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3D nanostructures fabricated by advanced stencil lithography 
F. Yesilkoy,a,b V. Flauraud,a M. Rüegg,a B.J. Kimb and J. Brugger a*†

This letter reports on a novel fabrication method of 3D metal 
nanostructures using high-throughput nanostencil lithography. 
Aperture clogging, which occurs on the stencil membranes during 
physical vapor deposition, is leveraged to create complex 
topographies in nanoscale. Precision of the 3D nanofabrication 
method is studied in terms of geometric parameters and material 
types. The versatility of the technique is demonstrated on various 
symmetric and chiral patterns made of Al and Au. 

Recent efforts in advancing nanofabrication techniques 
towards control over three dimensions (3D) in the nanoscale 
have promoted promising new fields of research. For instance, 
metal nanostructures with chiral properties, which require 3D 
features, have been highlighted in many recent reports for 
their potential in enhancing optical enantiomer sensing, with a 
particular focus on label-free and ultrasensitive detection of 
biomolecules using circular dichroism spectroscopy.1,2 
Moreover, 3D structured surfaces with arrayed non-planar 
metamolecules have been demonstrated to act as tunable 
polarization modulators in infrared and longer wavelengths, 
leading to the development of photonic circuits and new 
photonic devices.3–5 In the field of SERS, 3D hybrid material 
(Au-SiO2-Au) nanocones6 and flower-like metal geometries7 
have been reported to enhance sensitivity and to tune the 
resonant frequency of SERS measurements. Likewise, a 3D 
version of the well-known bow-tie nanoantennas has been 
reported to show extraordinary absorption properties.8 
Another blossoming research field that benefits from 3D 
nanofabrication is that of bio-inspired artificial smart surfaces, 
which aims to mimic 3D micro/nanostructures found in nature 
to engineer superhydrophobic,9–11 anti-glare,10 anti-
reflective,10,11 and anti-bacterial surfaces.12 The future of these 
applications relies on key advancements that will enable high-
throughput, large area, cost-effective and versatile 

nanofabrication technologies with precise control over the 
third dimension.  

The current state-of-the-art in nanotechnology is the 
culmination of the parallel development of fabrication 
methods in two major branches: top-down, namely 
lithographic techniques; and bottom-up, such as molecular 
self-assembly techniques. Experts in both fields are making 
inroads in adapting the current technology to develop 
nanoscale control for 3D nanofabrication. Among the top-
down methods, the following three have been successfully 
employed to create a variety of 3D nano geometries: multistep 
Electron Beam Lithography (EBL),13 direct laser writing 
combined with EBL14 or metal plating,15 and focused 
ion/electron beam induced deposition16 or milling.17 While 
these serial focused beam methods offer nanoscale precision 
both locally on the individual structures and globally in their 
spatial distribution, they are not high-throughput, which 
makes large-area applications very expensive. On the other 
hand, self-assembly techniques, particularly DNA origami,18,19 
allow for versatile 3D geometry formations using metal 
nanoparticles as building blocks. However, the homogeneous 
synthesis of metal nanoparticles requires intricate chemistry, 
and the wide-range spatial ordering of the synthesized 3D 
structures is not straightforward.20 Further hybrid 
achievements in 3D nanofabrication were made using colloidal 
lithography combined with oblique UV exposure for the 
fabrication of hollow-core structures made of photosensitive 
polymers.21 Moreover, colloidal lithography was used together 
with oblique metal deposition or etching for the fabrication of 
spiral-like metal chiral structures22 and tunable perfect 
absorber surfaces.23 While these methods benefit from the 
low-cost and high-throughput nature of the colloidal 
lithography, they do not offer versatility in geometry neither 
are straightforward to fabricate without dedicated add-on 
tools to conventional fabrication equipment. Therefore, there 
is still a pressing need for a high-throughput and large-area 3D 
nanofabrication method, which can be implemented using 
standard lithography equipment, and offers material/substrate 
flexibility and geometry versatility. 
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Figure 1. Stencil lithography clogging effect. a) Pre-deposition phase: stencil 
mask is assembled on a substrate using Kapton® tape. Three representative 
phases of stencil aperture clogging are shown clockwise: b) Initial Phase: 
PVD occurs through the fully open aperture. c) Intermediate Phase: aperture 
is partially clogged. d) Final phase: Aperture is fully clogged and final 3D 
nanostructure with non-uniform height is formed. Inlets show the SEM 
images of the apertures on the stencil membranes, taken from the 
substrate-facing side after Al deposition. The center picture shows a stencil 
mask chip of 10 mm X 12 mm with twelve membranes, each of 1 mm2 area. 

