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A combined transmission electron microscopy-scanning tunneling micros€¢op-STM)
technique has been used to investigate the force interactions of silicon and germanium nanowires
with gold electrodes. Thé(V) data obtained typically show linear behavior between the gold
electrode and silicon nanowires at all contact points, whereas the lineatifyptturves obtained

for germanium nanowires were dependent on the point of contact. Bistable silicon and germanium
nanowire-based nanoelectromechanical programmable read-only méNBMNPROM) devices

were demonstrated by TEM-STM. These nonvolatie NEMPROM devices have switching potentials
as low as 1V and are highly stable making them ideal candidates for low-leakage electronic devices.
© 2004 American Institute of Physic§DOI: 10.1063/1.1751622

Bottom-up assembly of well-defined nanoscale buildingSTM) allows direct visualization of the materials being
blocks, such as molecules, quantum dots, and nanowires)vestigated. In this letter, we describe an situ TEM-STM
represents a powerful approach for the construction of futur@robing technique to measure the force interactions of silicon
integrated circuits. Indeed, some researchers have alreadynd germanium nanowires with gold electrodes. The jump-
demonstrated that semiconductor nanowires and carbdie-contact and jump-off-contact distances of the nanowires to
nanotubes can act as building blocks for the assembly aiind from the electrode were measured to determine the van
simple devices and interconnedtalthough the optical and der Waals(vdW) and electrostatic force interactions impor-
electronic properties of nanotubes and nanowires have bedant to the development of NEMS. We also illustrate how the
intensely investigated, there have been few studies on th&emiconductor nanowires can be utilized in the construction
force interactions of nanotubfedand no studies on the force of a simple nanoelectromechanical programmable read-only
interactions of nanowires with electrical contacts. Such studmemory(NEMPROM) device.
ies are, however, important parameters to investigate in the Silicon and germanium nanowires were synthesized di-
development of nanoelectromechanical systeiNEMS).  rectly onto a macroscopic gold wire (diameted.25 mm)
Traditionally, mechanical devices are considered to be slowwhich was subsequently used in the TEM-STM experiments
However, utilizing nanoscale structures for mechanical detsee EPAPS Ref. 9 for supplemental materad shown in
vices could in theory achieve GHz or THz resonance freFig. 1. The controlled approach of the electrode to the nano-
quencies making NEMS faster than current electronigvire was utilized to measure the distance at which the nano-
devices®* To date, researchers have focused on using carbowire jumped to the gold contagjump-to-contact distange
nanotubes as building blocks for the construction of NEMSAfter contact of the nanowire with the gold electrode, con-
due to their mechanical strendtfi.However, during carbon trolled withdrawal of the piezotube resulted in nanowire/
nanotube synthesis both metal and semiconducting nangontact separation and a measurable jump-off-contact dis-
tubes are generated rendering the electrical response t#nce. The jump-to-contact and jump-off-contact distances
nanodevices based on carbon nanotubes unpredictable. Semiere measured at different applied voltages and can be di-
conductor nanowires, such as silicon or germanium, howrectly related to the attractive forces between the nanowire
ever, offer the distinct advantage over carbon nanotubes itip and the gold electrode as demonstrated in Fig).The
that their sizes and electronic properties can be controlled iattractive vdW forces K,q4,) and electrostatic interactions
a predictable manner during their synthésigus, the elec- (Feed between the nanowire and the gold electrode are
trical response of NEMS based on semiconductor or metallicountered by the opposing elastic energy{) exerted by
nanowires should be more predictable than carbon nanotulibe nanowire. The pull-on and pull-off forces between the

based devices and have recently been investidated. nanowire and the Au electrode can be calculated using the
The combination of transmission electron microscopyspring constant of the nanowirds,
(TEM) with scanning tunneling microscop{8TM) (TEM- To relate the vdW and electrostatic forces to the pull-on

and pull-off forces, the total forceF;) acting on the nano-
a o . wire was calculated at different applied voltages assuming
Electronic mail: j.holmes@ucc.ie : L.
YPresent address: Department of Engineering Physics and Mathematic’é!’]a_t the total force is the sum of vdW and eleCFrOSt_at'C inter-
Mid Sweden University, SE-85170 Sundsvall, Sweden. actions, Fr=F qw* Feec- Although the attractive interac-

0003-6951/2004/84(20)/4074/3/$22.00 4074 © 2004 American Institute of Physics


http://dx.doi.org/10.1063/1.1751622

Appl. Phys. Lett., Vol. 84, No. 20, 17 May 2004

(@)

(@) 300

Current (nA)

200 -

100 |

-100 -
-200

-300

Ziegler et al. 4075

Voltage (V)

®,
. 4 |
g.loo_n? *Z,*/

| B

-

-6 -4 -2 0 2 4 6

Voltage (V)

FIG. 2. Characteristid (V) behavior for an individuaka) Si or (b) Ge
nanowire. Note that the(V) for Ge nanowires are contact dependent.

