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Molecular simulations are used to evaluate thermal resistance between crystalline silicon and a
vertically oriented carbon nanotube (CNT). Without chemical bonds between CNT and Si the
thermal resistance is high and its values are consistent with that measured in experiment on vertical
CNT arrays. With chemical bonds the thermal resistance is reduced by two orders of magnitude
demonstrating significant potential of CNT arrays for thermal management applications. The
underlying mechanism for the very large effect of chemical bonding is revealed by simulations of
individual phonon scattering across the interface and understood within an analytical solution of a
simple spring-mass chain model. © 2008 American Institute of Physics. [DOI: 10.1063/1.3000441]

I. INTRODUCTION

Efficient heat dissipation is one of the crucial challenges
that limit the development of disruptive microelectronic de-
vice technologies. The International Technology Roadmap
for Semiconductors 2004 (Refs. 1 and 2) estimates suggest
that an 8 nm feature-size device may generate local heat flux
as high as 100 000 W/cm? that would need to be dissipated
efficiently to preserve device integrity, reliability, and perfor-
mance. The anticipated heat flux at the die level is
~1000 W/cm?, which is ten-fold higher than present
complementary metal oxide semiconductor devices,’ making
power dissipation perhaps the most important factor that lim-
its the device density on each chip. Although large air fans
and/or liquid based cooling solutions have been applied and
can dissipate more than 100 W of total power, thermal resis-
tances at multiple interfaces from the die through the heat
spreader to the outside heat sink remain a bottleneck.

Carbon nanotubes (CNTs), due to their very high intrin-
sic thermal conductivity,4’5 are considered for improvement
of heat dissipation in microelectronic devices.*™"? Recently,
Xu and Fisher®’ fabricated and determined heat conduction
of thermal interfaces that employ CNT arrays. In their work,
the addition of the CNT array to phase change materials
(PCM) reduced the overall resistance of the Cu-PCM-Si in-
terface by a factor of 4. In the case of Cu-In—Si interface, the
addition of the CNT array has a minor effect on the overall
resistance.’ Tong et al.® studied the thermal properties of a
three-layer test configuration, which consisted of a CNT ar-
ray grown on Si substrate directly and adhered to a glass
plate. They measured the Si-CNT interfacial conductance to
be about 10® W/m? K. The glass-CNT interfaces with only
physical bonding (van der Waals) has a thermal conductance
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of about 10> W/m? K. By bonding the nanotubes and glass
using an indium weld, they observed an order of magnitude
enhancement in the overall thermal conductance (~2.2
X 105 W/m? K). Recent modeling work by Diao er al.'
demonstrated that increased pressure between CNT and Si
surface leads to increased thermal conductance due to in-
creased nonbonded interactions and formation of chemical
bonds.

The experiments clearly established the importance of
interfacial bonding on thermal resistance. However, due to
inherent difficulties in characterizing such bonding for large
arrays of CNTs, it is not obvious what are the upper limits on
the interfacial conductance and what is the quantitative de-
pendence between the bonding and thermal conductance. To
address this issue we model the heat flow between vertical
CNT and Si substrate using molecular dynamics (MD) simu-
lations to systematically study the effect of chemical bond-
ing. We demonstrate that with good covalent bonding, ther-
mal conductance between CNT and Si is almost two orders
of magnitude larger than that characterizing an interface with
just a van der Waals bonding and much larger than observed
in experiment. To gain further insight into this dramatic ef-
fect we employ wave packet technique to study the transmis-
sion of individual phonons across the Si-CNT interface.

Il. SIMULATION PROCEDURE AND MODEL
SETUP

Our model system consists of an open-ended (10, 10)
CNT adhering vertically to (001) Si surface (see the top
panel of Fig. 1). The structure is contained within a rectan-
gular simulation box with a cross section of 43.44
X 43.44 A% (8 X8 unit cells of Si). The Si crystal is com-
posed of 2176 atoms and CNT contains 2000 carbon atoms.
Periodic boundary conditions are used in all directions, thus
resulting in two Si-CNT interfaces normal to the z direction.

© 2008 American Institute of Physics
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FIG. 1. (Color online) Top panel: snapshot of the whole structure without
C-Si covalent bonds. Bottom panel: a typical steady state temperature
profile.

The interatomic interactions are described by the poly-
mer consistent force field (PCFF),'* which include both
bonded and nonbonded interactions. In the baseline case the
Si and CNT atoms interact just by the nonbonded interac-
tions, which are described by 6-9 Lennard-Jones potential in
the PCFF force field. In other structures we introduce cova-
lent bonds between Si and C atoms at the interface and we
vary the number of bonds from 1 to 12 per interface.

