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Nanomechanical resonant structures in nanocrystalline diamond
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We report the fabrication and the operation of nanomechanical resonant structures in nanocrystalline
diamond. For this purpose, continuous diamond films as thin as 80 nm were grown using microwave
plasma enhanced chemical vapor deposition. The lateral dimensions of the fabricated structures
were as small as 50 nm and the measured mechanical resonant frequencies were up to 640 MHz.
The mechanical quality factors were in the range of 2500–3000 at room temperature. The elastic
properties of these films obtained via the resonant measurements indicate a Young’s modulus close
to that of single-crystal diamond. ©2002 American Institute of Physics.
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Nanomechanical and nanoelectromechanical reso
structures~NEMS! are being considered for sensing applic
tions, similar to those demonstrated in micromechan
structures~MEMS!1,2 with a hope of gaining even highe
sensitivity via the high resonant frequencies achievable
NEMS. One of the motivations for studying NEMS fabr
cated in different materials is to optimize relevant propert
such as hardness, compatibility with operating environm
low dissipation, or the ease of the processing and integra
Another motivation is to study the properties of those ma
rials using NEMS. To date, NEMS have been fabricated
reported, in Si,3 SixNy ,4 SiC,5 AlN,6 and spin-on glass.7 In
this work, we report on nanomechanical resonant structu
fabricated in nanocrystalline diamond. For technological p
poses, diamond may be one of the most desirable mate
for many NEMS applications because it is chemically ve
resistant, has a high hardness and thermal conductivity. D
ing during deposition also allows for a wide range of ele
trical conductivities.8 In particular, the high Young’s modulu
of diamondE ~;1000 GPa! as well as relatively low mas
density,r ~3500 kg m23),9 result in a high sound velocity
AE/r. As will be shown next, a high sound velocity allow
us to retain the size of a resonant structure and still obta
high resonant frequency. To date, MEMS with dimensions
order of magnitude or 2 larger than those reported here h
been fabricated in polycrystalline diamond,10 nanocrystalline
diamond,11 as well as in amorphous carbon.12

The nanocrystalline diamond films used for fabricati
the structures described here have a columnar growth s
ture with grains that range in size from 5–15 nm on t
nucleation side to;10% the thickness of the film on th
growth surface. The deposition is done by microwave plas
enhanced chemical vapor deposition~CVD! using CH4 and
H2.13,14 The substrate is pretreated by exposing it to
deposition conditions in the microwave chamber for 20 m
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Then, the substrate is removed from the chamber and
treated in an ultrasonic bath of nanodiamond powder d
persed in ethanol, rinsed, and dried. Finally, the nanocrys
line diamond film is grown at 750 °C using gas flows of 9
sccm hydrogen and 3 sccm methane, 800 W microw
power while the thickness is monitoredin situ using laser
interferometry at 677 nm. The diamond films thus obtain
have measured density of 3500 kg m23,14 the same as the
density of single-crystal diamond.9 The Raman spectra o
these films using 488 nm excitation shows a well defin
1332 cm21 diamond zone center phonon peak and well
weaker broadband at 1500 cm21. The deposition proces
described herein has been used to deposit diamond film
silicon and silicon dioxide. For the purposes of this study,
films were deposited on 1mm of silicon dioxide obtained by
thermal oxidation of a single-crystal silicon wafer.

The structures seen in the micrographs in Figs. 1, 2,
3 are fabricated using electron-beam lithography. The pat
is transferred into the diamond films using a CF4 /O2 reactive
ion etch11 with the diamond film protected by a metal mas
After the removal of the mask, the structures are release
buffered hydrofluoric acid which removes the underlying o
ide layer. The fabrication sequence is very similar to the o
we use for silicon15 and silicon nitride4 nanomechanica
structures. Most of the structures did not need the criti
drying point step16 for their release. The resulting structure
have lateral dimensions as small as 50 nm and as large
mm. Figure 1 shows details of a part of the structure, 200
wide and about 200 nm thick. In the same picture, we c
see the columnar grain structure and the surface roughne
these films.

Figures 1 and 2 show mechanical structures that w
actuated using a piezoelement.17 All of the measurements
were done in a vacuum of about 1026 Torr. The motion is
detected interferometrically15,18 with the structure efficiently
modulating the light at 633 nm. The measured resonant
quencies of the doubly clamped paddles~Fig. 1! range from
6–30 MHz for their flexural ~out-of-plane! mode of
5 © 2002 American Institute of Physics
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FIG. 1. A 232 mm diamond paddle
with the details of the supporting arm
@in ~a! and ~b!#.
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motion.18 Their quality factors,Q5 f /D f are 2400–3500.
The measured resonant frequencies of the structures in F
were 8–20 MHz and their quality factors were around 30
The set of structures whose resonant frequencies we us
derive materials properties are shown in Fig. 3. They
doubly clamped beams varying in length from 8 to 1mm, in
steps of 0.5mm and resonant frequencies 34–640 MHz. T
width of the fabricated beams was as small as 50 nm an
wide as 1mm and thicknesses of about 180 nm. The bea
were actuated using an applied rf voltage between the st
ture and the substrate.18 In order to use this electrostatic driv
ing scheme, a wetting layer of chromium and a 35 nm la
of gold for conducting the electrical signal were evapora
on the structures and the substrate. Because the volum
fraction of the gold layer was significant, we expect it
affect the mechanical properties of the beams.

