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ABSTRACT: A variety of nanoscale photonic, mechanical, electronic, and
optoelectronic devices require scalable thin film fabrication. Typically, the device
layer is defined by thin film deposition on a substrate of a different material, and
optical or electrical isolation is provided by the material properties of the
substrate or by removal of the substrate. For a number of materials this planar
approach is not feasible, and new fabrication techniques are required to realize
complex nanoscale devices. Here, we report a three-dimensional fabrication
technique based on anisotropic plasma etching at an oblique angle to the sample
surface. As a proof of concept, this angled-etching methodology is used to
fabricate free-standing nanoscale components in bulk single-crystal diamond,
including nanobeam mechanical resonators, optical waveguides, and photonic
crystal and microdisk cavities. Potential applications of the fabricated prototypes
range from classical and quantum photonic devices to nanomechanical-based
sensors and actuators.
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Realizing complex three-dimensional structures in a range Diamond is especially attractive for a variety of nanoscale
of material systems is critical to a variety of emerging devices due to its exceptional physical and chemical properties,
nanotechnologies. This is particularly true of nanophotonic and including high mechanical hardness, Young’s modulus, and
nanomechanical systems, both relying on free-standing small thermal conductivity.® Optically, it is transparent over a wide
scale components. In the case of nanomechanics, necessary wavelength range (from 220 nm to the far-infrared), has a high
mechanical degrees of freedom require physically isolated refractive index (n ~ 2.4) and large Raman gain,6 and is host to
structures, 1such as suspended beams, cantilevers, and a vast inventory of luminescent defect centers.” Specifically, the
membranes.. For nanophotonics, elements like waveguides negatively charged nitrogen-vacancy defect in diamond has

and photonic crystal cavities rely on light confinement provided
by distributed Bragg reflection or total internal reflection, which
requires refractive index contrast between the device and the
surrounding medium (often air).>* Such suspended nanostruc-
tures are typically fabricated in a heterolayer structure,
comprising of device (top) and sacrificial (middle) layers
supported by a substrate (bottom), using standard surface
nanomachining techniques.*> A selective, isotropic etch is then
used to remove the sacrificial layer, resulting in free-standing
devices. While high-quality, crystalline, thin film heterolayer

structures are readily available for silicon (as silicon-on-

. . . crystal ion-slicing"***?°™>° have been used to realize nanoscale
insulator (SOI)) or III—V semiconductors (i.e., GaAs/AlGaAs), Tystal i 8 o X
there remains an extensive list of materials with attractive mechanical or optical structures in single-crystal diamond, both

electro-optic, piezoelectric, quantum optical, and other proper- techniq'ues. gel'lerally co'mpromis.e the ﬁnf"l material'ql'lality d'ue
ties for which high quality single-crystal thin film heterolayer to fabrication-induced imperfections, which often limits device

structures are not available. These include complex metal

recently gained significant attention due to its operation as a
stable source of single photons at room temperature®’ and as
an optically addressable solid-state spin-qubit.'"®™"> Diamond
has many potential applications ranging from radio frequency
NEMS,'** to all-optical signal processing and quantum
optics.' "> However, lack of scalable nanofabrication techni-
ques capable of realizing complex three-dimensional nanostruc-
tures in diamond has been the major limiting factor to more
widespread application of diamond in nanoscale science and
technology. While focused ion beam (FIB) millingls_20 and

oxides like lithium niobate (LiNbO,), silicon-based compounds Received: July 10, 2012
such as silicon carbide (SiC), III-V nitrides including gallium Revised: ~ November 13, 2012
nitride (GaN), and inert single-crystals such as diamond. Published: November 19, 2012
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Figure 1. (a) Angled-etching fabrication schematic: (i) an etch mask was defined by standard electron beam lithography and thin film deposition
techniques, (ii) the etch mask pattern was then transferred into diamond substrate by conventional top down plasma etching, (iii) angled-etching is
then employed to realize suspended nanobeam structures, (iv) residual etch mask is removed. (b) Schematic of triangular prism Faraday cage design
with inset showing the relationship between the prescribed etch angle and the nanobeam bottom apex. (c) Illustration of angled-etching from two
directions accomplished with the triangular prism Faraday cage design.

performance. Recently, significant progress toward a diamond-
on-insulator platform has been made via thinning bulk single-
crystal diamond slabs (typically S—20 yum thick) adhered to a
supporting wafer.'”°™*> Though this approach is quite
promising, the difficulty in obtaining uniform, large area
single-crystal diamond films limits its scalability. As such,
continued investigation into new fabrication methods for free-
standing nanostructures in bulk single-crystal diamond is
necessary.

