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Emerging nano-photonic[1] and nano-opto-mechanical [2] applications benefit from fabrication of 

complex three-dimensional structures. Creation of micrometer scale and sub-micrometer scale 

structures can be performed either additively, or subtractively. Additive techniques, where material is 

deposited, such as direct laser write [3,4], interferometric lithography [5,6], nano-origami [7,8] and 

colloidal self-assembly [9] have been used to create a wide array of complex sub-micrometer structures.

Examples of subtractive fabrication of three-dimensional structures, where material is removed, are less 

common.

Microelectronic fabrication requires the ability to create sub-micrometer and deep sub-micrometer 

scale patterns in resist and subsequent transfer of these patterns to the substrate. Plasma-based etching 

is the dominant etching technique and is used to create contact holes, define transistor gates, and 

pattern blanket metal layers into patterned interconnects. In plasma etching, a space-charge neutral 

region of ionized atoms and electrons is created inside the etch chamber. At the cathode a plasma 

sheath develops, where a large voltage drop develops accelerating etchant species ions at the surface of 

the wafer, where the material to be etched becomes volatilized and removed via vacuum pump[10]. The 

process of etching at the wafer surface is an enormously complex combination of plasma dynamics, gas 

phase kinetics and surface chemistry, but it is our ability to successfully navigate this complicated space 

which has enabled the creation of today’s state-of-the-art 22-nm transistors as well as breathtaking 

high-aspect-ratio MEMs and more niche microfabrication structures.

In most applications, plasma etching occurs through a patterned planar etch mask, either a soft mask 

such as photoresist or a hard mask such as oxide or nitride, in a direction normal to the wafer or 

substrate surface. This is the case in high volume manufacturing processes used in integrated circuit 

manufacturing as well as in many micromachining applications. Complex three-dimensional structures 

can be created using this approach in a layer-by-layer fashion [11,12]. For some next generation

applications etching of more complex 3-dimensional structures are required and alternative approaches 

to traditional top-down plasma based etching are sought.

Rather than being distributed throughout the etch chamber, the electric field responsible for 

accelerating the ions inside the chamber is concentrated in the narrow “plasma sheath” which conforms 

to the surface of the substrate. Simply tilting the substrate with respect to the nominal etching direction 

in an attempt to etch at oblique incidence is unsuccessful in most circumstances because the plasma 

sheath conforms to the substrate, once again accelerating the ions in the normal direction to the now-

tilted substrate surface (Fig. 1(A)). Oblique incidence etching is possible using a Faraday cage to alter the 

local plasma sheath, redirecting the energetic ions at an oblique angle with respect to the substrate 

surface normal (Fig. 1(B)). The plasma sheath conforms to the periphery of the Faraday cage, while 

inside the cage, the electric field is zero. By selecting a mesh of appropriate dimension, the accelerating 

electric field can be completely screened inside the cage, while ions accelerated by the plasma sheath 

are able to penetrate the screen, following their initial trajectory unabated until they strike the sample 
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at an angle defined by the Faraday cage geometry. This technique has been used to perform oblique 

etching on planar patterns using standard parallel plate etch systems. [13-16]. It is also possible to etch 

in multiple directions simultaneously using Faraday cages with multiple surfaces covered with mesh. In a 

similar vein, in [17] the authors fabricated a structure directly on top of the substrate to redirect the 

incident ions obliquely onto the substrate. Here we combine the oblique directionality provided by a 

Faraday cage with a suspended patterned membrane to demonstrate robust three-dimensional 

patterned etching of vertical silicon sidewalls, generalizing planar top-down etching into truly three-

dimensional subtractive patterning approach. 

Recently, we demonstrated membrane projection lithography (MPL) as a method for creation of 3-

dimensional metamaterial structures[18-19] in a polymer material system. In the MPL process, 

directional metal deposition is performed into unit cells through a patterned, suspended membrane, 

resulting in the deposition of metal-inclusions on the interior face(s) of the unit cell. MPL is capable of 

producing high fidelity 3-D inclusions at sub-micrometer dimensions with < 100 nm spatial resolution. 

The basic MPL process flow is covered in detail in a CMOS compatible material system [20], however we 

provide a brief synopsis of the approach for completeness. Formation of the dense array of unit cells 

begins by depositing a silicon nitride hard mask on a single crystal silicon substrate, and patterning the 

nitride with the desired array of unit cells, in this case, a square array of unit cells with micrometer scale 

lateral dimensions. Deep reactive ion etching is used to etch approximately topography into the silicon 

substrate. A PECVD oxide is then deposited, filling the cavities and overfilling the unit cell matrix. 