In the first stage of simulations we equilibrated the sys-
tem at constant atmospheric pressure and 7=300 K for 1 ns
using integration time step of 0.5 fs. Following equilibration,
we fixed the system volume and applied a constant rate heat
source in the center of the CNT and removed the heat at the
same rate in the center of the Si slab. The heat source and
sink were realized using a variant of the algorithm proposed
by Jund and Jullien,15 which conserved the total momentum
of the system. To obtain temperature profiles, we divide the
simulation box into slices along the z direction, i.e., along the
heat current direction. We average the temperature profiles
over 100 ps and obtain a series of about 20 temperature
profiles for the whole production runs of typically 2 ns. After
500 to 1000 ps (depending on the bond number introduced at
the interface) we observe that the temperature profile does
not change systematically. The actual reported data represent
the steady state averages over the last 1 ns of each produc-
tion run.

lll. RESULTS AND DISCUSSION

A. Effect of chemical bonding on thermal conductance
by MD simulation

In the bottom panel of Fig. 1 we show a typical steady-
state temperature profile for van der Waals bonded interface,
i.e., without covalent bonds (Ny3=0). Here we define Ny, as
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FIG. 2. (Color online) Top panel: snapshots of two interface structures: (a)
without C-Si bonds, (b) with six C-Si bonds per interface, and (c) Si-CNT
interfacial thermal conductance as a function of C-Si bond number.

the number of C-Si bonds per interface. As clearly seen in
Fig. 1, the temperature profile in CNT is flat and has a small
but visible slope in Si region. This is due to the low interfa-
cial thermal conductance and large bulk conduction of either
silicon or CNT. Therefore the overall temperature drop in the
system is dominated by the interface.

The temperature drop AT at the Si-CNT interface can be
quantified by the relationship16

Jo=ATIRy, (1)

where Ry defines the interfacial thermal resistance, also
known as the Kapitza resistance, and J, is the heat flux
across the interface. From the data of the temperature drop,
according to Eq. (1), we can calculate the interfacial resis-
tance Ry, or equivalently, interfacial conductance G=1/Ry.
However, the flux requires the determination of the interfa-
cial area. For this purpose we adopted the method of a ring
of van der Waals thickness of 3.4 A.'"'® With this definition
for the case with only physical interactions present, we ob-
tained the interfacial conductance G=5.0 MW/m? K. If we
assume that only about 20% of the interface is covered with
nanotubes, the corresponding conductance would be about
1 MW/m?2 K, which is the same as the experimental value
for CNT array grown on Si substrate.*'" This agreement can
be accidental since in experiment not all tubes (or tube walls)
are in actual contact, and some can be in chemical contact.

The dependence of thermal conductance on the number
of C-Si bonds is demonstrated in Fig. 2. Here we increase
the number of C—Si bonds from 0 to 12. As expected, as the
number of bonds increases the interfacial conductance in-
creases. Quite remarkably, a presence of a single covalent
bond increases the conductance over one order of magnitude
to about 150 MW/m? K. With large number of bonds the
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FIG. 3. (Color online) Snapshots of displacements for an LA wave packet
with f=1.10 THz: (a) before scattering, (b) after scattering: no covalent
bonds, and (c) after scattering: with covalent bonds (Npy=6).

conductance reaches as high as 500 MW/m? K, which is
two orders of magnitude enhancement compared with that
characterizing physically bonded CNT.

Assuming 20% tube coverage the corresponding interfa-
cial conductance would be 100 MW/m? K. This number is
two orders of magnitude larger than measured in
experiment.g’10 This suggests that there is a significant room
for improvement even if partially realized interfacial thermal
materials with CNTs covalently bonded to the substrate
might be very efficient.

B. Analysis of individual phonon scattering by wave
packet technique

To understand the mechanism behind the dramatic effect
of bonding on thermal conductance, we performed phonon
wave packet dynamic simulations.'” In this case the simula-
tion cell consists of 3 X3 X201 Si slab, which is about 110
nm long in the z direction and 120 nm long (10, 10) CNT.
Such lengths are sufficient to study phonon transmission
across the interface (located at z=0) without interference
from boundary scattering.

In the wave packet simulations the whole structure is
first relaxed to zero temperature minimum energy configura-
tion. Then a phonon wave packet with well-defined wave
vector and polarization is introduced in the silicon slab and
starts to propagate toward the interface [Fig. 3(a)]. After ar-
riving at the interface a part of the energy is transmitted and
the other reflected [Figs. 3(b) and 3(c)]. The analysis of those
energies allows to calculate the transmission coefficient (TC)
defined as the ratio of the transmitted to the initial energy.