In this work, a novel bulk nanomachining approach for
realizing suspended nanoscale mechanical and photonic
elements is presented, with single-crystal diamond used as the
example material system. Established planar fabrication
processes, including electron beam lithography and anisotropic
plasma etching, are employed, but in such a way as to produce
suspended triangular cross-section nanobeam structures
directly from single-crystal bulk diamond substrates. Figure la
illustrates our approach to realize suspended nanobeam
structures. Previously, free-standing triangular cross-section
nanobeam structures have been proposed™* and demonstra-
ted'® in single-crystal diamond via FIB milling. The fabrication
methodology presented here is a natural extension of this work,
but with FIB-induced artifacts eliminated. These include Ga*
implantation and crystal damage, redeposited material, tapered
sidewalls, one-of-a-kind nature of fabricated devices, and an
inherently slow fabrication process.

Single-crystal diamond substrates (Element Six) were first
cleaned in a boiling mixture consisting of equal parts sulfuric
acid, nitric acid, and perchloric acid. Following the acid clean, a
~200 nm thick titanium etch mask was defined on the prepared
diamond substrate using electron beam evaporation and
electron beam lithography techniques. Oxygen-based plasma
etching was then carried out in a two-part process. First, a
conventional top down anisotropic plasma etch was used to
transfer the etch mask pattern into the bulk diamond.*® The
diamond substrate was etched to a depth near 600 nm in this
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step. Following this, a second anisotropic etch step was
performed, but at an oblique angle to the substrate surface
(referred hereafter as “angled-etching”) to release the
nanostructures and yield the final suspended nanobeams.
This angled-etching was achieved using a standard reactive
ion etcher, by housing the sample inside a Faraday cage36’37 to
shield it from electromagnetic fields. Although the Faraday cage
has small grid openings on its surface, the effect of an external
field is attenuated drastically within a small distance of the
opening. Thus, the potential gradient in a plasma etching
process builds up over the face of the Faraday cage and
accelerates ions along a path perpendicular to the cage surface.
Once the ions move past the metal grid and inside the cage,
they are no longer accelerated and travel ballistically toward the
substrate. Therefore, plasma ions may be directed to the sample
surface at an oblique angle in multiple directions, determined
by the geometry of the cage.”” One such Faraday cage design is
a triangular prism structure shown schematically in Figure 1b.
The triangular prism design allows for angled-etching in two
simultaneous directions, as illustrated in Figure 1lc. The incline
angle of this Faraday cage () defines the ion incidence angle
relative to the surface normal (Figure 1b inset). As such, the
angle at the bottom apex of the final triangular cross-section
nanobeams is 26. Triangular prism Faraday cages with 8 ~ 45°
were used in this work to fabricate suspended nanobeam
mechanical and photonic structures. The bottom and triangular
end plates of the Faraday cages were constructed out of
aluminum, and the cage faces were aluminum mesh with 250
pum diameter mesh wire and a 2 mm X 2 mm pitch. The
Faraday cage height and length were 10 mm and 50 mm,
respectively, with the distance between cage bottom and the
surface of the diamond substrate fixed at ~3.5 mm. While
different configurations of Faraday cages can be used, it is
important to emphasize that angled-etching may not be realized
through simple tilting of the substrate within a plasma etcher
without a Faraday cage.*®*’

dx.doi.org/10.1021/n1302541e | Nano Lett. 2012, 12, 6084—6089
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Figure 2. SEM images and an array of (a) suspended ~S00 nm wide solid diamond nanobeams fabricated with a triangular prism Faraday cage.
Close-up SEM images of (b) ~500 nm, (c) 350 nm, (d) 200 nm, and (e) 75 nm wide solid diamond nanobeams. SEM images of FIB cross-sectioned
(f) ~350 nm and (g) ~250 nm wide solid diamond nanobeams. All SEM images were taken at a 60° stage tilt.

