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Metal-coated Si springs: Nanoelectromechanical actuators
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We demonstrated a nanoscale electromechanical actuator operation using an isolated nanoscale
spring. The four-turn Si nanosprings were grown using the oblique angle deposition technique with
substrate rotation, and were rendered conductive by coating with a 10-nm-thick Co layer using
chemical vapor deposition. The electromechanical actuation of a nanospring was performed by
passing through a dc current using a conductive atomic force micros@dipel) tip. The
electromagnetic force leads to spring compression, which is measured with the same AFM tip. The
spring constant was determined from these measurements and was consistent with that obtained
from a finite element analysis. @004 American Institute of Physic$DOI: 10.1063/1.1738935

Nanostructures such as nanorods, nanowires, and nanBanosprings with a rise angle of 13.6° and a pitchof
springs are building blocks of future nanomachines and hav&095+-38 nm resulted. The nanospring wire diametemd
potential applications in nanosensors and nanodevicesouter coil diameter R were determined to be 34383 and
Among them, the helical nanosprings have recently attractel091+=56 nm, respectively. The helical Si nanosprings were
much attention in the nanoscience commufif§iThe elastic ~ coated with about 10 nm thick Co by CVD. The thickness of
properties of individual nanospringand of an ensemble of the Co layer was determined by Rutherford backscattering of
nanospringshave been reported. Due to their high structuralCo coated blanket Si substrate placed next to the Si nano-
flexibility and strength, nanosprings should be suitable forspring sample. The source was dicobalt octacarbonyl,
applications in nanoelectromagnetic sensors and device€0o,(CO)g and the deposition was performed in a vertical
However, so far no electromechanically actuated nanospringgactor. The sample was heated up to 80 °C during deposi-
have been demonstrated. tion. The base pressure of the reactor was about@ ! Pa.

In this letter we present the results of electromechanical he total reaction time was 5 min.
actuation of individual helical Si nanosprings. The four-turn A Park Scientific AFM was used for the electromechani-
amorphous Si nanosprings were conductive by coating witlcal actuation of the nanosprings in ambient conditions. The
a thin layer of Co using the chemical vapor depositionAFM Si cantilever with a monocrystalline Si conical tip used
(CVD) technique. A dc current is passed through the nanoin these measurements has a spring constant of 17 N/m. In
spring by a conductive atomic force microscdpgd-M) tip. order to be rendered conductive, the tip was coated with 30
The electromagnetic force in the coil puts the nanospring imm Pt by sputtering while insuring that the opposite surface
compression. The total deformation of the nanospring i©f the cantilever, where the laser beam of the AFM reflects,
measured with the same AFM tip held in contact mode at theemains uncoated. The tip size and vertical scale were cali-
top of the nanospring. brated before the measurements using a standard tip charac-

The Si nanosprings were grown on a templated substraterization Si grating. The radius of curvature of the tip was
by the oblique angle deposition technique with substratdound to be about 60 nm.
rotationl®!! The template consists of a two-dimensional ar-  Figure 1 shows a cross sectional scanning electron mi-
ray of W posts arranged in a square pattéby a deep UV  croscopy image of the Co coated helical Si hanosprings and
lithographic technigue The cylindrical W posts have an av- a schematic showing the circuit used for the electromechani-
erage top diameter of 150 nm, while the bottom diameter ial measurements using a conducting AFM tip. Also shown
about 360 nm. The height of an individual post is about 450s a schematic detailing the structure of the Co coated Si
nm and the post-to-post distance is about 1000 nm. Four-turn
nanosprings were grown on these W posts._The depositior Conduucting AFM probe
was performed in a high vacuum chamber with a base pres THF TR ew
sure of 5X10 ° Pa. The Si sourcé€99.999%, Alfa Aesar, Ciosssactio P & e 3
USA) was evaporated from a graphite crucible by electron N
bombardment heating. The vapor flux arrived at a fixed ob-
lique incidence angle of 85° from the substrate normal. The
deposition rate was 0.55 nm/s. The substrate was mounted 3
cm above the source. The average substrate rotational spe¢®; o i spring arm :
was 2 h/turn and each turn was divided into four discrete diameter =343 nm &
steps. The rotational angle was fixed for half an hour growth

