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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—-5@m, widths of 3—5um, 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. €999 American Institute of PhysidsS0021-89769)04916-4

I. INTRODUCTION through their thermal spectra in both air and water, and dem-
onstrate that smaller cantilevers can measure smaller forces

Since its invention by Binnig, Quate, and Gerber in . ) :
. . than larger cantilevers with the same spring constant. We
1986, atomic force microscopyAFM) has proven to be an . .
also show small cantilevers can be used for experiments re-

excgllent tool for im_aging a wide class of systems Sﬁr’.%h asquiring a greater measurement bandwidth, and have used
smcorusrs, ol gomer, st Do o s i g e
Y . 9 over an order of magnitude faster than previously performed
force spectroscopy on a wide range of molectiésorce with conventional cantilevers
spectroscopy can provide structural information about mac- '
romolecules, as well as information about the energy land-
scape of molecular bonddncreasing the dynamic range and !l. CANTILEVER FABRICATION
sensitivity of the AFM in force spectroscopy experiments  typical materials used for micromachining cantilevers
will provide a more useful tool for probing single molecules. 4re sjlicon and silicon nitride. However, these materials have
In the AFM, forces are measured by monitoring the de-q,y reflectivity, making them a poor choice for optical de-
flection of a flexible cantilever. In the earliest AFMs, canti- (o tion schemes such as optical beam deflection, because low
levers were fashioned from millimeter sized hand-cut alumiyight jevels at the detector can decrease the signal to noise
num strips. Today micromachining techniques are used qio (SNR) of the measurement. Thus, many commercially
mass produce weIIS%efmed cantilevers with dimensions onyaijaple cantilevers made from silicon or silicon nitride are
the order of 10Qum.™" Decreasing cantilever dimensions {0 ¢yated with metals such as gold or aluminum to increase
the order of microns gives much higher resonant frequenciegfectivity. Unfortunately, this has the undesirable effect of
than larger cantilever$>500 kHz in amé%!t‘gz“le simulta-  creating a temperature sensitive “bimaterial” strip that can
neously providing the same spring constafts (<100 MmN/ giye rise to spurious signals due to small changes in room
m). Therefore small cantilevers should allow for faster meayemperature. This effect becomes especially large for smaller
surem_ené[s. Furthermore, recent work by Gittes anQaniilevers where the thickness of the metal layer becomes
Schmidt® has shown that, in principle, it is possible to lower comparable to the cantilever thicknéésA possible alterna-
the minimum detectable force a cantilever can measure by, o is to make cantilevers solely out of metal. However, as

decreasing the cantilever's coefficient of viscous dampingye have reported elsewhere, it is difficult to control the stress
Because smaller cantilevers have lower coefficients of ViSiy thin metal films that causes most metal cantilevers to

cous damping than their larger counterparts, they should bgan415 One way to avoid these problems is to add a metallic

able to measure smaller forces. reflector pad to the cantilever end in order to maximize the

We have used a simple process to fabricate arrays Qifiectivity while minimizing sensitivity to temperature
small rectangular cantilevers out of low stress silicon nltrlde.change§_6
The cantilevers are 9-50m long, 3-5um wide, and 86 We fabricated small silicon nitride cantilevers both with
and 102 nm thick. We have characterized these cantileverg,g without gold reflector pads at their ends. In practice we
found that the SNR of force measurements made with the
dElectronic mail: viani@physics.ucsb.edu cantilevers without padgspring constants<100 mN/m is
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FIG. 1. Schematic of the three-mask process used to fabricate small silicon
nitride cantilevers with gold reflector pads. The reflector pads serve to maxi-
mize reflectivity and minimize transmission while minimizing cantilever
sensitivity to temperature changes.
FIG. 2. (a) A SEM micrograph showing the top view of two small rectan-
gular cantilevers with integrated reflector pads. The cantilevers arm5
wide, 86 nm thick, and 27 and 32m long. The pads are nominally 100 nm

limited by the thermal motion of the cantilevers themselveghick. (b) A SEM micrograph showing a perspective view of an array of

and not by detection noise. Therefore the addition of met ";‘]':"Cz\ﬁirlsexﬁzo:ép;gfwgﬁ t'l%sz";’]i:eﬁ%rci"’vgnbg ff_czt;?: magm deposition.

pads to increase reflectivitgnd signal does not increase the

sensitivity of these cantilevel$.However, another problem

that arises with nonreflective cantilevers is that light can pass

through the cantilever and reflect off the sample back to thehemical-vapor-deposited silicon nitride with buffered AiF

detector, where it interferes with light reflected from the can-as shown in Fig. (g).

