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With its host of outstanding material properties, single-crystal diamond is an attractive material for

nanomechanical systems. Here, the mechanical resonance characteristics of freestanding, single-crystal

diamond nanobeams fabricated by an angled-etching methodology are reported. Resonance

frequencies displayed evidence of significant compressive stress in doubly clamped diamond

nanobeams, while cantilever resonance modes followed the expected inverse-length-squared trend.

Q-factors on the order of 104 were recorded in high vacuum. Results presented here represent initial

groundwork for future diamond-based nanomechanical systems which may be applied in both classical

and quantum applications. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821917]

The outstanding material properties exhibited by diamond

make it an attractive nanomechanics platform, due in part to

its high Young’s modulus, high thermal conductivity, and low

intrinsic dissipation.1 In addition, diamond is an impressive

optical material, with its wide transparency window and vast

inventory of luminescent defects.2 In particular, the negatively

charged nitrogen vacancy (NV�), has garnered significant

attention from its operation as a room temperature single

photon source3 and an optically addressable solid-state spin-

qubit.4 Integration of NV� centers with diamond nanomechan-

ical systems would ultimately enable scalable quantum

information architectures5 and sensitive nanoscale magnetom-

etry.6 Despite its promise, single-crystal diamond nanome-

chanical resonators have progressed slowly, primarily due to a

lack of heteroepitaxial growth techniques. With the emergence

of wafer-scale nanocrystalline diamond thin films on support-

ing substrates,7,8 micron,9 and nanometer10 scale mechanical

systems have been realized in this material. However, their

performance is often limited by inferior properties due to grain

boundaries, impurities, and large interfacial stresses.7

To date, fabrication of single-crystal diamond nanome-

chanical systems has mainly utilized crystal ion slicing,11

where irradiation of a single-crystal diamond substrate with

energetic ions creates a sub-surface graphitized layer which

can be selectively removed. However, residual crystal dam-

age and large film stresses resulting from ion implantation

significantly reduces final device quality.11,12 Though, newly

developed homoexpitaxial regrowth on single-crystal dia-

mond membranes released by ion slicing13 have advanced

this fabrication methodology. Recently, small scale single-

crystal diamond cantilevers14—exhibiting mechanical

Q-factors >105—were fabricated via a diamond-on-

insulator platform,15 created by thinning diamond slabs

adhered to a supporting substrate. Although this approach

remains promising, without heteroepitaxially grown thin

films, further development of diamond nanomechanical sys-

tems requires exploring alternative device fabrication

avenues.

Recently, we developed the three-dimensional nanofab-

rication of suspended nanostructures from bulk single-crystal

diamond substrates. This fabrication process, described in

detail elsewhere,16 employs anisotropic plasma etching per-

formed at an oblique angle to the substrate surface (referred

to hereafter as “angled-etching”). Angled-etching yields

freestanding nanobeams—with triangular cross-sections—

directly from single-crystal diamond substrates. In this work,

the nanomechanical properties of doubly clamped nanobeam

resonators and cantilevers fabricated in single-crystal dia-

mond by angled-etching are presented.

Figure 1 displays SEM images of diamond nanomechani-

cal resonators. Freestanding nanobeams were 10 to 85 lm

long, with widths between 500 nm and 1.3 lm. Optical grade,

h100i-oriented, single-crystal diamonds (<1 ppm [N], Element

Six) were used throughout this work. In general, angled-

etching fabrication offers excellent yield (>95%) and through-

put (>103 devices/mm2), with over 500 devices measured in

this work. Nanobeams shown in Figures 1(a) and 1(b), which

are doubly clamped nanomechanical resonators, are suspended

above the diamond substrate with significant clearance

(�1.5 lm). As displayed in Figure 1(c), focused ion beam

(FIB) milled cross-sections revealed a symmetric triangular

shape, with a bottom apex half-angle of h� 50�. With angled-

etching, the nanobeam thickness (t) is linked to the prescribed

width (w) via the relationship t ¼ w=ð2 tan hÞ. Figures 1(d)

and 1(e) show images of as-fabricated single-crystal diamond

nanobeam cantilevers, which displayed identical substrate

clearance and cross-section to doubly clamped nanobeams.