The data in Fig. 3 show the frequency dependence on
length of the beams. The angular frequency,v, of the first
resonant mode of a doubly clamped beam is given by:19

v5
4.732

L2 tA E

12r
.

Here, L is the length of the beam,t its thickness,E is
Young’s modulus of the material, andr is its density. For a
bilayer diamond/gold structure such as this one,r is replaced
by reffective where

reffective5Vdiamondrdiamond1Vgoldrgold,

andVmaterial is the relevant volumetric fraction. Assuming th
density of gold to be 19 300 kg m23,9 and the density of the
diamond 3 500 kg m23 we arrive at an effective Young’s
modulus of about 700 GPa. Taking into account the ela

FIG. 2. An 8mm and a 2.5mm radius mesh membrane structure.
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contribution of the gold layer, we derive the value of Young
modulus for the diamond to be 840 GPa. The value obtai
from this analysis is about 20% lower than that obtained
some of the diamond films grown under the same conditi
and measured using surface acoustic waves14 and is also out-
side the range of values of other CVD films8 or single-crystal
diamond.9 Considering that the beams are released by
isotropic etch which results in an undercut to the base
may contribute to the motion, this additional released ma
rial may result in a lower-frequency relative to a rigid
clamped beam. A simple addition of the overhang length
the length of the structure does not give an accurate tr
ment. The overhang is however somewhat clamped and
exact solution of the mode shape is necessary as it has
demonstrated in other analyses of similar beams.6 One would
not predict a very different value of Young’s modulus in ful
dense nanocrystalline films compared to the bulk Youn
modulus. A polycrystalline material would have to have ve
large grain boundaries and very small grains~much smaller
than in this material! for its elastic properties to differ dras
tically from the crystalline material as results from Bak
et al.20 demonstrate that a 10% difference is barely achi
able.

The resonant frequency of a 2mm long, 180 nm thick
diamond beam is 640 MHz. For comparison, the freque
of a 200 nm thick silicon beam of the same length is 3
MHz.21 The most important factor in the selection of a m
terial with which one can obtain the highest resonant f
quency for a given size is the sound velocity of the mater
given byAE/r. Diamond has a high sound velocity, 18 00
m s21 compared to AlN~5500!, Si ~7500!, or SiC ~11 400!.

FIG. 3. Resonant frequencies of the doubly clamped diamond beams,
mm long ~inset! plotted vs their length. The shortest beam measured wa
mm long.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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Another advantage of using diamond for NEMS is its re
tively low losses. The lower dissipation gives a sharper re
nant response and translates into higher sensitivity for ap
cations. Considering that these films have many grains
considerable surface roughness, one would expect Sn
~grain boundary! damping and possible surface-related los
to be large~surfaces are thought to be a significant source
dissipation in this size scale!.21 The quality factor values we
obtain for the diamond structures are comparable to thos
structures in silicon18 and silicon nitride4 of similar dimen-
sions and at room temperature. These comparable qu
factors in the aforementioned materials~a single-crystal, a
polycrystalline, and an amorphous one, all chemically diff
ent! imply that at room-temperature bulk material proces
may not be the limiting dissipation mechanism and thus
choice of material may not limit the width of the resona
frequency. If, for example, thermoelastic dissipation22 and/or
surface losses indeed dominate room-temperature loss
NEMS, then temperature dependent studies of the diam
may give us more answers about relevant dissipation
cesses in this material. High-Q resonators at lower frequen
cies have already been demonstrated in MEMS struct
made from films such as these11 and theirQ-factor values
also compare to those of identical polysilicon structures.23 It
is likely that the Q-factor value for NEMS could be im
proved with further optimization of grain sizes and cryst
line texture in these films.

In summary, we have fabricated, using standard lit
graphic and semiconductor processing techniques, nano
talline diamond structures with dimensions as small as
nm. The CVD diamond films used in this fabrication ha
been deposited on a variety of substrates, with thicknesse
low as 80 nm. The measured resonant frequencies of t
devices range up to 640 MHz. The elastic properties of
CVD diamond films obtained from these measureme
show elastic compliance close to that of single-crystal d
mond.
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