tilever itself. This interference causes a periodic signal thatis ~ Figure Za) is a scanning electron microscog$EM)

dependent on the cantilever-sample separdtiand can be micrograph showing the top view of two cantilevers made

much larger than signals caused by real deflections of theia this process. These cantilevers are nominallyndwide,

cantilever. The cantilevers with pads at their ends reduce&6 nm thick, and 27 and 32m long. The gold pads visible

light transmission through the cantilever and therefore mini-at the cantilever ends are nominally 100 nm thick. Although

mized interference effects without significantly increasingthe gold pads are slightly off center, this did not cause any

cantilever sensitivity to temperature changes. problems while using the cantilevers. Figui®)2is a micro-
The process we used to fabricate small cantilevers igraph showing a perspective view of an array of cantilevers

outlined in Fig. 1. First, a thin layer of low stress silicon without pads. The tips were grown by electron beam

nitride is deposited by low-pressure chemical vapor deposidepositior?’ The cantilevers are nominally 5m wide, 102

tion onto a double sided polished, 3pda-thick, (100) ori-  nm thick, and 14—24.m long.

ented single crystal silicon waféFig. 1(a)]. Next, a deep

etch pattern is defined in the silicon nitride layer on the non-

c_anti_lever side of th_e wafer via photolithogrgphy and reac—PI_ CHARACTERIZING SMALL CANTILEVERS

tive ion etching. This pattern serves to define an array o

chips held into a frame with a single silicon tab at the back of  To characterize the cantilevers we measured their ther-

each chip. Next, KOH is used to anisotropically etch throughmal deflection spectra with a prototype AFM that employs an

the silicon wafer until a thickness of about 10—4f re-  optical beam detection system. The prototype AFM was de-

mains as shown in Fig.(th). Then the cantilever pattern is signed to be used with small cantilevers by employing high

defined in the silicon nitride by reactive ion etchifigig.  numerical aperture optics to achieve a focused spot size of

1(c)] and 3—5 nm of chrome followed by 20—-100 nm of gold 1.6 um in diametet:>?! Measurements were taken at room

is evaporated onto the cantilever side of the wafer and patemperature in both air and water. For spectra taken in air,

terned into pads at the ends of the cantileiéfiy. 1(d)].  the simple harmonic oscillator amplitude response function

Next, 20-60 nm of plasma-enhanced-chemical-vaporA(v) was fit to the data

deposited silicon nitride is deposited on the cantilever side of

the wafer to passivate the exposed silicon. Finally, the can- A(v)=AyG(v), 1)

tilevers are released by etching the remaining 1046 of

silicon in KOH and by removing the plasma-enhanced-where
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and wherey, is the resonant frequency is the quality
factor, andA. is the cantilever amplitude at zero frequency.
Specifically, only the data on the peak of the first mode of
vibration are fit because these data are clearly dominated by 4 [ |
: : : 10°4 n

the thermal motion of the cantilever and not by other noise L E—— e R AR AR AR
sources. From the fits to the thermal spectra taken in air, we 20 30 40 50
were able to calculatey, Q, andAy.. Then we used the Length (o)
equipartition theorem to calculate spring constakts a
method that has been described in detail previotfsf§ Fi-
nally, we calculated the coefficient of viscous dampigy A A Air
using the relatiof R=k/(271,Q). We also used the ther- o] < - - Fitto I
mal spectra taken in water to characterize the cantilevers in a y
liquid environment. However, it has been shown that the
analogy with a simple harmonic oscillator is only appropriate (b)§ 0.0 A\
in the limit of small dissipative effects, or more specifically CERRE “4
when the quality factoQ is much greater than orfé.Al- g Ay
though this condition was usually satisfied for cantilevers in & .
air, cantilevers in water had quality factors of order one. 2+ A
Therefore, the simple harmonic oscillator response function UL BRI BLRLELIL SN L
can only provide an estimate of the resonant frequencies for 40 50
cantilevers in liquid.

Figure 3a) shows the measured resonant frequencies
in both air and watér plotted as a function of length for
an array of cantilevers without pads which are 1540
long, 5 um wide, and 86 nm thick. The fit to the expected
(length 2 dependence is also plotté¥Figure 3b) shows
the measured spring constants for the same set of cantilevers
as well as the fit to the expectéténgth 2 dependencé®
Finally, Fig. 3c) shows the coefficient of viscous damping
for these same cantilevers as measured in air.
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IV. MINIMUM DETECTABLE FORCE LU L
20 40 50

30
The smallest force an AFM can measure at room tem- Length (pm)
perature s Il_mlted by b‘?th noise f_rom the detection SySt_en?:IG. 3. (a) Measured resonant frequencies in air and water plotted as a
used to monitor the cantilever motion and by thermal motionunction of length for an array of rectangular cantilevers which agens
of the cantilever itself. In general, the SNR of a measuremengide and 86 nm thick. The resonant frequencies in air are fit to the expected

made with bandwidtiB of an oscillating force with ampli- (length~2 dependenceb) Measured spring constants for ;he same cantile-
. 6 vers are plotted along with the fit, which predictglength > dependence.
tude F(V) will have the forrﬁ (c) The coefficients of viscous dampirRyas measured in air.

