3(c) and Fig. 3(d) 

show the case with low EUV exposure dose where dot arrays 

were obtained; whereas Fig. 3(e) and Fig. 3(f) show hole arrays 

resulting from high-dose exposures. As clearly seen in the low-

magnification SEM images, we obtained homogenous and 

uniform dot and hole arrays over the full exposure area of 400 × 

400 µm2 in a single shot exposure, which is a significant 

improvement compared to results obtained with the mask 

fabricated with footing strategy. In addition,  the required EUV 

dose on mask using the footing strategy was 2000 mJ/cm2 for 

the smallest feature size of 40 nm  whereas the mask with Ni 

electroplating yielded the same patterns with 10 times lower 

dose (200 mJ/cm2).  Thus masks using nickel gratings provide 

highly uniform patterning with a much faster single shot 

exposure time of only a few seconds to achieve the same 

feature size and this facilitates taking control of particle size.  
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Fig. 3 (a) SEM image of four-beam transmission mask on 100 

nm thick Si3N4 membranes consisting of nickel grating and 

photon stop. (b) The SEM image at higher magnification shows 

nickel grating with a periodicity of 400 nm and an areaof the 

nickel central stop. The SEM images (c)-(f)  are exposure 

results on HSQ resist using this transmission mask. (c) and (d) 

show high and low magnification results respectively at low 

dose which gives uniform 30 nm dot array with period 200 nm. 

(e) and (f) show high and low magnification results, 

respectively, at a high dose which results in 175 nm hole-array 

with period 200 nm. The mask is highly efficient and the 

resulting first order diffraction patterns is extremely uniform 

over 400 µm × 400 µm area. 

EUV-IL using ATL for uniform large-area patterning 

In  the scheme involving four-beam EUV-IL,  the size of the 

desired area with first order diffraction patterns is limited by the 

main writing field size of EBL during mask fabrication.  

Expanding these patterns to an area of a few square millimeters 

is not feasible in a single shot exposure. Moreover, multi-beam 

interference lithography uses the incident beam ineffectively 

since the area of the first order diffraction patterns is much 

smaller than the area occupied by the gratings in the 

transmission mask (Fig. 1(a)). A major portion of the 

transmitted beam is channelled to unused diffraction orders by 

the gratings and this can have only limited applications 30.  The 

incident EUV beam is a Gaussian beam of limited size (FWHM  

of ~1.5 mm × 2.5 mm), which also limits the uniformly 

exposed area in single shot EUV exposure. Stitching of 

multiple fields is also not feasible due to the presence of 

noninterfering diffraction orders, as seen in the schematic in 

Fig. 1(a) and in the SEM images of exposure results in Fig. 3(d) 

and 3(f). The zeroth-order diffraction patterns surround the 

desired first order diffraction pattern on all four sides limiting 

any possibility to stitch multiple first order diffraction fields 

over a large area. 

 

ATL was, therefore, considered as a better  approach to bypass 

these limitations of four-beam intereference lithography for 

large-area patterning. ATL method makes use of Talbot effect 

31, 32, which is a well-known phenomenon in which illuminated 

objects with periodic transmission profile produce self-images 

at certain distances. When a periodic grating with period p is 

illuminated by coherent light of wavelength λ, self-images are 

formed at multiples of Talbot distance ZT=p2/λ, (Fig. 1(b)). 

Each subsequent self-image is laterally shifted by half the 

periodicity. The concept of generation of self-images at Talbot 

distance is applicable to lithography 33, sometimes also referred 

to as coherent diffraction lithography 34, but these techniques 

are limited by the depth of focus. The sample and the 

transmission mask need to be placed very close to each other 

with extreme high accuracy to record nanometer-scale patterns. 

