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In this letter, we present the microfabrication and application of arrays of silicon cantilever beams
as microresonator sensors with nanoscale thickness to detect the mass of individual virus particles.
The dimensions of the fabricated cantilever beams were in the range of 4 –5 m in length, 1–2 m
in width and 20–30 nm in thickness. The virus particles we used in the study were vaccinia virus,
which is a member of the Poxviridae family and forms the basis of the smallpox vaccine. The
frequency spectra of the cantilever beams, due to thermal and ambient noise, were measured using
a laser Doppler vibrometer under ambient conditions. The change in resonant frequency as a
function of the virus particle mass binding on the cantilever beam surface forms the basis of the
detection scheme. We have demonstrated the detection of a single vaccinia virus particle with an
average mass of 9.5 fg. These devices can be very useful as components of biosensors for the
detection of airborne virus particles. © 2004 American Institute of Physics.
关DOI: 10.1063/1.1667011兴

As the need for rapid, ultrasensitive, and economical
methods for the detection of biochemical entities such as
virus particles becomes ever more important, nanoscale fabrication technologies are increasingly being used to create
nanomechanical sensors and highly sensitive lab-on-a-chip.1
The applications can be very diverse and range from environmental monitoring to clinical diagnosis to combating bioterrorism. We report here the demonstration of a nanoscale
cantilever beam operating as a mass detector, with a sensitivity of the mass of a single vaccinia virus particle. Vaccinia
virus is a member of the Poxviridae family and forms the
basis of the smallpox vaccine. In general, decreasing the
overall dimensions of the cantilever beams results in a corresponding increase in their mass sensitivity. In previous
works on the detection of virus particles, macroscale quartz
crystal micro-balance devices requiring an external power
supply were used and the detachment of virus particles were
measured.2 In our experiments, we have used micromechanical devices 共with nanoscale thickness兲 on a chip, with the
measurement setup sensitive enough to measure thermal and
ambient noise induced deflections and thus not requiring an
external source to excite the cantilever beams.3
P-type 共100兲 4 in. silicon-on-insulator 共SOI兲 wafers were
used as the starting material 关see Fig. 1共a兲兴. The wafers had a
SOI layer of 210 nm thickness and a buried oxide 共BOX兲
thickness of around 390 nm. Wet oxidation followed by buffered hydrofluoric 共BHF兲 etching was performed in order to
thin the SOI device layer down to 30 nm. Photolithography
followed by reactive ion etching using Freon 115 to etch the
SOI layer and CHF3 /O2 in order to thin the BOX layer, was
performed in order to pattern the cantilever beam shapes 关see
Fig. 1共b兲兴. After depositing a layer of plasma enhanced
chemical vapor deposition oxide as an etch stop layer, an
a兲
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etch window was photolithographically patterned using BHF
oxide etch 关see Fig. 1共c兲兴. In order to etch the underlying
exposed silicon and release the cantilever beams, vapor
phase etching using xenon difluoride 共Xactix, Inc., Pittsburgh, PA兲 was used 关see Fig. 1共d兲兴. After the cantilever
beams were released, the oxide was etched in BHF, rinsed in
de-ionized 共DI兲 water, immersed in ethanol, and dried using
critical point drying 共CPD兲 关see Fig. 1共e兲兴.
The measurement of the cantilever resonant frequency
was performed using a microscope scanning laser Doppler
vibrometer 共MSV-300 from Polytec PI兲 with a laser beam
spot size of around 1–2 m. The resonant frequencies of
typical cantilever beams of length around 5 m, width
around 1.5 m, and thickness around 30 nm were in the 1–2
MHz range with quality factor of around 5–7. The vaccinia
virus particles were grown and purified according to the established protocols described in Zhu et al.4
The cantilevers beams were first cleaned in a solution of
(H2 O2 :H2 SO4 ⫽1:1), rinsed in DI water, immersed in ethanol, and dried using CPD. The frequency spectra was then
measured in order to obtain the ‘‘unloaded’’ resonant frequencies of the cantilever beams. Next, purified vaccinia virus particles at a concentration of ⬃109 PFU/ml in DI water
were introduced over the cantilever beams and allowed to
incubate for 30 min, following which the cantilever beams
were rinsed in ethanol and dried using CPD. The resonant
frequencies of the cantilever beams were then measured
again in order to obtain the ‘‘loaded’’ resonant frequencies.
Using the mechanics of a spring–mass system, we were
able to determine the added mass for the corresponding
change in resonant frequency. The change in mass 共placed
right at the free end of the cantilever beam兲 in relation to a
change in resonant frequency can be given as5
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FIG. 3. Plot of measured resonant frequency shift vs the effective number of
virus particles on the cantilever beams. A linear fit was performed on the
data points.