In this work, we demonstrate the use of nanostencil 
lithography for the facile fabrication of 3D metal 
nanostructures that features complex non-uniform thickness 
profiles delimited by the aperture pattern on the stencil mask. 
Stencil lithography, or shadow masking, is a resistless 
lithography technique that offers both additive and subtractive 
pattering in a wide dimension scale (milli-nano).24 Moreover, it 
distinguishes itself from the other nanofabrication techniques 
by its well-known advantages, such as straightforward 
fabrication, substrate independence, lack of high-temperature 
and wet chemical process steps, wafer-scale high throughput 
and cost effectiveness due to the reusability of the mask once 
they are cleaned.25 Our method relies on aperture clogging, 
which naturally occurs on the stencil membrane during 
material deposition, and leads to lateral pattern shrinkage, 
projecting 2D patterns as 3D nanostructures on the target 
substrate. Leveraging the nanometric precision and geometric 
versatility of EBL, which is used to fabricate two-dimensional 
apertures on the stencil membranes, we scrutinize the 
aperture width regulated inhomogeneous thickness control on 
individual metal nanostructures. Figure 1 describes the 
proposed technique by illustrating representative phases of 
material deposition through a stencil membrane and the 
resulting 3D structure at each phase. SEM micrographs taken 
from the substrate-facing side of partially and fully clogged 
stencils during the Al deposition process are shown as inset 
images in Figure 1. 

The nanostencil masks used in this work contain twelve low-
stress silicon nitride (LS-SiN) membranes that are 100 nm thick 
and 1 mm2 in area. The nano-sized geometric patterns were 
transferred onto the membranes using EBL and the apertures 
were etched using dry etching. The stencil membranes are 
supported by 10 mm x 12 mm Si-chips (Figure 1 center). 
Detailed information on the fabrication of the nanostencil 
masks is reported elsewhere.26 The metal deposition was 

performed using Physical Vapor Deposition (PVD) technique 
under vacuum (10-5 torr) at average 3 Å/s and 5 Å/s 
deposition rates for Cr/Au and Al, respectively, on Si chips at 
room temperature. The nanostencil masks were assembled on 
Si-substrates and temporarily secured with Kapton® adhesive 
tape before the metal deposition. The inherent gap between 
the mask membrane and the substrate, which has been 
previously characterized to be in 1 μm range,27  was sufficient 
for our pattern dimension scale. However, it can be controlled 
using spacers for the structures with higher aspect ratios.   

The stencil aperture-clogging rate is a critical parameter in the 
design of the final 3D geometry. In order to quantify the 
clogging effect on the topography of the 3D metal 
nanostructures, we used a geometric shape with varying 
width, which we call “tapered line” identified by its maximum 
width (W) and total length (L) (Figure 2 a). Figure 2 b depicts 
SEM micrographs of an Al tapered line and its corresponding 
stencil mask (W/L = 0.5 μm / 1.25 μm) after a 500 nm 
deposition that achieved full clogging. Figure 2 c shows an 
AFM image of the same geometry, which reveals —as 
expected— that these structures exhibit non-uniform 
elevation. The AFM data, which was acquired using JSPM 5200 
Scanning Probe Microscopy unit operated in the tapping 
mode, was used to derive the relationship between the 
aperture clogging and height of the structures.  

