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ABSTRACT

We have measured the mechanical properties of a polymer wire bridged across the two prongs of a microfabricated tuning fork. The polymer
wire is formed by stretching so that it has a built-in mechanical stress. Upon exposure to organic vapors, the stress in the polymer wire
diminishes, which is sensitively detected from the changes in the resonance of the tuning fork. We have also shown that by trimming the
polymer wire from micrometers down to nanometers the sensitivity and response improve considerably because of an increased surface-to-
volume ratio and sharper resonance of the polymer wire-tuning fork system.

Recent advances in nanostructured materials and devicess accurately detected from the change in the resonance
have offered exciting new technologies, including chemical frequency of the tuning fork.

and biO'OgiC&' sensofs: Feldheim et a?.explored chemical Our sensor consists of a quartz tuning fork (Newark
sensing applications based on the single-electron chargingglectronics) and a polymer wire attached to the tuning fork
effect in metallic nanoparticles. We showed that the quan- (Figure 1). Unlike the commonly used cantilever techniques,
tized conductance of metallic nanowires is sensitive to the fork converts the force directly to an electrical signal
molecular adsorption onto the nanowife$.Penner et al.  without involving an intermediate signal, such as an optical
used arrays of Pd nanowires for a noveldénsor. Several  signal. This eliminates extra sources of noise, simplifies the
groups reported that the resistance of a single-walled carboninstrumentation, and, more importantly, allows a compact
nanotube changes upon exposure to gaseoifs HRO,® design for device applications. The widely available com-
NO,,'%and NH;.*? Lieber’s group used boron-doped silicon  mercial quartz tuning fork used in wristwatches~ig& mm
nanowires to detect biological and chemical spetiétiang long, ~200 um wide, and~100 xm thick. The tuning fork

et al. showed that polyaniline nanofibers provide for more js rather stable because of its relatively rigid structure. A
sensitive detection of HCl and NHapors than the bulk  typical fork with a resonance frequency of 32.768 kHz has
materialst* All of these articles report the detection of an effective spring constant o£20 kN/m. The thermal
molecules by measuring an electrical signal of the nano- fiyctuation amplitude (rms value) of the prongs is only
structured materials or devices. However, because many~4 x 104 nm at room temperature, based on theoretical
sensing materials are not conductive, measuring changes insajculations and experimental calibratidfisThe force
their mechanical properties becomes an interesting choice sensitivity depends on the sharpness of the resonance, which
One such mechanical approach that has been developeg described by the quality facto, defined as the ratio of
recently is microfabricated cantilevers, which detects bending the resonance frequency to the full width at half-height of
or changes in the oscillation of the cantilever due to the the resonance peak. In a@,is ~8000, corresponding to an
binding of analyte molecules onto the cantile¥®et® Scaling  extremely sharp resonance (Figure 2A). The corresponding
thel mirocantilevers down to the nanometer scale remains &, .o sensitivity is~5 pNA/Hz (varies as ¥/ Q).1” Because
difficult task. We report here on a method to measure the  jts many unique features, quartz tuning forks have recently

tensile stress of a polymer wire by attaching it to the tWo peen ysed as force sensors in AFM and near-field optical
prongs of a microfabricated tuning fork. Using a focused microscopyt’-22

ion beam (FIB), the diameter of the polymer wire was . .
. We formed our polymer wire (nitrocellulose/toluene sul-
reduced down to the nanomter scale. Exposing the polymer . : ;
fonamide formaldehyde resin) by pulling the polymer gel

wire to an organic vapor induces a change in the stress, which, . . . . .
(dissolved in toluene) under an optical microscope using a

C g ——— - @ p translation stage. The individual polymer chains in the wire,
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Figure 1. Schematic illustrations of a polymer-wire tuning-fork
sensor. (A) A polymer wire is bridged across the two prongs of a
microfabricated tuning fork. (B) A portion of the polymer wire is
trimmed to the nanometer scale using a focused ion beam. The
insets in both A and B are scanning electron microscopy images
of the wires. (C) The polymer wire is formed by pulling the polymer
gel. The individual polymer chains in the wire are forced to align
along the pulling direction.

along the pulling direction (Figure 1C). The wire was then
glued onto the prongs of the tuning fork. Polymer wires
prepared by this method are very uniform, with a typical
diameter of a few micrometers (Figure 1A). We reduced the
diameter of a small portion of the wire down to 100 nm
500 nm with a focused ion beam system (FIB by FEI Co.)
(Figure 1B).