F(v)

G(v)

SNR= , (3
4k TRB case of a simple harmonic oscillator, viscous damping causes
————G?(v) + (Detector Nois¢

all energy dissipation; therefolR is equal to the coefficient
of viscous damping as defined previouslyThe second term

wherekg is Boltzmann's constant ariflis the temperature of in the denominator is a generalized frequency dependent de-
the measurement. The first term in the denominator is theftector noise(with units of displacemeit which has many
mal noise as described by the fluctuation-dissipation thegcontributions including photonic shot noise for optical detec-
rem, which requires any system that has energy dissip&tion tion schemes, amplifier noise, andf hoise?® In general,

to also experience fluctuatioRsIn general, the energy dis- detection noise is independent of the spring constant of the
sipationR will be system dependent and can be caused bygantilever, therefore the signal to noise ratio will be maxi-
many different mechanisms such as viscous damping, acousiized by decreasing the spring constlrib a point where

tic reradiation, or magnetic eddy-current dampidn the  the thermal noise dominates the detector noise. By taking the
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. - - ~Large Cantileves constant of (_50_mN/m._ The small cantilever is fn long
-  ——Small Cantilever and has a similar spring constant of 64 mN/m. In order to
! determine the smallest low frequency force that these canti-
levers can measure we immersed them in water and recorded
the deflection signal. The deflection signal was low pass fil-
tered at 3 kHz and then multiplied by the measured spring
13 V\n\ constant of the cantilever. Figuréb4 shows the measured
10 force in pN for both cantilevers. The standard deviation of
681 2 468! 2 468l 2 4 the force gives a noise level of 7.4 pN for the large cantilever
1kHz 10kHz 100kHz and 1.3 pN for the small cantilever. The noise level for both
Frequency cantilevers is dominated by the cantilever’'s thermal motion
(detector noise contributed to less than 5% of the total noise
in both cases Therefore, the improved sensitivity of the
smaller cantilever is believed to be a direct consequence of a
Large Cantilever decrease in the coefficient of viscous dampitg
k=0.060N/m It is important to note that for actual force spectroscopy
experiments, the minimum detectable force will be some-
I 20 pN what different than reported here for two reasons. First, the
Small Cantilever measurements presented here were taken with the cantilevers
AP NSRRI | — () (064N/m far from the sample surface. The noise level should increase
I ] 1 I I for small separations as the coefficient of viscous damping
0 20 40 60 80 100 increases from fluid squeezing effeétsSecond, for cases
Time(ms) where the effective spring constant of the probed molecule is
FIG. 4. (8) Thermal spectra of a larg@00-um-long and small(10.um-  COmMparable to the spring constant of the cantilever, effects of

long) cantilever immersed in water far from the sample surfédbeMea-  the molecule will play a role in the noise levél.
sured force noise for the same two cantileversi3 kHzbandwidth.
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V. MEASUREMENT BANDWIDTH

limit of Eq. (3) for small k and setting SNR1 we get the In addition to being able to measure smaller forces,
Nyquist relation for the minimum detectable force of a ther-small cantilevers can also be used for force measurements
mally limited measurement with greater bandwidth. In general, a sinusoidal force with
amplitudeF (v) applied to a cantilever with spring constédnt
Fmin=V4kgTRB. @ will give a measured cantilever deflection
As can be seen from E¢), the only method for decreasing (v)
the minimum detectable force at a fixed bandwigtlis by X(v)= G(v). (5)

either minimizing the coefficient of viscous dampiRg or K
by lowering the temperature of the experiment. However, inThe form of G(») will depend on the details of the system.
many experiments involving biological molecules the envi-As discussed previously, for cantilevers immersed in air it
ronment must be a room temperature buffer solution. Therewill usually suffice to takeG(») to be given by Eq.(2),
fore, the only way to decrease the minimum detectable forcevhereas cantilevers immersed in liquid will have a more
for these experiments is to modify the cantilever dimensiongomplicated response function. Therefore, it is necessary to
so that the coefficient of viscous dampiRgs decreased. know the amplitude response function of a cantilever in or-
In Fig. 3(c), the measured values & are plotted as a der to obtain a force from a measured cantilever deflection. If
function of cantilever length for an array of cantilevers in air. we assume the thermal noise spectrum of a cantilever to be
As might be expectedR decreases with decreasing cantile- proportional to the cantilever's amplitude response
ver size. Therefore, a direct consequence of @jy.is that  function3? then the bandwidth over which a cantilever can
smaller cantilevers can measure smaller forces. For examplbe used for force measurements can be evaluated. In Fig.
we found the values oR in air of typical commercially 4(a), it can be seen that the response of the large cantilever
available silicon nitride cantilevers to be as much as 30 timebegins to decrease at 4 kHz while the response of the small
larger than those of our small cantilevers having comparableantilever with similar spring constant remains flat up to 100
spring constants and quality factors. This means that for thelkkHz. Consequently, small cantilevers should be useful for
mally limited measurements, small cantilevers are able taneasuring forces over a much larger bandwidth than larger
detect forces more than five times smaller than large cantilecantilevers having comparable spring constants.
vers. In order to demonstrate the increased measurement
Similar reductions in noise level are also achievablebandwidth of small cantilevers, we used them to stretch
when using small cantilevers in liquid environments. In Fig.single molecules of the protein titin more than an order of
4(a) the measured thermal spectra of a large cantilever anthagnitude faster than previously performed with conven-
small cantilever in water are showhThe large, commer- tional cantilevers. Samples were prepared in a similar fash-
cially available cantilevél is 200 um long and has a spring ion to what has been described previousijhe cantilever
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