 
Figure 2. Width to height ratio characterization on tapered line geometry. 
Top row describes the tapered geometry: a) Tapered geometry is defined by 
its total length (L) and maximum width (W). b) SEM tilted (200) image of a 
tapered structure (W/L=0.5 μm/1 μm) formed by depositing 500 nm of Al on 
Si-substrate (right) and its corresponding fully clogged stencil mask after 
deposition (left). c) 3D AFM topography of the structure. Bottom row 
describes the analysis performed on the AFM topography data to extract 
relation between the aperture width and the maximum height achieved: d) 
Maximum height point and half-width associated with that point is 
identified on the vertical lines of each tapered geometry. e) Maximum 
height profile plots (top), where height saturation point is determined (red 
dashed line) and non-saturated part of the maximum height profile 
associated with the width of the structure measured on the same vertical 
line re-plotted (bottom). The HtoW ratio is extracted from the slope of the 
linearly fitted data.   
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For semi-automated characterization of the height profiles, an 
algorithm in MATLAB was developed to process the AFM 
topographical data. The algorithm identifies an individual 
tapered structure, extracts the maximum height values along 
its longitudinal axis and associates each value with the width 
of the structure measured along the perpendicular line 
intersecting the maximum point. Figure 2 d visually describes 
the output of this computational analysis, where the dashed 
lines separate each structure in a single AFM scan area, and 
the maximum height at each point is associated with its 
corresponding half-width. Next, we manually located the 
saturation point where the clogging stops and the structure 
levels out (Figure 2 e), which occurs when the total amount of 
material deposited (400 nm in this case) is not enough to 
achieve full clogging of the aperture. In what follows, only the 
region of the structures before the saturation point is 
considered in order to eliminate the effect of the total 
deposited metal thickness. Finally, we plotted the height 
variation as a function of the width (Figure 2 e). Fitting the 
data to a first-degree polynomial and we extracted the height 
to width (HtoW) ratio, which is used to quantify the clogging 
rate. 

The HtoW ratio over three different tapered line geometries 
(W=300, 400, 500 nm and L=2 μm) were measured for both 
400 nm Al and Au depositions.  We analyzed twelve different 
tapered line structures of each kind from different locations on 
the chip, and averaged the computed HtoW ratio (Figure 3). 
Our results show that the clogging rate does not depend 
significantly on the geometric parameters of the aperture. 
However, we observed that the HtoW ratio for different 
materials, namely Al and Au, are significantly different, 
regardless of the stencil geometry. The average HtoW ratio is 
measured to be 1.69 for Au and 0.73 for Al.  This difference in 
the clogging rate can also be seen in the AFM side profiles of 
the representative tapered structures (W/L= 0.3 μm / 2 μm) 
shown in Figure 3. This analysis reveals that Au clogs apertures 
slower than Al, allowing for more material accumulation for a 
given amount of deposited material. Because the clogging is 
initiated by the diffusion-driven grain growth into the aperture 
openings on the stencil membrane, the difference in the 
average grain size of the two metals (Al is coarser than Au), 
which can also be observed in the SEM and AFM images 
throughout this report, can be attributed to the difference in 
the clogging rate. In a recent report, metal grain size in 
evaporated films was studied and related to the deposition 
conditions, such as substrate temperature, deposition rate and 
vacuum conditions.28 Therefore, the metal evaporation rules  

 
Figure 3. HtoW ratio collected statistically on tapered structures with three 
different W/L ratios and for two different materials (Al and Au) showing 
significant material effect on the HtoW ratio and as significant geometry 
dependence. Error bars represent the standard error over 12 samples for 
each tapered geometry.   

disclosed in the literature28 together with our proposed 
technique can be utilized as a toolbox to control the deposited 
metal film grain structures, and thus, the 3D metal 
nanostructure topographies. On the other hand, Kölbel et al. 
has shown that stencil aperture clogging rate can be controlled 
by surface-modifying the stencil membrane exterior,29 which 
can also be employed to slow down the aperture clogging rate, 
and therefore, forge high aspect-ratio structures.  

Our method is highly adaptable to a wide range of geometries 
and dimensions. In Figure 4, a four-pointed star structure is 
shown in two different dimensions (with total widths 0.8 μm 
and 1.4 μm) and materials (Al and Au). We observed that the 
smaller Al structure has a 3D geometry with a pointy center 
(max height=335 nm) formed as a result of the full closure of 
the aperture. For the same geometry, the Au structure is taller 
(410 nm) but has a flat top, which indicates that the total 
amount of metal deposited (~400 nm) was not enough to fully 
clog the stencil aperture. This agrees well with our earlier 
clogging rate comparison between Au and Al, and exemplifies 
our method’s flexibility in 3D topographical manipulation of 
submicron structures using tuning parameters, such as 
aperture geometry and dimension; as well as material and 
deposition conditions. 