To overcome this limitation, the approach of ATL was adopted 

which uses the spectral distribution of the EUV light to its 

advantage. Due to the bandwidth ∆λ , the Talbot distance shifts 

to ZT=2np2/λ±∆λ, where n is an integer, at every following self-

image. This leads to a smearing and overlap of the self-images 

which gives rise to a stationary intensity pattern beyond the 

achromatic Talbot distance ZA=2p2/∆λ (Fig. 1(b)). The intensity 

pattern on the substrate beyond the distance ZA from the 

transmission mask is independent of the z position. This method 

is also called achromatic frequency multiplication since the 

aerial image has higher spatial frequency than that of the 

illuminated grating. For 1D and 2D gratings the period of the 

aerial image is reduced by factor 2 and √2, respectively. In 

addition, in this method all the intensity transmitted through the 

mask contributes the aerial image and therefore the pattern 

formation is achieved at relatively low doses. Another major 

advantage of using ATL is the self-healing property 35, 36. This 

self-restoring property spreads the localized defects of the 

periodic gratings to the entire wavefront due to diffraction and, 

after several self-imaging lengths ZT, small deformities in the 

periodic diffraction pattern are either invisible or weakly visible 

depending on the size of the perturbations. This self-imaging 

effect performs filtering of the high spatial frequencies from the 

mask and, thus, making EUV exposure results immune to 

surface defects and edge roughness of mask. Most importantly 

for our specific applications, the absence of any patterns outside 

this area opens up the possibility to stitch multiple EUV 

exposures for large area patterning.  
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Fig. 4 (a) SEM image of a Si3N4 transmission mask with holes in nickel, having 150 nm period and employing EUV-ATL, 

obtained using the fabrication strategy shown in Fig. 1(c). SEM images of resulting patterns on EUV exposure using this high-

resolution larger-area transmission mask are shown in (b) to (h). SEM image in (b) shows 35 nm HSQ dots and (c) shows 80 nm 

dots on silicon wafer obtained at low and high EUV exposure dose respectively. SEM image in (d) shows 130 nm dots at much 

larger dose together with evolution of second order diffraction patterns. SEM image in (e) is obtained at low magnification 

showing uniformity over an area of 500 × 500 µm2. SEM image in (f) shows 15 nm dots with 100 nm period which was the 

smallest feature size with uniformity over full exposure area. SEM image in (g) shows the exposure on thin platinum film. The 

SEM image in (h) demonstrates stitching of multiple fields over 1 × 1 cm2 area using step-and-repeat EUV exposure with a small 

non-interfering area between each single-shot exposure. 

 

In this study we have adopted ATL with step and repeat 

strategy to cover large areas. Compared to beam scanning 

techniques 37, the present method has its advantages. Beam 

scanning technique is stiching-free which is an upside but 

nevertheless entails averaging of beam profile over large area 

increasing exposure time and the exposure field is limited by 

the mask area on thin Si3N4 membranes where patterning of 

line arrays upto 5×5 mm2 has been shown in previous work. 

Mask fabrication above the main writing field size of EBL 

often has challenges and this exacerbates for 2D patterns such 

as hole or dot arrays. With step-and-repeat ATL, the expsoure 

is not limited in size and can provide uniform single shot 

exposure for masks in the dimension of fabrication capabilities. 

In summary, ATL with step-and-repeat exposure uses the beam 

intensity and size effectively for single-shot exposure and 

enables stiching of multiple fields. These aspects make this 

method particularly advantageous for high throughput 

fabrication over large areas, where small field stichting errors 

are not important 

 

The main challenge in ATL is the difficulty to design periodic 

patterns in transmission masks and to obtain high-resolution, 

sub-20 nm particle sizes upon EUV exposure. 2D gratings such 

as holes arrays are required in transmission masks to produce 

dot arrays. For high yields of mask fabrication on Si3N4 

membranes, we first employed a strategy to write hole-arrays 

over an area of 500 × 500 µm2, which is the maximum writing 

field of our EBL tool, in HSQ resist and use this directly as 

masks. Since HSQ is a negative tone resist with low sensitivity, 

this process involves long EBL writing times and therefore it is 

a low throughput process for mask fabrication. On the other 

hand, it involves no further fabrication step which increases the 

yield of fabrication. Similar to the EUV exposure results 

obtained using the four-beam masks with HSQ footing (S2 in 

supporting information); the resulting patterns in this case were 

also non-uniform due to the thickness variations of HSQ 

gratings leading to fluctuations in diffraction efficiency over 

such large area. For uniformity in EUV exposures with ATL, 

we fabricated large-area masks with hole-array pattern in nickel 

using the approach introduced in the schematic shown in Fig. 

1(c). Instead of writing line arrays, as done previously to 

achieve four-beam nickel grating, we optimized the EBL 

parameters to obtain HSQ dot-arrays on the Si3N4 membrane. 

The EBL writing and resist development parameters were 

calibrated so that there was no residual HSQ between the dots. 