The transverse vibrations of rigid nanobeams are

described by Euler-Bernoulli theory,17 which yields a rela-

tionship for nanobeam resonance frequency that is inversely

proportional to the length squared and directly proportional

to the width. Since the diamond nanobeam cross-section is

not axially symmetric, out-of-plane and in-plane bending

moments are Ix ¼ wt3

36
and Iy ¼ w3t

48
, respectively. As such, the

geometry dependent resonance frequencies, fn, are

fx;n ¼
1

ð2pÞ
kn

2

l2

ffiffiffiffiffiffiffiffi
Et2

18q

s
(1a)a)Author to whom correspondence should be addressed. Electronic mail:

loncar@seas.harvard.edu. Tel.: (617) 495-579. Fax: (617) 496-6404.

0003-6951/2013/103(13)/131904/5/$30.00 VC 2013 AIP Publishing LLC103, 131904-1

APPLIED PHYSICS LETTERS 103, 131904 (2013)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

140.247.19.199 On: Fri, 10 Jan 2014 15:46:30

http://dx.doi.org/10.1063/1.4821917
http://dx.doi.org/10.1063/1.4821917
mailto:loncar@seas.harvard.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4821917&domain=pdf&date_stamp=2013-09-23


and

fy;n ¼
1

ð2pÞ
kn

2

l2

ffiffiffiffiffiffiffiffiffi
Ew2

24q

s
; (1b)

where E is the Young’ modulus, q is the material density,

and l is the nanobeam length. The parameter kn is a mode

index, which is determined from boundary conditions associ-

ated with the specific type of nanobeam resonator.17 From

the triangular nanobeam cross-section in Figure 1(c), Eq. (1)

indicates that the same order out-of-plane vibrations occur at

lower frequencies than in-plane ones.

Diamond nanobeam Brownian motion was characterized

via optical interferometric displacement detection, employing

a focused laser at normal incidence to the substrate.18 In this

detection scheme, interference between light confined within

the nanobeam and the standing light wave—which originates

from the incident laser interfering with light reflected from the

substrate—provided ample displacement sensitivity to out-of-

plane motion. Additionally, optical characterization of nano-

beam resonators in a similar configuration has previously

been shown to provide comparable sensitivity to in-plane res-

onator motion.19 Details regarding the detection limits

afforded by this technique are discussed later in the text. The

characterization set up, shown schematically in Figure 1(f),

employed a tunable telecom laser focused by an objective

(NA¼ 0.5), through a vacuum chamber view port, on the dia-

mond nanobeams. Individual nanobeams were positioned

under the focused laser spot using motorized stages. Light

reflected from the sample was collected by a photodetector

(New Focus model 1811). A spectrum analyzer at the photo-

detector output revealed mechanical resonances. All measure-

ments were conducted at �10�6 Torr and room temperature.

Figure 2(a) displays a thermomechanical power spectral

density (PSD) collected from a 675 nm wide, 55 lm long dou-

bly clamped diamond nanobeam. High-resolution thermal

noise spectra of the observed resonances are displayed as

insets. Since diamond nanobeams are not externally actuated,

the voltage spectral density of the thermal fluctuations, Sv
1=2

(lV/Hz
1=2), may be converted to a displacement spectral den-

sity, Sz
1=2 (pm/Hz

1=2), via equipartition theorem.20 To do so, the

spring constant of each mode was determined via finite ele-

ment method (FEM) simulations (COMSOL Multiphysics).21

Fitting to calibrated thermomechanical spectra gave the reso-

nance frequency, mechanical Q-factor, conversion from volt-

age to displacement, and displacement noise floor. The

mechanical Q-factors are approximately 9400, 10 900, and

19 000 for the three mechanical modes, respectively.

Mechanical resonance frequencies measured from �565

and 675 nm wide doubly clamped nanobeams are plotted in

Figures 2(b) and 2(c) as a function of length. Here, only the

first three observed resonance frequencies are plotted.

Although the higher-frequency resonances appear to follow

an inverse power law relationship with length, the lowest fre-

quency mode displays a complicated behavior, not following

trends predicted by Euler-Bernoulli theory. Such a discrep-

ancy between theory and experiment is a strong indication

the diamond nanobeams are compressively stressed,22,23

which modifies the expected resonance frequencies as

fnðrÞ ¼ fn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� rAl2

kn
2EI

s
; (2)

where r is the magnitude of uniaxial compressive stress

along the length of the beam and A is the cross-sectional

area. As such, compressive stress lowers the resonance fre-

quency, with the term under the square root in Eq. (2)

FIG. 1. (a) SEM image of an array of freestanding doubly clamped single-

crystal diamond nanobeams. (b) SEM image and (c) corresponding FIB

cross-section of an individual as-fabricated �675 nm wide diamond nano-

beam. SEM images of (d) an array of freestanding single-crystal diamond

cantilevers and (e) an individual as-fabricated �675 nm wide diamond canti-

lever. All SEM images taken at a 60� stage tilt. (f) Schematic of the optical

characterization setup.

