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Small cantilevers for force spectroscopy of single molecules
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We have used a simple process to fabricate small rectangular cantilevers out of silicon nitride. They
have lengths of 9–50mm, widths of 3–5mm, and thicknesses of 86 and 102 nm. We have added
metallic reflector pads to some of the cantilever ends to maximize reflectivity while minimizing
sensitivity to temperature changes. We have characterized small cantilevers through their thermal
spectra and show that they can measure smaller forces than larger cantilevers with the same spring
constant because they have lower coefficients of viscous damping. Finally, we show that small
cantilevers can be used for experiments requiring large measurement bandwidths, and have used
them to unfold single titin molecules over an order of magnitude faster than previously reported with
conventional cantilevers. ©1999 American Institute of Physics.@S0021-8979~99!04916-6#
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I. INTRODUCTION

Since its invention by Binnig, Quate, and Gerber
1986, atomic force microscopy~AFM! has proven to be an
excellent tool for imaging a wide class of systems such
semiconductors, minerals, polymers, and biomaterial1,2

More recently, the AFM has been used to do single molec
force spectroscopy on a wide range of molecules.3–6 Force
spectroscopy can provide structural information about m
romolecules, as well as information about the energy la
scape of molecular bonds.7 Increasing the dynamic range an
sensitivity of the AFM in force spectroscopy experimen
will provide a more useful tool for probing single molecule

In the AFM, forces are measured by monitoring the d
flection of a flexible cantilever. In the earliest AFMs, can
levers were fashioned from millimeter sized hand-cut alu
num strips. Today micromachining techniques are used
mass produce well defined cantilevers with dimensions
the order of 100mm.8,9 Decreasing cantilever dimensions
the order of microns gives much higher resonant frequen
than larger cantilevers~.500 kHz in air!, while simulta-
neously providing the same spring constants10–12~,100 mN/
m!. Therefore small cantilevers should allow for faster me
surements. Furthermore, recent work by Gittes a
Schmidt13 has shown that, in principle, it is possible to low
the minimum detectable force a cantilever can measure
decreasing the cantilever’s coefficient of viscous dampi
Because smaller cantilevers have lower coefficients of
cous damping than their larger counterparts, they should
able to measure smaller forces.

We have used a simple process to fabricate array
small rectangular cantilevers out of low stress silicon nitri
The cantilevers are 9–50mm long, 3–5mm wide, and 86
and 102 nm thick. We have characterized these cantile

a!Electronic mail: viani@physics.ucsb.edu
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through their thermal spectra in both air and water, and de
onstrate that smaller cantilevers can measure smaller fo
than larger cantilevers with the same spring constant.
also show small cantilevers can be used for experiments
quiring a greater measurement bandwidth, and have u
them to unfold single titin molecules with pulling spee
over an order of magnitude faster than previously perform
with conventional cantilevers.

II. CANTILEVER FABRICATION

Typical materials used for micromachining cantileve
are silicon and silicon nitride. However, these materials h
low reflectivity, making them a poor choice for optical d
tection schemes such as optical beam deflection, because
light levels at the detector can decrease the signal to n
ratio ~SNR! of the measurement. Thus, many commercia
available cantilevers made from silicon or silicon nitride a
coated with metals such as gold or aluminum to incre
reflectivity. Unfortunately, this has the undesirable effect
creating a temperature sensitive ‘‘bimaterial’’ strip that c
give rise to spurious signals due to small changes in ro
temperature. This effect becomes especially large for sma
cantilevers where the thickness of the metal layer beco
comparable to the cantilever thickness.14 A possible alterna-
tive is to make cantilevers solely out of metal. However,
we have reported elsewhere, it is difficult to control the str
in thin metal films that causes most metal cantilevers
bend.15 One way to avoid these problems is to add a meta
reflector pad to the cantilever end in order to maximize
reflectivity while minimizing sensitivity to temperatur
changes.16

We fabricated small silicon nitride cantilevers both wi
and without gold reflector pads at their ends. In practice
found that the SNR of force measurements made with
cantilevers without pads~spring constants,100 mN/m! is
8 © 1999 American Institute of Physics
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limited by the thermal motion of the cantilevers themselv
and not by detection noise. Therefore the addition of me
pads to increase reflectivity~and signal! does not increase th
sensitivity of these cantilevers.17 However, another problem
that arises with nonreflective cantilevers is that light can p
through the cantilever and reflect off the sample back to
detector, where it interferes with light reflected from the ca
tilever itself. This interference causes a periodic signal tha
dependent on the cantilever-sample separation18 and can be
much larger than signals caused by real deflections of
cantilever. The cantilevers with pads at their ends redu
light transmission through the cantilever and therefore m
mized interference effects without significantly increasi
cantilever sensitivity to temperature changes.