Both the initial top-down etch and the angled-etch steps
were performed in a UNAXIS Shuttleline inductively coupled
plasma-reactive ion etcher (ICP-RIE) with the following
parameters: 700 W ICP power, 100 W RF power, 50 sccm
O, flow rate, 2 sccm Cl, flow rate, and 10 mTorr chamber
pressure. Chlorine gas was included in the oxygen plasma
diamond etch to prevent mask redeposition and subsequent
roughening of the suspended feature. The trace amount of
chlorine promotes the formation of volatile titanium chlorides,
which eliminates micromasking due to ion bombardment of the
titanium etch mask. However, it is important to note that the
inclusion of chlorine may modify the diamond surface, which
could ultimately influence the properties of nitrogen-vacancies
or other color centers in close proximity to these surfaces. An
approximate top-down etch rate of 200 nm/min was measured
under these plasma conditions, and a comparable rate was
observed for angled-etching. Following the oxygen-based
plasma etching, the remaining titanium etch mask was removed
in concentrated hydrofluoric acid.

Figure 2 displays scanning electron microscopy (SEM)
images of a range of suspended single-crystal diamond
nanobeams fabricated by angled-etching with the triangular
prism Faraday cage design. The nanobeam structures, which are
examples of doubly clamped nanomechanical resonators or
optical waveguides, are suspended above the diamond substrate
with significant clearance (~2 um). Fabricated suspended
diamond nanobeams span up to 85 pm long devices, with
nanobeams widths ranging from 75 nm to over a micrometer
wide. The nanobeams appear straight, in contrast to free-
standing single-crystal diamond structures fabricated by crystal
ion-slicing,">'**”** which were observed to bow significantly
due to residual fabrication-induced stress.

To characterize the etch angle of the fabricated structures,
suspended nanobeams were cross-sectioned by FIB milling.
Prior to ion milling, the suspended diamond structures were
sputter coated with ~150 nm of gold, which acted as an initial
protection against FIB exposure. FIB cross sections began by
coating a section of the free-standing nanobeams in a thick
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layer of platinum using ion beam-assisted deposition. A 30 kV
Ga* ion beam was then used to mill away the platinum and
gold-coated diamond, exposing the triangular cross-section for
SEM imaging.

Inspections of the FIB cross-sectioned diamond nanobeams,
shown in Figure 2f and g, revealed the expected triangular cross
section. However, careful measurement of the apex half angle
from a set of beams of various widths reveals an average etch
angle of ~35°. Consequently, the diamond nanobeams have a
larger height/width ratio than expected from the 0 ~ 45°
triangular prism Faraday cage. This discrepancy may be
attributed to nonideal verticality resulting from the plasma
etch parameters. A slight asymmetry is also observed in the
triangular cross sections and was most likely due to a minor
tilting of the substrate relative to the bottom of the Faraday
cage. Since the ion trajectory is fixed by the mesh faces of the
Faraday cage, by tilting the sample within the cage it is also
possible to exploit this effect to adjust the cross-section of the
final nanobeams.*”

Beyond simple solid nanobeams, the angled-etching process
presented here may also be used to fabricate nanobeam
photonic crystal cavities (or simply “nanobeam cavities”),>* as
shown in Figure 3. This nanobeam cavity architecture,***!
based on a suspended nanobeam perforated with a chirped one-
dimensional lattice of air holes, features ultra high quality
factors (Q-factors) and ultrasmall mode volumes close to or
below the diffraction limit (V ~ (4/n)*). The prototype design
in Figure 3, which is adapted from previous work,** is based
on a 400 nm wide nanobeam, @ ~ 35° etch angle, lattice period
of 220 nm, and elliptical holes with a major radius decreased
quadratically from r; ~ 100 nm at the center to r3y ~ 60 nm at
each end over 30 periods. Using finite-difference time-domain
modeling, the nanobeam cavity design was confirmed to have a
fundamental resonance at 4 ~ 637 nm, with a Q-factor near 3 X
10° and mode volume of 2.26*(1/n)>. Interestingly, both the
height and the width of angled-etched nanobeam cavities are
determined by the width of the etch mask. This allows for truly
three-dimensional scaling of the structure dimensions, and

dx.doi.org/10.1021/nl302541e | Nano Lett. 2012, 12, 6084—6089
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Figure 3. SEM images of (a) an array of fabricated diamond
nanobeam cavity prototypes and (b—c) cavity region of an individual
nanobeam cavity. (d) SEM image of an array of nanobeam cavities
which are physically scaled from 75% to 135%, and (e) zoomed in
image of smallest, 75% scaled nanobeam cavity in the array. All SEM
images were taken at a 60° stage tilt.