FIG. 2. (a) Representative thermome-

chanical power spectral density of a

�675 nm wide and 55 lm long doubly

clamped diamond nanobeam revealing

three resonance peaks, with corre-

sponding high-resolution thermally

calibrated noise spectra of the first,

second, and third resonance modes

shown as insets. Experimentally meas-

ured mechanical resonance frequencies

of (b) �565 nm wide and (c) �675 nm

wide doubly clamped diamond nano-

beams, plotted as a function of nano-

beam length. Dashed lines correspond

to FEM simulations, with the local

minimums in (b) and (c) representing

the transition from a compressively

stressed, unbuckled nanobeam to a

buckled nanobeam.

131904-2 Burek et al. Appl. Phys. Lett. 103, 131904 (2013)
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vanishing when the stress approaches the critical Euler buck-

ling load rc, which for a doubly clamped beam, is defined as

rc ¼
p2EI

ð0:5lÞ2A
: (3)

In the context of Figures 2(b) and 2(c), Eqs. (2) and (3)

may be alternatively viewed in terms of a critical buckling

length, lc, given a built-in compressive stress. Previous

reports noted that the experimental resonance frequencies of

polycrystalline silicon resonators were strikingly different

for beams longer than the critical-buckling length dictated

by a built-in compressive film stress,23 while shorter

nanobeams were well approximated by Eq. (2). Similar

observations are made here in Figure 2(b), where the first ex-

perimental resonance mode of 565 nm wide nanobeams

reaches a minimum near l� 25 lm, beyond which the reso-

nance frequencies increase and level off until l� 40 lm.

Away from this point, resonance frequencies eventually

recover an inverse-power-law relationship. The local mini-

mum near l� 25 lm represents the transition from a com-

pressively stressed, unbuckled nanobeam to a buckled

nanobeam (i.e., critical buckling length). The increase in res-

onance frequency for lengths slightly greater than 25 lm is

likely due to the significant release of compressive stress

through buckling deformation, while nanobeams much lon-

ger than 25 lm will recover the frequency-versus-length

trend predicted by Euler-Bernoulli theory. A similar trend,

though less pronounced, is observed in Figure 2(c) for

675 nm wide diamond nanobeams, with a minimum in the

first experimental resonance now near l� 40 lm.

FEM simulations were employed to fit the experimental

data in Figures 2(b) and 2(c), as shown by dashed lines.

Built-in compressive stress was applied by gradually increas-

ing the initial material strain. By employing non-linear solv-

ers and this monotonically increasing parameter, the software

is able to avoid the bifurcation in solutions normally associ-

ated with the buckling of a rigid beam and calculate the final

deformed shape for a given compressive stress. A non-linear

eigenfrequency solver is then used to calculate the mechani-

cal modes of the resulting stressed and deformed structures.

Their simulated flexural shape allowed discrimination

between in-plane and out-of-plane vibrations, as well as

determining the mode order by the number of anti-nodes. The

simulations show excellent agreement with experimental data

for all three plotted modes, and interestingly, also predict a

spectral crossing of the first and second resonance mode

shapes. It is important to note that the fitting parameters

employed in the simulations (initial material strain and

Young’s modulus) were extremely sensitive to the experi-

mental data near and to the left of the buckling transitions.