and then rotated by 90° for the next half an hour growth.FIG. 1. Cross sectional SEM image of four-turn Si nanosprings. A sche-
matic of the circuit used for the electromechanical measurements including
a Pt(30 nm coated AFM tip, a resistoR (200-500()) and a dc power

dElectronic mail: singhj@rpi.edu supply Vg (0—24 V) is also shown. The schematic on the left shows the
YDepartment of Mechanical, Aerospace and Nuclear Engineering. cross section of the conductive Co coating on the Si nanospring.
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tional to12. At steady state equilibrium, this magnetic force
4007 is balanced by the spring elastic forEg.

1 To test the effect of an applied current-generated heating
3007 on the nanostructure, we used vertical Si nanorods grown by
the same oblique angle deposition technique and the nano-
2001 rods were then coated with a 10 nm thick Co film by chemi-
cal vapor deposition. The thermal expansion of a vertical
nanorod is expected to be more obvious than that of a spring
since the electromechanical effect is eliminated. We have not
observed any noticeable thermal expansion or contraction
under applied currents similar to those used in the nano-
5 ; I n s & 7 spring measurements. We have seen a slight increase of the

d (nm) noise in the cantilever deflection signal ranging frar.2 to
+0.5 nm after applying 20 mA current to the nanorod. This

FIG. 2. 1% vs nanospring compressive displacementurve showing the  yalue is much smaller thad measured in the electrome-
electromechanical behavior of a single nanospring. The magnetic force ‘Ehanical test under a similar current

proportional tol 2. Each data point is the average of ten measurements on a . .
nanospring. Each error bar on the measured nanospring compreseion In order to evaluate the eIectromagnetlc forces acting on

the curve represents the standard deviation of the measured value. the structure, the actual spring was modeled as a coil of pitch
h and diameter R equal to those of the physical structure,
and of vanishing wire diameter. This is equivalent with as-
: : : asﬁ.lming that the whole current flows through an infinitesi-
|maged_by using the noncql_wtact AFM mode. Th|s_ allowed usmally thin wire that follows the geometry of the real spring.
to preusely select a position on an Isolated single Nanosy,q electromagnetic interactions generate distributed forces
spring. Then, the AFM mode was changed from noncontack , he wire. The force between two infinitesimal segments of

to cc_)ntact mode and a p_reset constant force O.f 1 nN Wa\?ectorsdll anddl, may be evaluated with the equatfén
applied. The preset force is small enough to avoid overload-

ing the structure. A dc curremtpassed from the conducting

AFM tip to the isolated nanospring. The current generates a gp— A dlx[dly X (ro=ry)]

magnetic fieldB that produces a magnetic for€ebetween [ro—ry3

the coils of the nanospring and compresses the spring. Since

the AFM was operated in the constant force mode, zhe whereA = uou,l?/(47) andr, andr, are the position vec-
scanner on which the spring is mounted moved a distdnce tors of the two segmentsw, is the permeability of free
to compensate the spring compression. We recorded th&pace, andg, is the relative permeability of Co for which we
spring compression as a function of the applied current. assume a value of 20@he values reported in the literature
The experimental plot of? versus the total measured com- range from 70 to 250"

pressive displacement of the nanosprihig shown in Fig. 2. Let us consider a cylindrical coordinate system with the
Each data point is the average of ten different measurementsaxis aligned with the axis of the coil and tife=0 position

on the particular nanospring. The error barscrnepresent corresponding to the lower end of the spring. The force on an
the standard deviation of the measured value. As expectedlement of the spring of lengfRy1+ £2d 6 can be expressed
the magnetic force experienced by the nanospring is propoin this coordinate system as

nanospring. First, the topography of nanosprings sample w

, (€

(dF, ,dF,,dF,) _daJ'Sw6(§2+(1—§2)cosn—co§ 7,E2n+(1— &%)sinp—sin g cosy, & sinp— £y cosy) g