The HSQ dot arrays were spread over an area of 500 × 500 

µm2. Following subsequent steps, we successfully fabricated 

several transmission masks for ATL reaching periodicity of 

hole-arrays in nickel down to 150 nm as shown in Fig. 4 (a)).  

 

The resulting SEM images on EUV exposure using ATL are 

seen in Fig. 4 (b)-(h). As mentioned, for 2D gratings such as 

hole arrays, the aerial image has a period equal to 1/ √ 2 of the 

grating period and rotated by 45° and therefore the patterns 

have a period of 106 nm for the mask with hole-arrays with 150 

nm periodicity. Fig. 4(b) and Fig. 4(c) show SEM images of 

fabricated nanostructures using low and high dose, respectively, 

demonstrating the capability to achieve different features sizes 

using the same mask by varying the EUV exposure dose. 

Additional small dots due to the second-order diffraction effects 
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in Talbot phenomenon become visible at higher EUV dose (Fig. 

4(d)), which have a very low intensity and therefore are 

suppressed at low doses. This sets an upper limit of achievable 

single-sized dots. Single-shot EUV exposure using the mask 

with smallest periodicity of 150 nm also shows uniformity over 

the complete area of first order diffraction (Fig. 4(e)). A small 

non-interfering area is seen on the four sides of the pattern due 

to the diffraction angle of EUV light as shown in the schematic 

of Fig. 1(b). The width of this area is dependent on the distance 

of the wafer from the mask. The minimum width of the non-

interfering area can be calculated for the achromatic Talbot 

distance as 2p(λ/∆λ), which is 50×p for 4% bandwidth of the 

EUV light source. For the mask with an area of 500 × 500 µm2 

and period of 150 nm, the first order diffraction patterns are 

formed over the area of 485 × 485 µm2; with the minimum 

width of the non-interfering area lost on each of the four sides 

being 7.5 μm. The gap between the wafer and mask was kept 

much larger to show a pronounced effect of this effect as seen 

in the SEM image in Fig. 4(e). Uniformity over the complete 

first order diffraction area is a substantial improvement over the 

exposure results observed using masks with holes in HSQ and 

the corresponding SEM image at higher magnification is seen 

in Fig. 4(f). These masks are highly efficient and a single-shot 

exposure at less than 300 mJ/cm2 EUV dose results in 15 nm 

dot arrays with about 100 nm period on silicon rendering a 

density in the range of 1010 particles/cm2 (Fig. 4(f)).  

 

For pattern transfer to obtain metal nanoparticles, spin-coating 

of HSQ resist is needed on thin metal films which often has 

challenged associated with the adhesion of the two layers. We 

used intermediate adhesion layers and optimized the 

thicknesses to achieve 15 nm HSQ dot arrays on platinum film 

(Fig. 4(g)). This demonstrates that the same exposure results 

can be achieved on thin films of different metals and patterns 

can be transferred to obtain metals nanoparticles over a large 

area. Since a single-shot exposure required only a few seconds 

to achieve patterning over an area of about 500 × 500 µm2, 

large area patterning was optimized using step-and-repeat 

exposure. 15 nm dot arrays over an area of 1 × 1 cm2 were 

obtained in just about 5 minutes by stitching multiple fields 

(Fig. 4(h)). The ability to obtain large area patterns at this rate, 

which is about 1000 times faster than the vector-scan direct 

writing EBL tool, opens up the possibly to fabricate 

reproducible model systems consisting of nanoparticle arrays 

with very high-throughput. 

 

C. Materials and methods 

Electron beam lithography and mask fabrication 

For each mask fabrication strategy, a 100-nm-thick Si3N4 

membrane was used with thermally evaporated Cr/Au/Cr 

multilayers having thickness of 2/5/5 nm, respectively. The first 

chromium layer was needed for adhesion of gold, which acts as 

the base for nickel electroplating. The second chromium layer 

provides good adhesive layer for the HSQ resist (FOX 16, Dow 

Corning), which was spin-coated on this membrane at 2500 

rpm to achieve a thickness of 250 nm. EBL was subsequently 

performed to write the desired gratings using Vistec EBPG 

5000PlusES tool. The maximum area of exposure (main writing 

field size) of the EBL tool is around 500 × 500 µm2. 

Development of resist was performed in a NaOH buffered 

developer (MICROPOSIT™ 351, Rohm and Hass, diluted 1:3 

in water) which was then rinsed with deionized water and dried 

with nitrogen stream. 