From simulation, the estimated built-in compressive

stress was �140 MPa, assuming a diamond Young’s modu-

lus of roughly 900 GPa. Origins of compressive stress in fab-

ricated nanobeams are not entirely clear, especially since the

nanostructures are fabricated from a bulk crystal, making

interfacial stresses unlikely. Presumably, stress may have

originated from the etch mask used during fabrication,

though further investigation of stress in diamond nanobeams

is beyond the scope of the present study. Knowledge of

built-in stress in angled-etched nanobeams—in the context

of diamond nanomechanics with integrated NV� or other

color centers—is particularly important since spectral prop-

erties of diamond color centers are impacted by both local

and global lattice perturbations.2

Ultimately, the potentially adverse effects of compres-

sive stress on resonance frequency and mechanical Q-factor

are circumvented in nanobeam cantilevers, where axial stress

is released by the free-ended structure. Figure 3(a) displays a

thermomechanical power spectral density for an 880 nm

wide, 20 lm long cantilever. Two resonance peaks are

revealed, with lower and higher frequencies now—by Euler-

Bernoulli theory—attributed to out-of-plane and in-plane

flexural modes, respectively. By Eq. (1), the ratio of the same

order in-plane to out-of-plane resonance frequencies reflects

the etch angle through h ¼ tan�1 fy;nffiffi
3
p

fx;n

� �
. Applying this rela-

tion to the experimental data gave an etch angle of

53.5�6 2�, which is an ensemble estimate and in close agree-

ment with that obtained from FIB cross-sections. Measured

out-of-plane cantilever resonances are plotted in Figure 3(b).

Here, the expected f / l�2 trend is clear. Dashed lines in

Figure 4(b) are calculated with Eq. (1a), using appropriate

beam geometries and q¼ 3500 kg/m3. From the fits, the

Young’s modulus was estimated to be �901 6 58 GPa. This

low modulus value for single-crystal diamond is likely due to

the high level of nitrogen doping in the substrates.24 We note

that diamond nanomechanics from single-crystal substrates

developed here enables investigation of resulting material

properties and processes latitude for synthetic diamond

growth in a chip-scale manner, as has previously been done

with silicon-based substrates and thin films.23,25

High-resolution thermal noise spectra of the out-of-plane

and in-plane resonance peaks displayed in Figure 3(a) are

shown in Figures 3(c) and 3(d), respectively. Again, thermo-

mechanical calibration is carried out on the acquired spectra.

The mechanical Q-factors, estimated from FWHM of the

peaks, are approximately 47 800 and 50 800 for the two

modes, respectively. The highest measured Q-factor in the

range of fabricated cantilevers was �94 000. Q-factors esti-

mated for fundamental out-of-plane diamond cantilevers

resonances are plotted in Figure 3(e), with the dashed line as

a guide for the eye. From Figure 3(e), the mechanical dissipa-

tion displays a limited dependence on length, though higher

Q-factors for longer nanobeams are apparent. This likely sug-

gests that diamond cantilevers are limited by clamping losses,

and longer devices would increase mechanical Q-factor.

However, further study of dissipation mechanisms in dia-

mond resonators is beyond the scope of the current study.

Future applications of diamond nanomechanics (i.e.,

spin optomechanics with NV� centers26) will ultimately

require highly sensitive displacement detection. Thus, it is

important to elucidate the mechanism responsible for optical

characterization of nanobeam motion in this work. Since the

diamond nanobeam widths are on-the-order-of or smaller

than the telecom wavelength probe laser, and the fact in-

plane cantilever motion is readily observed, more than sim-

ple scattering of light is required to detect the levels of

movement measured. Intuitively, implementing a visible

wavelength laser would enhance interferometric displace-

ment detection, and indeed, the majority of prior works

131904-3 Burek et al. Appl. Phys. Lett. 103, 131904 (2013)
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employ a red laser for optical interferometry measurements