therefore the tuning of the cavity resonance, simply by
changing the dimensions of the etch mask. Similar flexibility
is not available with photonic crystal cavities fabricated in thin
films by surface nanomachining where the film thickness is a
fixed parameter. To illustrate this point, Figure 3e shows an
array of photonic crystal cavities with different physical scaling.
Here, the prototype nanobeam cavity design dimensions are
scaled from 75% to 135%, in equal intervals. Figure 3f is a
zoomed in image of the 75% scaled nanobeam cavity. Note that
the etch pits observed in Figure 3 are the result of crystal
defects in the diamond substrates. Such etch pits are not
uncommon in standard grade diamond substrates.*®

Other complex suspended nanobeam structures have also
been realized with alternative Faraday cage designs. Figure 4a is
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Figure 4. Schematic illustrations of (a) conical Faraday cage design
and (b) angled-etching of the substrate from all directions. SEM
images of (c) ~3—S pm diameter undercut microdisks and (d) ~500
nm wide nanoring structure; (e) ~500 nm wide curved and (f) ~750
nm wide spiral nanobeams; and (g) ~1 um wide nanobeam
cantilevers. All SEM images were taken at a 60° stage tilt. Scale bars
correspond to 5 pm.

a schematic of a conical Faraday cage design, where angled-
etching occurs in all directions simultaneously, as illustrated in
Figure 4b, which allows fabrication of suspended nanobeams
oriented at arbitrary angles with respect to each other. Conical
Faraday cages used in this work were constructed in a similar
fashion as the triangular prism cages, again using a machined
aluminum base and the identical aluminum mesh as before. The
conical Faraday cage had a bottom diameter of 20 mm and an
incline angle of ~60°, with the diamond substrate surface fixed
at a height of ~10 mm from the cage bottom. Figure 4c and d
show SEM images of micrometer-scale undercut diamond disks
and suspended 500 nm wide nanorings. Angle-etched micro-
disks and suspended nanorings are expected to support
whispering gallery modes, and as such, may operate as on-
chip optical resonators.******7*¢ These structures were
fabricated using identical processing conditions as those for
suspended nanobeams fabricated with the triangular prism
Faraday cage. The noticeable asymmetry in the undercut
microdisk features was likely the result of off-center placement
of the substrate within the conical Faraday cage. FIB cross
sections of free-standing nanorings (not shown here) revealed
an etch angle of ~50°, which is again ~10° off the prescribed
etch angle, yielding a larger height/width ratio. To further
demonstrate the versatility of angled-etching with a conical
Faraday cage, curved and spiral suspended nanobeam structures
were also fabricated, with representative images shown in

dx.doi.org/10.1021/nl1302541e | Nano Lett. 2012, 12, 6084—6089
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Figure 4e and f, respectively. It was also observed that angled-
etching with a conical Faraday cage was the preferred route to
make cantilever structures, such as in Figure 4g.

In summary, a novel bulk nanomachining methodology for
suspended nanobeam structures has been presented. The
process is based on angled-etching achieved by housing a
substrate within a Faraday cage during anisotropic plasma
etching. Prototype devices fabricated in single-crystal diamond
include suspended doubly clamped nanobeam mechanical
resonators, optical waveguides, photonic crystal cavities,
microdisks, and nanoring resonators. With the ability to create
suspended nanobeam structures at virtually arbitrary angles and
curvatures, the angled-etching process is a novel platform for
realizing integrated photonic and mechanical structures in bulk
media. This nanofabrication methodology will impact a wide
variety of areas, ranging from classical and quantum photonic
devices to NEMS-based sensors and actuators. Owing to the
unique properties of diamond, and the current outstanding
challenge to fabricate functional nanoscale devices in single-
crystal diamond,'" the presented fabrication procedure
demonstrates a novel platform for integrated diamond-based
nanomechanical and photonic devices. Furthermore, it allows
for realization of novel all-diamond optomechanical devices*”**
that could take advantage of exceptional mechanical and optical
properties of diamond. The current work is focused on
characterization of fabricated nanoscale mechanical and
photonic diamond prototype devices shown here, with
experimental results to be presented in future dedicated
manuscripts.
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