The tuning fork with the attached polymer wire was placed
in a small chamber into which a gentle stream ofwas
flowing, and the oscillation amplitude as a function of the
frequency was determined (Figure 2B). In contrast to the
bare fork, the resonance peak is considerably broader
(Q = 300) because of increased damping of the polymer
wire. The resonance frequency of the fork with the polymer
wire is ~2 kHz higher. This increase in the resonance
frequency is related to Young’s modulus of the polymer wire,
which is given by

— 2I-kfork
Af,

E Af, 1)

whereL andA are the length and cross-sectional area of the
polymer wire, respectivelki« andf, are the effective spring
constant and resonance frequency of the bare fork, respec
tively, andAf, is the shift in the resonance frequency in the
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Figure 2. Oscillation amplitude vs frequency plots show well-

defined resonance peaks of (A) a bare fork, (B) a fork with a
micrometer-sized polymer wire, and (C) a fork with a polymer wire
cut with an FIB.

and thus neglected in the above equation. Becduse
200 um, A = 1.8 x 10* mn?, ko ~ 20 kN/m, fo =
32.768 kHz, and\f, = 2 kHz, we haveE = 3 x 10° N/m?
according to the above relation. This demonstrates a simple
method of determining the properties of a polymer wire.
To test our sensor, the stream of Mas redirected to pass
through a flask containing ethanol to carry the vapors into
the chamber. We controlled the vapor pressure by controlling
the temperature of the liquid ethanol in the flask. To monitor
the entire process, we induced near-resonance oscillations
in the tuning fork and detected the change in the oscillation
amplitude with a lock-in amplifier. Exposing the polymer

presence of the polymer wire. The change in the effective wire to ethanol vapor changes the resonance frequency and
mass due to the polymer wire is small, as discussed later,thus the oscillation amplitude. Figure 3A shows the responses
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= 1004 S i the dominant effect. This conclusion is confirmed by the
= 5 \ observation that a broken polymer wire produces no changes
E‘ = 15 ppm in the resonance frequency upon exposure to organic vapors.
< 504 K L The sensitive dependence of the effective spring constant
¢ of the polymer wire on the organic vapors can be understood
on the basis of the following considerations. When the
0 ‘ . L polymer is pulled into a wire, the individual polymer chains
0 169 200 300 400 500 are forced to align along the pulling direction (Figure 1C).
Time (S) After the organic solvent is evaporated, the polymer chains

are trapped in this configuration via noncovalent interactions
Figure 3. (A) Response of a tuning fork with a micrometer-sized With the neighboring polymer chains. By exposing the wire
polymer wire upon exposure to 15 and 30 ppm ethanol. (B) to an organic vapor, the organic molecules penetrate into
Response of a tuning fork with an FIB cut polymer wire upon the wire and “redissolve” the polymer chains, thus softening
exposure to 15 and 30 ppm ethanol. the polymer wire.