Figure 3 shows a series of snapshots of atomic displace-
ments for longitudinal acoustic (LA) wave packet with aver-
age frequency f=1.10 THz. For the case without covalent
bonds most of the mode energy is reflected from the interface
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FIG. 4. (Color online) Frequency dependence of the energy TC.

[see Fig. 3(b)], while for the case with covalent bonds most
of LA mode is transmitted into CNT and propagates with a
higher group velocity but with the same frequency.

Figure 4 shows the frequency-dependent energy TCs for
incident LA and transverse acoustic (TA) wave packets. With
Npq=0 the TC is only appreciable at low frequencies. Fur-
thermore, TCs for LA modes are larger than that for TA
modes across the whole frequency range. This is likely asso-
ciated with the fact that atomic displacements for LA modes
are normal to the interface, while displacements for TA
modes are parallel to the interface.

With covalent bonds both LA and TA modes have much
higher TCs. In particular in the low frequency region the
transmission is close to unity, while in the intermediate and
high frequency region the coefficients are within 0.2-0.5
range. The intermediate frequency modes are most important
for thermal transport as they are more abundant than low
frequency modes and have large group velocities. The high
frequency modes have very small group velocities and thus
are not significant thermal energy carriers. Therefore we con-
clude that the large difference between thermal conductance
of the CNT-Si interface with and without covalent bonds is
mainly due to large increase in TCs of intermediate fre-
quency modes due to the presence of covalent bonds. We
also note that at room temperature in Si as well as in CNTs,
the high frequency modes are not excited since they obey
Bose-Einstein distribution.

C. One-dimensional (1D) chain model

In order to understand more quantitatively the origin of
frequency and bonding dependence of the TC for LA modes,
we consider a simple 1D chain model of masses connected
by linear springs. In one semi-infinite half of the chain, the
mass, spring length, and spring constant were adjusted so as
to reproduce the LA branch dispersion as well as acoustic
impedance for Si. Analogously, in the other half, the chain
represents CNT properties. The bond between Si and CNT is
treated as an adjustable parameter.
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FIG. 5. (Color online) Frequency-dependent energy TC fitted by a 1D chain
model.

We calculated the TC as a function of frequency using
Green’s function formalism and Caroli formula.*>™** For this
simple model the following analytical solution of TCs yields

g 2)

a(w) = 4k onrksisiken sin(g)sin(g’)/|d

where kg;_g;, kents and kg onr are the stiffness of the springs
connecting Si—Si, CNT-CNT, and Si-CNT masses, respec-
tively, d=|0* ks cnr+ksi_si(¢—1) |0 —ksi.cnt
+kcent-onr(€ = 1)] is the determinant of Green’s function of
the 1D chain model, and ¢ and ¢’ are the wave numbers of Si
and CNT chains, respectively. Then we adjusted the value of
the spring constant that connects Si and CNT chains to best
fit the data obtained by phonon scattering MD simulations.
The results of such fits for Ny3=0 and Npy=6 are shown in
Fig. 5. The best fit for Ny=0 was obtained with
ksi.onT/ ksi_s;=0.013. Such low value of kg; cn7/ksi_g; 1S con-
sistent with the fact that there are no covalent bonds between
Si and CNT. We also note that the fit for N,4=0 is quite good
across the whole frequency range indicating that the mecha-
nism of LA phonon scattering between CNT and Si bonded
by physical interactions is well described by the chain
model.

The best fit for Nyy=6 was obtained with kg; cnt/ksis;
=0.15, which is consistent with the fact that a number of
covalent bonds exist between CNT and Si in this case. The fit
follows the data very well until the frequency of about 4
THz. For larger frequencies the actual TCs remain in the
0.2-0.5 range (see Fig. 4) while the transmission for the
chain model decreases rapidly with frequency. The analysis
of the scattering process of high frequency phonons reveals
that the incident LA phonon scatters into multiple phonon
branches present in CNT. By contrast in the chain model,
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there is only one phonon branch. This is likely the reason
why the chain model underestimates the transmission of high
frequency phonons.

IV. CONCLUSION

In summary, using MD simulations and an analysis of
individual phonon scattering and a simple chain model, we
demonstrated a dramatic effect of chemical bonding on ther-
mal transport across CNT-Si interfaces. Without chemical
bonds between CNT and Si the thermal resistance is high and
its values are consistent with that measured in experiment on
vertical CNT arrays. With chemical bonds the thermal resis-
tance is reduced by two orders of magnitude. Our results
show significant potential of CNT arrays for thermal man-
agement well beyond that demonstrated to date by experi-
ment.
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