The process we used to fabricate small cantilevers
outlined in Fig. 1. First, a thin layer of low stress silico
nitride is deposited by low-pressure chemical vapor dep
tion onto a double sided polished, 300-mm-thick, ^100& ori-
ented single crystal silicon wafer@Fig. 1~a!#. Next, a deep
etch pattern is defined in the silicon nitride layer on the n
cantilever side of the wafer via photolithography and re
tive ion etching. This pattern serves to define an array
chips held into a frame with a single silicon tab at the back
each chip. Next, KOH is used to anisotropically etch throu
the silicon wafer until a thickness of about 10–15mm re-
mains as shown in Fig. 1~b!. Then the cantilever pattern i
defined in the silicon nitride by reactive ion etching@Fig.
1~c!# and 3–5 nm of chrome followed by 20–100 nm of go
is evaporated onto the cantilever side of the wafer and
terned into pads at the ends of the cantilevers@Fig. 1~d!#.
Next, 20–60 nm of plasma-enhanced-chemical-vap
deposited silicon nitride is deposited on the cantilever side
the wafer to passivate the exposed silicon. Finally, the c
tilevers are released by etching the remaining 10–15mm of
silicon in KOH and by removing the plasma-enhance

FIG. 1. Schematic of the three-mask process used to fabricate small s
nitride cantilevers with gold reflector pads. The reflector pads serve to m
mize reflectivity and minimize transmission while minimizing cantilev
sensitivity to temperature changes.
Downloaded 15 Aug 2003 to 128.112.32.173. Redistribution subject to A
s
al

s
e
-
is

e
d

i-

is

i-

-
-
f
f
h

t-

r-
f

n-

-

chemical-vapor-deposited silicon nitride with buffered HF19

as shown in Fig. 1~e!.
Figure 2~a! is a scanning electron microscopy~SEM!

micrograph showing the top view of two cantilevers ma
via this process. These cantilevers are nominally 5mm wide,
86 nm thick, and 27 and 32mm long. The gold pads visible
at the cantilever ends are nominally 100 nm thick. Althou
the gold pads are slightly off center, this did not cause a
problems while using the cantilevers. Figure 2~b! is a micro-
graph showing a perspective view of an array of cantilev
without pads. The tips were grown by electron bea
deposition.20 The cantilevers are nominally 5mm wide, 102
nm thick, and 14–24mm long.

III. CHARACTERIZING SMALL CANTILEVERS

To characterize the cantilevers we measured their th
mal deflection spectra with a prototype AFM that employs
optical beam detection system. The prototype AFM was
signed to be used with small cantilevers by employing h
numerical aperture optics to achieve a focused spot siz
1.6 mm in diameter.12,21 Measurements were taken at roo
temperature in both air and water. For spectra taken in
the simple harmonic oscillator amplitude response funct
A(n) was fit to the data

A~n!5AdcG~n!, ~1!

where

on
i-

FIG. 2. ~a! A SEM micrograph showing the top view of two small recta
gular cantilevers with integrated reflector pads. The cantilevers are 5mm
wide, 86 nm thick, and 27 and 32mm long. The pads are nominally 100 nm
thick. ~b! A SEM micrograph showing a perspective view of an array
cantilevers without pads. The tips were grown by electron beam deposi
The cantilevers are 5mm wide, 102 nm thick, and 14–24mm long.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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G~n!5
n0

2

A~n0
22n2!21

n0
2n2

Q2

~2!