amplitude response of a simple harmonic oscillator 共SHO兲.
The amplitude response of a SHO is given as7
A 共 f 兲 ⫽A dc
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FIG. 1. Process flow used for the fabrication of an array of silicon cantilever
beams.
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where k is the spring constant of the cantilever beam, f 0 is
the initial resonant frequency, and f 1 is the resonant frequency after the mass addition. The cantilever beams were
calibrated by obtaining their spring constant, k, using the
unloaded resonant frequency measurement f 0 , quality factor
Q, and the plan dimensions 共length and width兲 of the cantilever beam.6 The resonant frequency and the quality factor
were obtained by fitting the vibration spectra data to the
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where f is frequency in Hz, f 0 is the resonant frequency, Q is
the quality factor, and A dc is the cantilever amplitude at zero
frequency. The measured spring constant of the cantilever
beams was around 0.005–0.01 N/m. The virus particles were
counted by observing the cantilever beams and virus particles using a scanning electron micrograph 共SEM兲, as shown
in Fig. 2. The effective mass contribution of the viruses was
calculated based on their relative position from the fixed end
of the cantilever beams.3 Using the measurements from the
various cantilever beams, we plotted the resonant frequency

FIG. 4. Plot of resonant frequency shift after loading of a single virus
particle. There is a 60 kHz decrease in the resonant frequency of the cantilever beam with plan dimension of L⫽3.6  m and W⫽1.7  m. The unloaded resonant frequency f 0 ⫽1.27 MHz, quality factor Q⫽5, and spring
FIG. 2. Scanning electron micrograph 共SEM兲 showing a cantilever beam
with a single vaccinia virus particle. The cantilever beam has plan dimenconstant k⫽0.006 N/m. The resonant frequencies were obtained from fitting
sions of length, L⫽4  m, and width, W⫽1.8  m.
the amplitude response of a simple harmonic oscillator to the measured data.
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shift 共decrease兲 versus the effective number of virus particles
that were observed on the cantilever beam, as shown in Fig.
3. The relationship was linear, as expected, clearly proving
the validity of the measurements. Figure 4 shows the resonant frequency shift (⌬ f ⫽60 kHz) after the addition of a
single virus particle. We measured an average dry mass of
9.5 fg for a single vaccinia virus particle, which is in the
range of the expected mass of 5– 8 fg.8 The measured mass
sensitivity of the present cantilever beams for a 1 kHz frequency shift is 160 attogram 共ag兲 added mass 共6.3 Hz/ag兲.
Once integrated with on-chip antibody-based recognition and
sample concentrators, these microresonator devices with
nanoscale thickness may prove to be viable candidates for
ultrasensitive detection of airborne virus particles.
This work was supported by NIH Grant No.
R21EB00778-01 and by NASA under Award No. NCC
2-1363 共NASA INAC at Purdue University兲. We would like

Gupta, Akin, and Bashir

to thank S. Broyles for providing the purified vaccinia virus
particles, M. Ladisch for valuable discussions, and D. Sherman for the SEM micrographs. We would also like to thank
Xactix 共Pittsburgh, PA兲 for performing the xenon difluoride
etching.
M. L. Roukes, Sci. Am. 285, 48 共2001兲.
M. A. Cooper, F. N. Dultsev, T. Minson, V. P. Ostanin, C. Abell, and D.
Klenerman, Nat. Biotechnol. 19, 833 共2001兲.
3
B. Ilic, D. Czaplewski, M. Zalalutdinov, H. G. Craighead, P. Neuzil, C.
Campagnolo, and C. Batt, J. Vac. Sci. Technol. B 19, 2825 共2001兲.
4
M. Zhu, T. Moore, and S. S. Broyles, J. Virol. 72, 3893 共1998兲.
5
G. Y. Chen, T. Thundat, E. A. Wachter, and R. J. Warmack, J. Appl. Phys.
77, 3618 共1995兲.
6
J. E. Sader, J. W. M. Chon, and P. Mulvaney, Rev. Sci. Instrum. 70, 3967
共1999兲.
7
D. A. Walters, J. P. Cleveland, N. H. Thomson, P. K. Hansma, M. A.
Wendman, G. Gurley, and V. Elings, Rev. Sci. Instrum. 67, 3583 共1996兲.
8
G. F. Bahr, W. D. Foster, D. Peters, and E. H. Zeitler, Biophys. J. 29, 305
共1980兲.
1
2

Downloaded 13 Jul 2004 to 128.46.214.240. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