To improve the sensitivity and response of the polymer-
of a thick (~15xm) polymer wire upon exposure to 15 and pased sensor further, we reduced the diameter of a small
30 ppm of ethanol. The oscillation amplitude changes quickly portion of the polymer wire with FIB. The cross section of
in the beginning and then slows down. As expected, the the FIB cut portion is rectangular with dimensions of 100
change for 30 ppm is quicker and larger than that for 15 nm x 500 nm. We performed the measurement in a similar
ppm. We note that the small kink in the initial portion of  fashion to that of the micrometer-sized polymer wire. Figure
the curve (shown in Figure 3) is due to the disturbance 3B shows the response of the oscillation amplitude upon
associated with the injection of ethanol into the chamber. exposure to 15 and 30 ppm of ethanol. The amplitude of the
Exposure of the same fork to 180 ppm (ethanol vapor at FIB cut polymer wire changes much more sharply upon
room temperature) resulted in the complete saturation of theexposure to organic vapors. The amplitude recovers after
sensor due to large shifts in the resonance frequency. Weremoving the vapor source and flushing the chamber with
have performed the same experiment using a bare tuningN, (Figure 4). The recovery is at a much slower rate as
fork and have detected no visible changes in the oscillation ethanol trapped in the wire diffuses out slowly.
amplitude. We have also exposed the fork with the polymer  Thjs experiment demonstrates the improved sensitivity and
wire to acetone vapors and have observed similar changesfesponse by decreasing the size of the polymer wire, which
but with a greater magnitude because of the higher solubility can be understood by the following considerations. The
of the polymer in acetone than in ethanol. spring constant of the entire polymer wire is dominated by

In principle, the adsorption of organic vapors can change the narrowest portion of the polymer wire. Because the thin
both the mass and the spring constant of the polymer wire. portion has a greater surface-to-volume ratio, organic vapors
The former one should result in a decrease of the resonancean quickly diffuse into the polymer and change the effective
frequency, which is the basis of the quartz microbalance spring constant. Another reason for the improved sensitivity
technique (QCM). In our case, the mass of the polymer wire is the reduced damping after trimming the wire with FIB.
is ~10-5mg, and the mass increase due to adsorbed organicAs shown in Figure 2, th&€ value of the FIB trimmed
vapors is much smaller than the effective mass of the tuning polymer wire is about-4000, which is close to that of the
fork (~1 mg), so the mass effect is negligible. We believe bare tuning fork. It can be shown that when inducing near-

Nano Lett., Vol. 3, No. 8, 2003 1175



resonance oscillations in the fork, the amplitude change due (5) Li, C. Z.; He, H. X,; Bogozi, A.; Bunch, J. S.; Tao, N.Appl. Phys.

o g : ) Lett. 200Q 76, 1333-1336.
to the shift in the resonance shift is approximately propor (6) Bogozi, A; Lam, O.: He, H. X.: Lii, C. Z.: Tao, N. J.; Nagahara, L.

tional to Q. . A.; Amlani, 1.; Tsui, R.J. Am. Chem. So@001 123 4585-4590.
In summary, we have demonstrated a simple way to (7) Favier, F.; Erich, C. W.; Zach, M. P.; Benter, T.; Penner, R. M.

measure the mechanical properties of a thin polymer wire Science2001, 293 2227-2230. _
(8) Caoallins, P. G.; Bradley, K.; Ishigami, M.; Zettll, AScience200Q

using a microfabricated quartz tuning fork. Upon exposure 287 1801-1804.
of the wire to organic vapors, the tendency of the organic (9) zahab, A.; Spina, L.; Poncharal, P.; MaréeC.Phys. Re. B 200Q
solvent to dissolve the polymer wire results in a large change 62, 10000-1003.

. . . . (10) Kong, J. et alScience200Q 287, 622.
in the mechanical properties of the polymer, which can be  71) c/i ¥ "Wwei Q. park, H.: Lieber, C. Mscience2001, 293 1289~

used for sensor applications. We have also shown that the 1292.
sensitivity and response can be significantly improved by (12) Huang, J. X.; Virji, S.; Weiller, B. H.; Kaner, R. B. Am. Chem.

. . ; S0c.2003 125 314-315.
reducing the diameter of the polymer wire to the nanometer (13) Thundat, T, et alAppl. Phys. Lett200Q 77, 4061-4063.
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