Figure 4. Scalability of the height 
control on a symmetric four-pointed 
star shape. Top and bottom rows show 
both the SEM images and the AFM 
topography of four-pointed star shapes 
for Al and Au materials, respectively. 
The pattern is presented in two 
dimension scales: smaller pattern on 
the left with 800 nm and bigger pattern 
on the right with 1.4 μm total width. 
The average grain size of the Al and Au 
can be compared on the SEM 
micrographs.  
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We advance the discussion on the ability to control individual 
nanostructure topographies using stencil lithography by 
exploring asymmetric and irregular patterns, which is relevant 
for the fabrication of 3D structures that exhibit chirality. We 
first explored a curved geometry, which we call “snail 
structure.” A similar version of this structure, fabricated using 
hole-mask lithography in a randomly distributed manner, was 
optically characterized by Frank et al. and its distinct chiral 
properties were disclosed.22 Figure 5 a and b show Au snail 
structures in two different sizes, with total widths 1 μm and 
0.5 μm, respectively. Both the AFM and the SEM images of the 
arrayed (original array size = 4 X 4) snail structures show 
excellent homogeneity within the array. Second, we fabricated 
a pattern with irregular aperture width, which we call 
“windmill structure”, as seen in Figure 5 c and d in Al and Au,  

respectively.  The two by two arrays of the windmill structures 
(original array size = 4 X 4) presented using AFM data reveal 
that this method allows for the multi-peak, inhomogeneous 
height variation on individual structures in the sub-micron 
scale. Moreover, the SEM images of both the Al and Au single 
windmill structures with total widths of 1 μm and 0.5 μm show 
that this multi-peak 3D formation is scalable, with grain size 
and blurring being the dominant resolution restricting aspects.  
Blurring, the spreading of materials into the shadowed regions 
of the substrate, occurs because of substrate material 
diffusion and divergence of the materials reaching the 
substrate due to the gap between the stencil mask and the 
substrate.24 Although we did not employ a corrective method 
in this work, it is important to point out that post-deposition 
corrective etching,30 which removes a thin layer of unwanted 

Figure 5. Arrayed 3D nanostructures created using the stencil clogging effect. Two different geometries are presented: snail structure (a, b) with 
curved features and windmill structure (c, d) with multi-peaks. Au snail structure arrays are presented in two dimensions: a) 1 μm and b) 0.5 μm total 
width and 2 μm pitch in tilted (200) SEM and AFM images. Resolution limiting blurring can be seen in the SEM micrographs. Windmill structure is 
shown in two different materials: c) Al and d) Au. The SEM images demonstrate the identical geometries in two dimension scales: 1 μm (top) and 0.5 
μm (bottom) total structure width. 3D AFM topography images show a 2 X 2 portion of a 4 X 4 array. The plots show the average profiles extracted 
from the lateral axis of 12 structures. Error bars represent the standard deviation at the peak and the valley points. 
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material without damaging the main structure, can be applied 
to improve the resolution in our method. 

Furthermore, we analysed the topographical profiles extracted 
from the AFM scan data along the center horizontal axis of the 
windmill structures to comment on the topographical 
homogeneity. The averages of twelve profiles collected from 
different windmill structures in the same array are presented 
in Figure 5c and d for Al and Au, respectively, with the 
standard deviations indicated at the peak and the valley 
points. Since the variation in the 3D profiles stems primarily 
from the metal grain positions, standard deviations are larger 
with Al (average profile SD = 32 nm) than with Au (average 
profile SD = 16 nm) due to the larger average grain size of Al.  

We presented a novel use of stencil lithography to extend its 
applications to height profile regulation that allows for the 
fabrication of 3D nanostructures with inhomogeneous 
thickness profiles. SEM and AFM acquired visual and 
topographical data is used to characterize the lithographic 
capabilities of our method. First, we quantified the clogging 
rate on various tapered line patterns by relating their AFM 
measured maximum height profiles to aperture widths and 
extracted HtoW ratios as 1.69 for Au and 0.73 for Al. Our 
analysis on the AFM data showed no significant influence of 
aperture dimension or geometry on the clogging rate; 
however, data revealed a strong material dependence. 
Moreover, we presented various patterns both with straight —
four-pointed star and windmill— and curved —snail— 
geometric elements at different dimension scales, both with 
micron and submicron features, to illustrate the versatility and 
scalability of this approach, while discussing the resolution 
limiting aspects such as blurring and grain size dependence. 
Comparing individual windmill nanostructure profiles in an 
array, we were able to assess the homogeneity. The average 
profile standard deviation of arrayed windmill structures were 
measured as 32 nm and 16 nm for Al and Au, respectively, 
which is affected by the average grain size of each material. 
This novel application of stencil lithography for the third 
dimension control in the nanoscale has great potential to pave 
the way for applications in many fields, such as photonics and 
bio-inspired materials. 
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