Chemical mechanical polishing is then used to planarize the sacrificial oxide back to the nitride layer etch 

mask, which now becomes a polish stop. Aluminum nitride is then deposited over the unit cell matrix 

Fig. 1 (A) Schematic diagram showing the conformal plasma sheath directing the etchant species normal 
to the tilted surface; (B) Oblique view of a Faraday cage with a mesh screen. The Faraday cage redirects 
the plasma orientation while the screen allows the ions to pass through; (C) Schematic diagram of the 
formation of the suspended patterned membrane; (D) Schematic diagram of oblique etching through 
the patterned membrane. 



and patterned with a deep-UV scanner and subsequent etch step. The oxide backfill can now be 

removed through the patterned AlN membrane (Fig. 1C), yielding the final suspended patterned 

membrane positioned over the unit cell. There is considerable freedom of choice for the unit cell 

dimensions, for this work, we created both cubic unit cell matrices with two micrometer cubic cavities 

and 100 nm and 300 nm thick walls between neighboring cavities.

A stainless steel block was machined into a 45-45-90 degree wedge with a 1.4 cm x 1.4 cm cavity. 

Stainless steel mesh (Goodfellow, Inc.) with a wire diameter of 66 m, with a grid spacing of ~ 6 

wires/mm and nominal aperture of approximately 100 m was used to form the ion-permeable surface 

mounted on the edges of the machined 45 degree face of the cage (Fig. 1(B)).

The two most common forms of plasma etching are inductively coupled plasma (ICP) etching and 

reactive ion etching (RIE). We have successfully etched using both etching approaches in multiple 

different etch systems.

Fig. 2 (A) Cross-section SEM image showing the suspended patterned aluminum nitride membrane over 
unit cells in high aspect ratio silicon topography; (B) Cross-section SEM image of an etched feature in the 
vertical silicon wall; (C) Cross-section SEM image showing the etch depth into the wall, where 115 nm of 
silicon was etched into a 280 nm thick silicon wall; (D) Oblique SEM image showing two consecutive 
etches after a 90 degree rotation of the sample in the Faraday Cage.

Fig. 2(A) shows an SEM image of the high-aspect ratio silicon structure to be etched. The structure 

consists of a two-dimensional array of rectangular parallelepiped unit cells with a coaxial split-ring 

resonator (SRR) patterned AlN membrane. The obvious etch notch between the unit cell wall and floor 

at the bottom of the unit cell is due to the etch used to form the unit cells, and can be eliminated by 



optimizing the etch parameters. The sacrificial oxide backfilling the unit cell formed a keyhole which 

resulted in the coaxial “dot” in the middle of the SRR pattern. Although unintentional, this dot 

demonstrates the formation of high fidelity patterns this approach is capable of transferring. Three unit 

cells of a dense array of similar unit cells are shown. A Versaline ICP with a Cl2/CF4 mixture (20 sccm, 20

sccm), background pressure of 10 mTorr, RF power of 500 W was used to etch the silicon. The cross-

section SEM in Fig. 2(B) shows the successful transfer of the membrane pattern into one vertical face in 

the interior of the unit cell after 300 seconds of etching. Fig. 2(C) shows a cross-section SEM of the 

etched wall, where 115 nm of the 280 nm thick wall was etched, yielding an etch rate of 3.8 A/s. (Note:

the etch parameters have not been optimized for etch rate). In Fig. 2(D), two shorter consecutive etches 

were performed with a 90 degree rotation of the sample between etches so that two adjacent faces of 

the unit cell have been decorated. Additionally, in Fig. 2(D), the AlN membrane was removed in a basic 

SC1 clean, a standard CMOS cleaning solution (10:1:1, H2O:HN3OH:H2O2). No apparent degradation of 

the AlN mask was evident after 600 s of combined etching.

In Fig. 3(A-D) we show MPL-Etching results on the external faces of silicon pillars, demonstrating that 

the approach is quite versatile. In Fig. 3(A), a single cross is etched into the vertical face of the pillar. The 

distortion of the cross is a faithful representation of the distorted membrane pattern, due to the 

difficulties in resolving these deep sub-micrometer features using the available optical stepper. Fig. 3(B) 

shows a pillar with 2 consecutive etches performed after a 90 degree rotation of the sample. Again, no 

obvious Fig. 3(C) shows isolated dots while Fig. 3(D) shows parallel dashes. The smallest dimension in 

both of these patterns is approximately 100 nm. 

Fig. 4 contains SEM images of through wall etching using an RIE system with an SF6/Ar gas mixture (14 

sccms/3 sccms) at ~10 mTorr, with 350 W RF power and 650V DC bias. In Fig. 4(A), the coaxial SRR is 

Fig. 3 (A) Oblique SEM image of silicon pillars patterned with a cross on a single side; (B) Oblique SEM 
image of a pillar patterned on multiple sides; (C) Oblique SEM image of pillars with ~100 nm isolated 
etched features; (D) Oblique SEM image of ~100 nm etched dashes.



etched. The unit cell wall at the top ~2/3 of the SRR pattern is completely etched through, revealing the 

unit cells in the row behind the cleaved face. Due to the slight flaring of the unit cell wall, the bottom of 

the SRR failed to etch completely through. Of note is the coaxial dot (also etched through) 

demonstrating a qualitative measure of the possible resolution of this technique. In Fig. 4(B), an x-

pattern was significantly over-etched through the vertical wall. Although the pattern fidelity on the side 

wall has been lost due to the overetching, the pattern in the floor of the unit cell is well defined and can 

only result from the flux of etchant species through the horizontal membrane, through the vertical 

silicon wall and into the floor of the neighboring unit cell.  