potential equation at high voltages or large distatfoesdue
to error in the calculated spring constant. The jump-off-
contact distances predicted are also in agreement with the
experimental results at low voltage¥£1). However, at
higher voltages substantially shorter experimental jump-off-
FIG. 1. (a) TEM image of a Ge nanowire utilized for TEM-STM measure- Contact distances are observed than predicted by the calcula-
ments.(b) Schematic representation of TEM-STM studies. The electrode istions. These discrepancies are possibly due to shearing forces
positioned by movement of the piezotube. The zoom-in schematic demonyhat gccur at the nanowire/electrode contact during nanowire
strates the force interactions between the Si or Ge nanowire tip and the . L . . .
electrode where is the distance of separation between the nanowire tip andWlthdra\’_val minimizing adhesmn forces and resulting in
the electrode withv being the initial separation distance. The attractive vdw Shorter jump-off-contact distances.
(Fygw) and electrostaticK¢.) forces are countered by the elastic force Si nanowireg40-90 nm in diametenypically displayed
exerted by the nanowiré:(élag. V\/jth_applied electrostatic voltages,_the total linearl (V) behavior as shown in Fig.(@, and was indepen-
force acting on the nanowire tip i8;=F, gyt Feec. (C) Force—distance . .
plot calculated for the interactions of a Si nanowig=90 nm) with an dent of the point of contact between the nanowire and the
applied voltage of 1 V. The dotted lines represent the spring constant of thgold electrode. The resistance of the Si nanowires did not
nanowire. Measured jump-to-contecircle) and jump-off-contactsquar¢  vary significantly with contact area when the contact width
distances are plotted for comparison. was changed between 4 and 55 nm resulting in resistances
between 15 and 45 M. Although the contact resistances
tions will be a function of geometry, we found that a spherecannot be adequately determined through simple two-point
(wire)-plane (electrod¢ geometry, commonly used in AFM contact, the resistivities of the Si nanowires can be approxi-
studiest®!! gave the most accurate resuftsee zoom-in mated to be of the order of 16 O m. The relatively low
schematic of Fig. (b)]. Combining the vdW and electrostatic resistivities for Si nanowires are indicative of a highly doped
forces(see EPAPS Ref.)%etween the tip of a Si nanowire nanowire with an impurity concentration of approximately
(d=91 nm) and the gold electrode results in force—distancd0'® cm 3.1* Ge nanowires (40-150 nm in diametgr
curves typical to that shown in Fig(d for an electrostatic showedl| (V) curves that were dependent on the point of
potential of 1 V. As the nanowire tip is moved toward the contact as seen in Fig(l®. Contact through the side of the
electrode(point @), the attractive forces acting on the nano- nanowire showed a nonconductive gap, which varied ran-
wire tip steadily increase. At poirh, the attractive force domly (1-8 V) but typically was between 2 and 4 V. How-
gradient exceeds the spring constédbtted lineg of the  ever, moving the electrode to the nanowire tip and contacting
nanowire flF;/dz=dF,,/dz=k)° and the physical jump- the gold hemisphere typically resulted in a significant de-
to-contact occurs and comes to equilibrium at the intersecerease in the nonconductive gap and in nearly lingsf)
tion of F(z) and the spring constafpoint ¢). The jump-to-  behavior. These changes in th@/) behavior with contact
contact distance is the distance between pdingsiddc and  position suggest that there is an unstable native oxide layer
varies from AFM jump-to-contact distances because the tipn the Ge nanowires of varying thickness which acts as a
and sample deflection can be viewed in our experiments. Thiearrier to the conductance. The resistance of the Ge nanow-
jump-off-contact occurs once the spring constant is greateres varied significantly between 0.15 and Q@orrespond-
than the total attractive force gradiedR/dz<dF.,J/dz ing to resistivities of the order of 1¢ O m. The higher
=k), which occurs at the minimum in the force cumint  resistivity suggests that the Ge nanowires are not as highly
d). The calculated jump-off-contact distandg®inte) were  doped with gold as the Si nanowires having an impurity
determined from the spring constant and the minimum in theoncentration of approximately 1bcm=3.13
force—distance curv¥ There is agreement between the cal-  These semiconductor nanowires were utilized for the de-
culations and the experimental results of the jump-to-contactelopment of NEMS, such as nanoelectromechanical pro-
distance at low voltagesV(s1). At higher voltages ¥  grammable read-only memotNEMPROM) devices, which
>1), the experimentally determined jump-to-contact dis-require two stable condition®©N/OFF. To quantify the bi-
tances were longer than calculated. This discrepancy sugtability behavior of nanowire-based NEMPROM devices,
gests that the electrostatic attractive forces are stronger tharalculations based on the total potential energy of the nano-
the theoretical sphere—plane interactions calculated at higlire E+=E,qw+ Eeect Eclas Were performed. The vdw and
potentials possibly due to the breakdown of the electrostatielectrostatic potentials were calculated using the relation-
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switched OFF by mechanical motion or by heating the de-
vice above the stability limit $10kgT). Figures 8e)
through 3g) demonstrate that little shearing motion is re-
quired to overcome the vdW attractive forces. The relatively
large switching potential utilized in this device was used for
demonstration purposes so that the full deflection of the
nanowire could be easily viewed. Smaller separation dis-
tances require much smaller switching potentials. However,
there is a minimum distance or critical gfpoint b of Fig.
1(c)] that must be maintained or the device will become un-
stable due to the strong vdW attractive forces resulting in the
formation of a single minimum. NEMPROM devices can
function at any distance between poibtande of the force—
distance curve in Fig.(t). The NEMPROM devices synthe-
sized in our experiments were robust; each nanowire tested
could be switched ON and OFF multiple tim@9—-50 with-

out noticeable deformation or fracture. However, further ex-
perimentation is required to determine their viability in fu-
FIG. 3. (8 NEMPROM device calculations at different electrostatic poten- ture devices.