. (2
A -6 (2—2 cosp+ 527]2)3/2 n

where, the dimensionless parametérand » are given by  would carry no axial or tangential forces, due to the symme-
é=h/(2wR) and =6 —6. The evaluation of this integral try. In the present case however, the spring is loaded due to
provides the distributed force on the wire in the radial, tan-the unbalance of forces at the upper and lower ends. The
gential, and axial directions, as a function®énd the geo- force distribution at the two ends is similar, but the force
metrical parametef. The angled ranges from 0, correspond- signs are opposite to each otl{action—reaction The radial
ing to the lower end of the spring, ton8 corresponding to and tangential components of the unbalance force acting at
the upper endfor a four-turn springg The geometrical pa- the ends put the spring in bending. The axial component of
rameteré ranges from 0.29 to 0.34 as evaluated based on ththe unbalance force loads the structure in the axial direction.
measured extreme spring dimensions. It is interesting to note that for largévalues(£>0.5) corre-

The right-hand side of Eq2) is dimensionless a4 has  sponding to open coils with large pitch values, the axial force
units of force. The distribution was evaluated numerically byresults to be tensile, while for smaj) it is compressive. At

performing the integration. As expected, an infinite springthe same time, the bending becomes significant whén
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large, while foré<0.2, its effect is negligible compared with 350
that of the axial load. + loading
For £=0.3, the actual distribution of electromagnetic 2804 o unloading

forces produces an end effect which may be represented by
three concentrated forces acting at the upper end of the
spring, two in the plane perpendicular to the axial direction,
Fx andF,, and an axial, compressive forde,. Here, the 140 M
Cartesianx axis is aligned with the6=0 direction. The
forces areF,=—-0.95\, F,=0.63\, andF,=—1.47A. The
compression of the spring in ttedirection due to the axial
force is given byF,/«, wherek is the spring constant. In
order to evaluate the displacement of the upper end of the
spring due to bendinginduced byF, andF,), the spring
was modeled with finite elements. The material of the spring
was taken to be linear elastic with Young’s modulus andriG. 3. Force vs nanospring displacement curves for a single nanospring.
Poisson’s ratio of 45 GPa and 0.22, respecti\‘?éﬁ/The total Filled triangles represent the loading and open squares represent the unload-
deflection of the upper end of the spring results as the sum d:Fg_of the AFM tip during mechanical measurement. The slope gives the

. . . spring constant.
the deflections induced by the axial force and that due to
bending and evaluated using the finite element modelfor
andF,. This quantity is to be compared with the measure
compressive displacemedt corresponding to various cur-
rents| (and therefore to varioud) in Fig. 2. By imposing

2104

Force (nN)

16 24 32 40
Displacement (nm)

dWhen the force is applied axially, the computed spring con-
stant ranges from 10 to 32 N/m. The difference is due to the
fact that off-axis loading produces both spring compression
this equivalence, the spring constant is evaluated to be m.j b(_en_dmg, while axial Ioa_dlng pr(_)duces c_ompressmn_only.
N/m his finite element result is consistent with our previous
j . . .. work® The experimental values of the spring constant ob-
It should be observed that a certain uncertainty eX|st? . . .
. . ained from the mechanical testing method are of the same
with regard to the exact path over which the current flows. ) . .
L i . order of magnitude with those resulting from the electrome-
The approximation made in the evaluation of the electromag-, ~ .
. . ) chanical tests.
netic force according to which the whole current flows

RO L ) In conclusion, we have shown that it is possible to elec-
through an infinitesimally thin wire, may induce errors. We tromechanically actuate a nanoscale structure such as a nano
propose that an upper limit of the electromagnetic force ma y

. . pring. Within the accuracy of our measurements and mod-
be evaluated by assuming that the relevant pitch, corresponds. = = . L .
: . . . . eling, its behavior appears to be similar to that of equivalent
ing to the distance between two neighboring conductive

paths, ish—t, i.e., the distance from the upper surface of thenacroscopic devices.
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