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Summary Steered molecular dynamics (SMD) simulations amfopmed to study adhesion and peeling of a singid earbon
nanotube (SWCNT) from a silicon substrate. Thecatditpeel-off force is found to depend on the peglangle. For the SWCNT
under investigation, we find that the simulatiosulés can be explained by a continuum model of dimesive elastic band on
substrate. The analysis suggests that the thearatialytical results show a good agreement wighSKID results when the peeling
angle is larger than 90°.

INTRODUCTION

With the decreasing feature sizevefry large scale integrated ciitsu(VLSI), current process technology has entered
the nano stage. The feature size of interconnestings decreased to nano stage will face many pnoblincluding
scale effect and stable reliability. Carbon nanesufCNTs) have huge potential superiority and apglyrospect.
CNTs which replace copper wire as interconnect wirbigh density three-dimensional micro-electropackaging
through silicon via (TSV) technology [1]. Thereforstudy on adsorption performance of the CNT/Serface
structure appears to be especially important.

As a new advanced material, carbon nanotube vétbuperior mechanical and electrical propertiagdoby lijima [2]
since 1991, already aroused wide concern of thearesers. The experimental method is difficult todg the
mechanical characters of atomic-scale structuresaihtime due to the limitation of experiment cibiod. Alternatively,
molecular dynamics (MD) method is now widely usedrfanostructure systems. Shi et al. [3] investidahe relation
between the stripping angle and the biggest strpfrce by simulating the process of drawing DNAl@sular from
substrate with MD method. The Steered molecularadyos (SMD) [4] is a latest atomic-scale computedating
technique, which simulates atomic force microscOplyM) [5] or Single Molecule Force Spectroscopy (S8 [6]
technique by using a virtual ideal spring to replammmon loading, and record real-time parametsedan
traditional molecular dynamics. Biyukoztirk et [@] used the SMD method to simulate the procespeefing and
shearing a single molecular chain of epoxy resinsitina substrate, and they found that the relabetween the
maximum peel force and the peel distance appeal® tbnear. To the authors’ knowledge, little wdiks been
conducted on peeling a CNT on a silicon substrate.

The purpose of this article is lying in explorindsarption properties of the CNT/Si interface innaito scales. SMD
simulations are performed to simulate the wholecggs of peeling single carbon nanotube on siliadvstsate by
combining statistical average thoughts. The infagenf the peeling angle on the critical peel-offtéois investigated
by comparing the calculated results from the thiezalemodel with the SMD simulated results.

MODEL FOR PEELING

Peeling of a thin film or an elastic band from gtdte has been traditionally treated by a lineastéd continuum model
[8]. Here we apply such a model to interpret theuation of peeling a single wall carbon nanotuS&/CNT) on
silicon substrate.
Imagine a CNT with radius and Young's modulug peeling at an anglé from a silicon substrate under a peel force
increased to maximum from zero gradually (Fig.Cgnsidering the energy changes of virtual peelistadcesl of the
CNT, there are three aspects of the energy chaagdbssive energy changg .:s (v being the unit volume of the
adhesive energy); potential energy change-cow )y (assuming the CNT to be inextensible); elasticgnehange
F2a1/2m?e  (consisting of two components: A componetftt / 2 which is the - S J
work done at constant force in peeling the regidin and a component
-r21/2m2eWhich is the amount of recoverable strain energyest in the peeled 0
carbons. Adding up all these energy changes, s of kinetic energy and othe »
energies, the critical peel-off force can be debeenh by the energy conservation:
wmA+F (- co P £ arE = (1) . . . .
Eliminatingsl, Equation (1) yields, e T o Bl e e Of peeiing
F2/ 2B+l cod F v m? = (2)
This equation shows how the three terms, adhegotential, elastic, interact. In general situatithrg first elastic term
may be neglected because the Young's modtiissusually much larger than the stréss
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EXPERIMENTAL DETAILS

We perform Isothermal-lsobaric(NVT) SMD simulatioasthe 293 K temperaturg
for 6.0 picoseconds (ps) with a time step of 0.0p8%0 let the system reach it
equilibrium configuration, and then study the ifdee behaviour between CNT an
Si, as shown in Fig. 2. The initial distance betwéee bottom of the CNT and thg
top (1 0 0) surface of Si of is set up to 5.0The distance between the bottom of t
CNT and the top of Si substrate becomes to be Zzﬁﬁa& relaxation. The sizés,

6.789 A 117.767 A and 324.503 A respectively, aodsists of 15660 atoms. ThiR
CNT (8 8) has a length @=121.75 A and radius=5.416 A, and consists of 160(#
atoms.

The Tersoff potential is adopted to show the irtéoa of C-C and Si-Si, which is

widely used currently when considering the intécacbetween atoms of carbon and Figure2 Peelinga SWCNT on
between atoms of silicon [9]. For non-bond intemaxtthe atoms of carbon and silicon as"'coglfn”utl’:g:;e In SMD
were treated as uncharged Lennard-Jones partidthsew).003466 eV g-potential

well depth) anc=2.86 A @-nuclear radius) [10]The following computation experiments are carrietlio an existing
MD code called LAMMPS (Large-scale Atomic/Moleculstiassively Parallel Simulator) [11] wherelocity scaling
method is adopted to keep the temperature of systmstant with the non-periodic boundary conditiamsall
dimensions.

RESULTS

It is first necessary to find the valuewy, the unit volume of the adhesive energy for theléNinterface. It can be
achieved by using the peeling test at an angle®0°. The CNT radius is

5.416 A and its Young's modul&smeasured in tensile tests is 1.0 TPa. 3500
cosd =0 as#=90°. The first term is neglected because the YaungdulusE is
usually much larger than the strésawith the critical peel-off force (=822

pN) being consideredy is estimated to be about 8.925 pN/A. Equatiorcé?)
be written as,

30001 Equation (3)
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Figure 3 shows the comparison of the critical pgkforce F simulated by the
SMD simulations with the theoretical predictionscatated from equation (3). % 40 60 8 100 120 140 160 180 200
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Figure 3 Dependence of peeling angle on critical
peel-off force.

CONCLUSIONS

We have used steered molecular dynamics simulatmrssudy the adsorption and peeling of SWCNT asiliaon
surface. The critical peel-off force depends on gkeling angle, and the SMD simulated results agrgde with the
theoretical predictions for peeling angles largent90°.
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