and wheren0 is the resonant frequency,Q is the quality
factor, andAdc is the cantilever amplitude at zero frequenc
Specifically, only the data on the peak of the first mode
vibration are fit because these data are clearly dominate
the thermal motion of the cantilever and not by other no
sources. From the fits to the thermal spectra taken in air,
were able to calculaten0 , Q, and Adc. Then we used the
equipartition theorem to calculate spring constantsk in a
method that has been described in detail previously.10,22 Fi-
nally, we calculated the coefficient of viscous dampingR by
using the relation23 R5k/(2pn0Q). We also used the ther
mal spectra taken in water to characterize the cantilevers
liquid environment. However, it has been shown that
analogy with a simple harmonic oscillator is only appropria
in the limit of small dissipative effects, or more specifica
when the quality factorQ is much greater than one.24 Al-
though this condition was usually satisfied for cantilevers
air, cantilevers in water had quality factors of order on
Therefore, the simple harmonic oscillator response func
can only provide an estimate of the resonant frequencies
cantilevers in liquid.

Figure 3~a! shows the measured resonant frequenc
in both air and water25 plotted as a function of length fo
an array of cantilevers without pads which are 15–50mm
long, 5 mm wide, and 86 nm thick. The fit to the expecte
~length!22 dependence is also plotted.26 Figure 3~b! shows
the measured spring constants for the same set of cantile
as well as the fit to the expected~length!23 dependence.26

Finally, Fig. 3~c! shows the coefficient of viscous dampin
for these same cantilevers as measured in air.

IV. MINIMUM DETECTABLE FORCE

The smallest force an AFM can measure at room te
perature is limited by both noise from the detection syst
used to monitor the cantilever motion and by thermal mot
of the cantilever itself. In general, the SNR of a measurem
made with bandwidthB of an oscillating force with ampli-
tudeF(n) will have the form26

SNR5

F~n!

k
G~n!

A4kBTRB

k2
G2~n!1~Detector Noise!2

, ~3!

wherekB is Boltzmann’s constant andT is the temperature o
the measurement. The first term in the denominator is th
mal noise as described by the fluctuation-dissipation th
rem, which requires any system that has energy dissipatioR
to also experience fluctuations.27 In general, the energy dis
sipationR will be system dependent and can be caused
many different mechanisms such as viscous damping, ac
tic reradiation, or magnetic eddy-current damping.28 In the
Downloaded 15 Aug 2003 to 128.112.32.173. Redistribution subject to A
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case of a simple harmonic oscillator, viscous damping cau
all energy dissipation; thereforeR is equal to the coefficien
of viscous damping as defined previously.29 The second term
in the denominator is a generalized frequency dependent
tector noise~with units of displacement!, which has many
contributions including photonic shot noise for optical dete
tion schemes, amplifier noise, and 1/f noise.26 In general,
detection noise is independent of the spring constant of
cantilever, therefore the signal to noise ratio will be ma
mized by decreasing the spring constantk to a point where
the thermal noise dominates the detector noise. By taking

FIG. 3. ~a! Measured resonant frequencies in air and water plotted a
function of length for an array of rectangular cantilevers which are 5mm
wide and 86 nm thick. The resonant frequencies in air are fit to the expe
~length!22 dependence.~b! Measured spring constants for the same cant
vers are plotted along with the fit, which predicts a~length!23 dependence.
~c! The coefficients of viscous dampingR as measured in air.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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2261J. Appl. Phys., Vol. 86, No. 4, 15 August 1999 Viani et al.
limit of Eq. ~3! for small k and setting SNR51 we get the
Nyquist relation for the minimum detectable force of a th
mally limited measurement

Fmin5A4kBTRB. ~4!

As can be seen from Eq.~4!, the only method for decreasin
the minimum detectable force at a fixed bandwidthB is by
either minimizing the coefficient of viscous dampingR,13 or
by lowering the temperature of the experiment. However
many experiments involving biological molecules the en
ronment must be a room temperature buffer solution. The
fore, the only way to decrease the minimum detectable fo
for these experiments is to modify the cantilever dimensi
so that the coefficient of viscous dampingR is decreased.

In Fig. 3~c!, the measured values ofR are plotted as a
function of cantilever length for an array of cantilevers in a
As might be expected,R decreases with decreasing canti
ver size. Therefore, a direct consequence of Eq.~4! is that
smaller cantilevers can measure smaller forces. For exam
we found the values ofR in air of typical commercially
available silicon nitride cantilevers to be as much as 30 tim
larger than those of our small cantilevers having compara
spring constants and quality factors. This means that for t
mally limited measurements, small cantilevers are able
detect forces more than five times smaller than large can
vers.