 

Plasma etching of chromium films was carried out using 

chlorine-based reactive ion etching for duration of 30 seconds. 

Nickel electroplating was done for 2 minutes to achieve layer 

thickness of 120 nm, at a rate of 60 nm per minute. This 

process was optimized for uniform growth between the 

nanostructures and the surrounding areas (as photon stop) with 

low stress on the membranes. The bath temperature was 

maintained at 58 °C at a pH value of 3.  The peak current was 

maintained at 30 mA pulsed with a duty cycle of 90%. 

Electroplating rate was calibrated for a low value to reduce the 

stress on the membranes during the growth of nickel and for 

uniformity of the layer. Following the electroplating process, 

HSQ is removed in 1:7 buffered oxide etch (BOE or buffered 

HF) solution for 150 seconds. 

EUV interference lithography 

EUV-IL exposures were carried out at the XIL-II beamline of 

Swiss Light Source (SLS), Paul Scherrer Institute, Switzerland. 

The synchrotron light from the undulator is spatially coherent 

EUV light of 13.5 nm wavelength (91.85 eV) and 4% 

bandwidth (Δλ/λ). A silicon wafer was spin-coated with 45-nm-

thick HSQ resist (XR-1541, Dow Corning) at 4500 rpm for 120 

seconds. The transmission mask fabricated using one of the 

different strategies was mounted between the EUV light source 

and the spin-coated silicon wafer. The distance between the 

mask and the wafer was calculated depending on the 

lithography technique used and the value from design of the 

interference masks. For the four-beam EUV exposures in the 

experiments, this gap value was set at 11.85 mm. Masks using 

ATL require this distance to be larger than the achromatic 

Talbot distance and patterning become independent in z-

position. The gap value was set at 1.5 mm for HSQ and nickel 

masks generating dots with a periodicity of 212 nm, while the 

high resolution nickel mask generating periodicity of 100 nm 

had a gap value of 1 mm for EUV exposure in Fig 1(e) to show 

pronounced non-interfering area and 0.5 mm for the step-and-

repeat exposure in Fig 1(h). The exposure dose was varied in 

order to cover the whole exposure lattitude, i.e.  obtaining 

nanoparticles with the smallest and largest achievable size 

using the same mask on the same wafer. The exposure dose in 

all cases was varied from 100 mJ/cm2 to 3000 mJ/cm2 to cover 

the full spectrum of particle size. Following EUV exposures, 

the samples were developed in the NaOH-based developer for 

30 seconds. 

Instrumentation and simulations 

Calculation of the diffraction efficiency for different material at 

13.5 nm wavelength was done using a rigorous coupled wave 

analysis (RCWA) method. The duty cycle of the gratings was 

set at 50%. For analysis of masks during different stages of 

fabrication and to study the EUV exposure results, optical 

microscopy was done in conjunction with a scanning electron 

microscopy (Zeiss Supra VP55). 
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Conclusions 

We have established an effective lithographic approach for 

fabricating well-defined model systems for studying ordered 

nano-sized particles which are densely packed over large areas. 

Although the footing strategy reduces the electron beam writing 

steps, it compromises on the efficiency of these masks and 

uniformity for exposure over a large area. We have successfully 

implemented a novel mask fabrication strategy with one-step 

EBL and nickel as grating material and central stop which 

results in highly efficient masks. We have demonstrated that 

nickel masks are the most efficient for large area uniform 

exposure. In comparison to masks using four-beam 

interference, ATL is found to be the most effective technique to 

achieve large area nanostructures. We obtained 15 nm dot-

arrays with periodicity of about 100 nm over an area of around 

500 × 500 µm2 in a single shot exposure which can be 

replicated over more than 1 × 1 cm2 area using step-and-repeat 

exposures in a matter of few minutes.  

 

High-resolution patterns generated using ATL guarantee good 

signal-to-noise ratio when used in characterization techniques 

in catalysis research, spectroscopy, optics and magnetics. We 

have used these properties to achieve small feature sizes with 

uniformity over large areas and with complete control over 

particle size. We optimized the adhesion layer to demonstrate 

patterning on thin platinum film and different metal 

nanoparticles can be achieved by HSQ pattern transfer to metal 

films. Further studies aim for feature sizes well below 10 nm 

with much higher density (resolution below 100 nm) over 

square centimeter large area. 
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