Fig. 4 Through wall patterns created using an RIE etch with SF6/Ar gas mixture. (A) Cross-section SEM of 
a coaxial split ring resonator. The patterned wall of the neighboring unit cell is visible through the 
patterned wall in the foreground; (B) Cross-section SEM showing an x pattern etched completely 
through the wall and into the floor of the neighboring unit cell.

Given the success of the MPL approach as a deposition technique, the success of an MPL-based etching 

approach might seem assured. One significant difference between deposition in an e-beam evaporator 

and a plasma etch chamber is the ambient pressure. In a metal evaporator, metal is deposited 

somewhere between 10-7 Torr - 10-6 Torr, while typical etch pressures range from 10-3 Torr- 0.1 Torr. 

One of the metrics which is used to assess etch quality is resolution. The increased pressure inside the 

etch chamber could possibly affect this by causing gas phase collisions in the volume of the Faraday 

cage, resulting in redirection of the incident etchant species even in the absence of applied field. While 

we have not performed rigorous resolution experiments, we have empirical evidence which indicates 

this approach is capable of resolving < 50 nm features (Supplemental Information).

Demonstration of the ability to etch complex patterns into high aspect ratio structures has the potential 

to impact a wide variety of next generation micro and nano structured research. In structured 

electromagnetic research, complementary metamaterials are formed following Babinet’s principal 

where continuous metallic films are patterned with clear openings in the form of split ring resonators or 



other resonant structures. Where the standard resonators operate on the electric field, the CMM 

resonators operate on the magnetic field (or vice versa). For non-metallic structured electromagnetic 

materials, researchers are using solid prisms of high index semiconductors formed into dielectric 

resonators with significantly lower loss than metallic resonator based metamaterials. The quality factor 

(Q-factor) of these structures is dramatically impacted by the shape and symmetry of the dielectric 

resonator. The patterned etch presented here could be used to dress the faces of the dielectric 

resonator with structure to modify the Q-factor or alternatively, complete low-index (air) dielectric 

resonators could be formed in the high index background, forming complementary dielectric 

metamaterials.
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Supplemental Information

Etch Resolution

In practical terms, resolution must be measured in two ways: 1) The smallest resolvable sparse features; 

and 2) The closest placement of two or more dense features. While we have not established rigorous 

quantitative measures of these two metrics, we do have qualitative data that indicates the technique is 

capable of resolving sparse features with dimensions <50 nm. Consider the two cross-section SEMs in 

Fig. SI1. During the AlN membrane pattern etch for this experiment, etch residue was deposited on the 

walls of the patterned photoresist used to define the membrane pattern. An incorrect sequence during 

the photoresist removal stage resulted in the formation of a gossamer thin halo, or etch veil surrounding 

the patterned membrane (Fig. SI1(A)). This veil has been eliminated in subsequent processing runs, but 

it provides an interesting probe into the fine-feature pattern transfer of this approach. Figure SI1(B) 

shows a cross section SEM of an etched feature in a vertical silicon wall. The top of the etched feature is 

fairly smooth, as this edge was defined by the bottom edge of the AlN membrane, which is smooth. The 

inner edge of the etched feature has a pronounced high spatial frequency roughness, matching that of 

the etch veil. This edge in the etched feature is defined by the top of the AlN membrane which, in this 

case possesses the veil. In this case, the fine sub-50 nm roughness of the veil is transferred into the 

silicon.

Fig. SI1 (A) Cross-section SEM showing the etch veil present in the membrane, formed during the AlN 
pattern etch; (B) Cross-section SEM showing a vertical silicon wall where the high spatial frequency 
roughness of the veil has been transferred into the wall.

In Fig. SI2 more examples of etched patterns are shown. In SI2(A), a cross pattern is transferred into the 

side wall. In this case the etch was performed to just short of breakthrough. Small regions of each cross

have started to breach the wall, but the wall under most of the pattern is intact. The pattern is very well 

defined, with smooth edges. In Fig. SI2(B), a dipole pair pattern was etched significantly past break 

through, as in Fig. 4(B) in the main text. Again, the presence of the pattern in the floor is due to the 



breakthrough of the unit cell wall, and continued etching into the floor of the neighboring unit cell. The 

silicon segment between the two dipole elements is ~ 100 nm across.

Fig. SI2 (A) Cross-section SEM image of a cross pattern etched to the point of breakthrough; (B) Cross-
section SEM image of a dipole pair etched completely through the wall and into the floor of the 
neighboring unit cell. The silicon between the etched dipole features is ~100 nm wide.