of nanomechanical systems.18–20 However, this would likely

complicate visible spectroscopy on NV� centers, while also

optically probing mechanical motion. Therefore, we offer

insights on how optical displacement detection may be opti-

mized as a function of nanobeam cross-sectional geometry,

which is especially prevalent for angled-etched nanobeams

since device width, thickness, and distance above the sub-

strate may be engineered via the etch time.16

Figures 4(a) and 4(b) show FEM (COMSOL) simula-

tions of 350 and 1000 nm wide diamond nanobeams in a

focused Gaussian laser beam (k¼ 1500 nm, incident power

Po¼ 100 lW). The spacing between the nanobeam bottom

apex and substrate (hereinafter referred as “substrate dis-

tance”) was fixed at 1.0 lm, while nanobeams were laterally

centered on the optical axis. A spatial confinement of the

electric field intensity within the nanobeam cross-section is

observed. In other words, diamond nanomechanical struc-

tures also support optical resonances—so called leaky

modes27,28—arising from light trapped by multiple internal

reflections. Therefore, laser photons focused on a diamond

nanobeam may take one of two paths: (i) they are reflected

by the substrate and interfere with the incident laser beam

resulting in a standing wave, or (ii) they are trapped inside

the nanobeam by exciting its optical resonance and then re-

emitted. The latter—known as resonant scattering—has been

used to characterize various nanophotonic devices.29

Nanobeam motion modulates the overlap between the leaky

optical resonance and stationary standing wave, resulting in

ample displacement sensitivity for both in-plane and out of

plane mechanical vibrations. Use of similar confined electro-

magnetic modes to extend optomechanics to sub-wavelength

silicon nanowires was recently reported.28 Far field profiles

of backscattered laser intensity were generated for an experi-

mentally relevant range of widths, substrate distances, and

lateral displacements from the optical axis, with an example

shown in Figure 4(c). From this figure, backscattered light

from a 250 nm wide nanobeam is largely due to light

reflected by the substrate. However, with increasing width,

emerging side lobes significantly modified the far field pro-

file, which is attributed to interference between optical modes

confined by the nanobeam and the standing light wave.

FIG. 3. (a) Representative thermome-

chanical power spectral density of an

880 nm wide and 20 lm long diamond

nanobeam cantilever revealing out-of-

plane (lower frequency) and in-plane

(higher frequency) resonance peaks

(shown as insets), with corresponding

high-resolution thermally calibrated

noise spectra of the (b) out-of-plane

and (c) in-plane resonance modes. (d)

Mechanical resonance frequencies and

(e) Q-factors estimated from funda-

mental out-of-plane resonance modes

of diamond cantilevers plotted as a

function of nanobeam length, with the

dashed line given as a guide for the

eye.

FIG. 4. FEM simulated electric field

intensity (k¼ 1500 nm and 100 lW

incident power) spatial confinement by

a (a) 350 nm and (b) 1000 nm wide tri-

angular cross-section diamond nano-

beams located 1.0 lm above the

substrate. (c) Calculated far field pro-

file of electric field intensity reflected

by diamond nanobeams of four differ-

ent widths. Simulated displacement

noise spectral density (pm/Hz
1=2) for

(d) nanobeam distance above the sub-

strate and (e) lateral displacement from

the optical axis, as a function of nano-

beam width. For the color map in (d),

simulated nanobeams are centered on

the optical axis. For the color map in

(e), the nanobeam substrate distance is

fixed at 1.0 lm.

131904-4 Burek et al. Appl. Phys. Lett. 103, 131904 (2013)
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To further quantify optomechanical read-out of nanobeam

motion, reflectivity values were calculated by integrating the

backscattered light intensity over the objective lens’ numerical

aperture (i.e., 630�) for the series of simulated far field pro-

files and normalized by the incident power, in a similar manner

to Karabacak et al.19 The system responsivity (units of A/m)

to nanobeam displacements was then extracted given the pho-

todetector responsivity (�1 A/W at k¼ 1500 nm) and the spa-

tial gradient of the reflectivity for a given nanobeam width as a

function of either the range of substrate distances (responsivity

for out-of-plane motion) or nanobeam lateral displacements

(responsivity for in-plane motion). Finally, the simulated sys-

tem responsivity was used to convert the experimental noise

floor, set by the photodetector current noise spectral density,

SI
1=2 (�2 nA/Hz

1=2 over the range of measured nanobeam me-

chanical resonances), to a displacement noise spectral density,

Sz
1=2 (in units of m/Hz

1=2). The results are represented by color

maps shown in Figures 4(d) and 4(e) for out-of-plane and in-

plane motion, respectively. The simulated displacement noise

for out-of-plane motion is in good agreement with the experi-

mental thermomechanical noise spectra displayed previously,

where an average displacement noise floor of �0.66 pm/Hz
1=2

was observed. From these 2D calculations, the optimal nano-

beam width and position, which maximizes the sensitivity to

nanobeam displacements, may be extracted.

In summary, the mechanical resonance characteristics of

single-crystal diamond doubly clamped nanobeams and can-

tilevers are reported. Resonance frequencies displayed the

evidence of significant compressive stress in doubly clamped

nanobeams, while cantilever resonance modes followed the

expected inverse-length-squared trend. Q-factors on the

order of 104 were recorded in high vacuum. Results pre-

sented here represent initial groundwork for future diamond-

based nanomechanical systems which may be applied in

both classical and quantum applications.
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