tials for Ge nanowire d=50 nmj] =1.5um). Inset shows the energy bar-

rier between the two stabl©N/OFP minima in relation to 1RET. (b)—(d) The authors would like to thank Lars Ryen for assistance

TEM sequence showing the jump-to-contact of a Ge nanowire as the voltage . s . . . .
is increased(e) TEM image demonstrating the stability of device aftergﬁ”th the TEM, Heinrich Riedl for his assistance, and Michael

removal of the electrostatic potentid) and(g) TEM sequence demonstrat- A. Morris for useful discussions. We acknowledge financial
ing the resetting behavior of the device. Note that the device is indefinitelysupport from Enterprise Ireland for a postdoctoral fellowship
stable but reset with a slight amount of shearing motitm. I (V) of for K.J.Z., the Higher Education AuthorittHEA) Ireland,

NEMPROM device showi ductivity until after contact is made at . : . Lol
- evice showing no conduciivity until after contactis made at&yne  council of Science of Latvia, and the University of
potential of 8.4 V. Latvi
atvia.
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ships described above wheke= [Fdz. The switching be-

havior of a Ge nanowire-based NEMPROM device is seen in ;—ndcé' T\l;dl_iib 2’: ﬁ::ﬁe?;'i’éﬁg(lm%?l\( (le’l?;)r;gx-ngi’;}] YYHC“;”%
Fig. 3. Figure 8a) shows the calculated potential energy dia- ;' ynon, K.-H. Kim, and C. M. Lieber, Scien24, 1313(2001; S. J.

grams for the nanowire—electrode interactions. There are twWOTans, A. R. M. Verschueren, and C. Dekker, Natdcendon 393 49
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nanowire is minimal. The other minimufON) is due to (2002; K. A. Bulashevich and S. V. Rotkin, JETP Left5, 205 (2002.
vdW interactions when the wire and electrode are in contact’J. M. Kinaret, T. Nord, and S. Viefers, Appl. Phys. L&, 1287(2003.

. . - . . 4 1 1 -
To switch between these two minima, an electrostatic field of |- Rueckes, K. Kim, E. Joselevich, G. Y. Tseng, C.-L. Cheung, and C. M.
Lieber, Science89, 94 (2000.

3Vis appligd which alters thg intgraction energy resulting inspponcharal, z. L. Wang, D. Ugarte, and W. A. de Heer, Sci@ig®
the deflection of the nanowire into contact with the gold 1513(1999; N. R. Franklin, Q. Wang, T. W. Tombler, A. Javey, M. Shim,
electrode producing an ON state. Removal of the electro- @nd H. Dai, Appl. Phys. Let81, 913(2002; L. Pescini, H. Lorenz, and
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switch back to the OFF position due to the energy barrier sy, xia, p. Yang, Y. Sun, Y. Wu, B. Mayers, B. Gates, Y. Yin, F. Kim, and
(>10kgT)* between the two local minima at low voltage H. Yan, Adv. Mater.(Weinheim, Gej. 15, 353 (2003.

[see the inset of Fig.(3)]. "H. Yamaguchi and Y. Hirayama, Surf. S&32-535 1171 (2003; A.

. Husain, J. Hone, H. W. C. Postma, X. M. H. Huang, T. Drake, M. Barbic,
An example of a NEMPROM device made from a Ge oo vang !

e ) . A. Scherer, and M. L. Roukes, Appl. Phys. L8, 1240(2003.
nanowire is shown in the TEM sequence of Figd)33(g).
As the voltage is slowly increased in FiggbBand 3c), the

8H. Ohnishi, Y. Kondo, and K. Takayanagi, Natufeondon 395 780
(1998; D. Erts, H. Olin, L. Ryen, E. Olsson, and A. Tholen, Phys. Rev. B

device remains OFF. However, once the voltage is increaseg® 12725(2000; T. Kizuka, Phys. Rev. LetB1, 4448(1998.

to 8.4 V, jump-to-contact is made as seen in Figl) &nd in

the I (V) in Fig. 3(h). The jump-to-contact is too fast to be

See EPAPS Document No. E-APPLAB-84-052420 for experimental and
calculation details. A direct link to this document may be found in the
online article’s HTML reference section. The document may also be

measured but the resonant frequency of this nanowire can beeached via the EPAPS homepaghttp:/www.aip.org/pubservs/
estimated to be in the MHz regime. The nanowire remains in €Paps:html or from ftp.aip.org in the directory/epaps/. See the EPAPS

homepage for more information.
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