Similar reductions in noise level are also achieva
when using small cantilevers in liquid environments. In F
4~a! the measured thermal spectra of a large cantilever
small cantilever in water are shown.30 The large, commer-
cially available cantilever31 is 200mm long and has a spring

FIG. 4. ~a! Thermal spectra of a large~200-mm-long! and small~10-mm-
long! cantilever immersed in water far from the sample surface.~b! Mea-
sured force noise for the same two cantilevers in a 3 kHzbandwidth.
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constant of 60 mN/m. The small cantilever is 10mm long
and has a similar spring constant of 64 mN/m. In order
determine the smallest low frequency force that these ca
levers can measure we immersed them in water and reco
the deflection signal. The deflection signal was low pass
tered at 3 kHz and then multiplied by the measured spr
constant of the cantilever. Figure 4~b! shows the measure
force in pN for both cantilevers. The standard deviation
the force gives a noise level of 7.4 pN for the large cantile
and 1.3 pN for the small cantilever. The noise level for bo
cantilevers is dominated by the cantilever’s thermal mot
~detector noise contributed to less than 5% of the total no
in both cases!. Therefore, the improved sensitivity of th
smaller cantilever is believed to be a direct consequence
decrease in the coefficient of viscous dampingR.

It is important to note that for actual force spectrosco
experiments, the minimum detectable force will be som
what different than reported here for two reasons. First,
measurements presented here were taken with the cantile
far from the sample surface. The noise level should incre
for small separations as the coefficient of viscous damp
increases from fluid squeezing effects.23 Second, for cases
where the effective spring constant of the probed molecul
comparable to the spring constant of the cantilever, effect
the molecule will play a role in the noise level.13

V. MEASUREMENT BANDWIDTH

In addition to being able to measure smaller forc
small cantilevers can also be used for force measurem
with greater bandwidth. In general, a sinusoidal force w
amplitudeF(n) applied to a cantilever with spring constantk
will give a measured cantilever deflection

X~n!5
F~n!

k
G~n!. ~5!

The form ofG(n) will depend on the details of the system
As discussed previously, for cantilevers immersed in ai
will usually suffice to takeG(n) to be given by Eq.~2!,
whereas cantilevers immersed in liquid will have a mo
complicated response function. Therefore, it is necessar
know the amplitude response function of a cantilever in
der to obtain a force from a measured cantilever deflection
we assume the thermal noise spectrum of a cantilever to
proportional to the cantilever’s amplitude respon
function,32 then the bandwidth over which a cantilever c
be used for force measurements can be evaluated. In
4~a!, it can be seen that the response of the large cantile
begins to decrease at 4 kHz while the response of the s
cantilever with similar spring constant remains flat up to 1
kHz. Consequently, small cantilevers should be useful
measuring forces over a much larger bandwidth than lar
cantilevers having comparable spring constants.

In order to demonstrate the increased measurem
bandwidth of small cantilevers, we used them to stre
single molecules of the protein titin more than an order
magnitude faster than previously performed with conve
tional cantilevers. Samples were prepared in a similar fa
ion to what has been described previously.5 The cantilever
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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used was similar to those shown in Fig. 2~a! and had a spring
constant of 23 mN/m and a resonant frequency of 23 kHz
water. In Fig. 5, the force versus extension curves are sh
for four consecutive ‘‘pulls’’ of a single molecule of titin
The observed sawtooth pattern clearly shows the unfold
of individual protein domains as has been reported.5 Between
pulls we paused for 30 s to allow the protein domains
refold. The first two pulls were performed at 30mm/s and the
second two pulls were performed at 39mm/s. These pulling
speeds are an order of magnitude faster than previously
formed and correspond to a frequency in the sawtooth
tern of 1.2 and 1.6 kHz.

VI. CONCLUSION

We have used a simple process to fabricate small r
angular cantilevers out of silicon nitride. We have measu
the cantilever’s resonant frequencies, spring constants,
coefficients of viscous damping and have shown that sm
cantilevers can measure smaller forces than larger cantil
with the same spring constant. Finally, we have used
increased resonant frequency of small cantilevers to un
single titin molecules more than an order of magnitude fa
than previously performed.
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