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Phonon interference at self-assembled monolayer interfaces: Molecular dynamics simulations
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Using molecular dynamics simulations, we expose phonon interference effects in thermal transports across
a self-assembled monolayer (SAM) of alkanethiol molecules covalently bonded to (111) gold substrate and
physically bonded to silicon. In particular, we show that the thermal conductance of SAM-Au interface
depends on the bonding strength at the SAM-Si interface and that the phonon transmission coefficients show
strong and oscillatory dependence on frequency, with oscillatory features diminishing with increasing SAM
thickness. To explore the generality of this behavior we analyze a simple model of point junction on a
one-dimensional chain using the scattering boundary method.
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I. INTRODUCTION

The invention of electronic devices, such as the diode and
transistor, which control and manipulate electrons, has been
the main driving force for the fast development of human
society in last few decades. The development of devices to
control phonons—the carrier of heat in semiconductors and
dielectric materials—however, is not as smooth as it is elec-
tronic counterpart. The main difficulty lies in the fact that
phonons—unlike electrons and photons—are not real par-
ticles. Nevertheless, recent years have made headway on new
advances. In particular, thermal rectifiers have been designed
theoretically! with a first experimental realization put for-
ward with help of asymmetric nanotubes” and by combining
two segments of cobalt dioxide.> Moreover, based on the
negative differential thermal resistance, a thermal transistor
has been proposed* which opens the door for the control of
phonons. The realization of different thermal logic gates,’
and thermal memory, has laid the foundation for processing
information by phonons. These advances have changed our
traditional view about phonons, and a new discipline—
phononics—i.e., the science and engineering of phonons has
emerged.’

In this paper, we shall study another important
phenomenon—interference effects. It is well known that in-
terference effects can be used to tailor transmission and re-
flectance of electromagnetic waves at an interface between
two media. In particular, a quarter-wavelength-thick trans-
parent coating can completely eliminate reflection,® provided
that the refractive index of the coating is given by the geo-
metrical average of the indices of the two adjacent media.
However, direct manifestation of the phonon interference is
elusive. The primary reasons are that a typical wavelength of
phonons that dominate thermal transport is of the order of 1
nm, and that a typical distance over which phonons propa-
gate coherently (phonon mean free path) is of the order of
tens of nanometers.” These characteristics phonon length
scales are nanoscopic, thus our ability to directly observe
phonon interference effects similar to that exhibited by opti-
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cal coatings requires nanoscopic coatings and atomistically
smooth interfaces.

To date the most significant efforts in phonon engineering
were associated with theoretical analysis and experimental
work on superlattices, i.e., alternating multilayers of epitaxi-
ally bonded solids.'-!> Moreover, nanoscale devices like the
phonon broadband mirror, color filter, and edge filter were
designed to display optimized acoustic reflectivity curves in
the terahertz range were grown by molecular beam epitaxy
(MBE) technology and characterized by Raman scattering
techniques.'® In the case of superlattices, the phonon inter-
ference was shown directly by measuring the transmission
coefficient of the phonons.!” In particular for a 50 layer su-
perlattice sandwich between two solids, it was observed that
the transmission coefficient is significantly reduced (to about
30% of the reference value) for certain phonon wavelengths,
in manner analogous to that observed in optical systems. The
direct demonstration of phonon interference and associated
phonon engineering techniques for superlattices include mul-
tiple layers of solids (typically tens of more). A demonstra-
tion of phonon engineering via use a single molecular layer
has not yet been achieved. Furthermore, there is no reported
work on phonon interference in the context of the organic
layers.

Self-assembled monolayers (SAMs) of organic molecules
on gold (111) surfaces!# are potential candidates for systems
where phonon interference can play a direct role. In particu-
lar, an interfacial thermal resistance, which is a function of
the phonon transmission coefficients,’ was measured for
Au-SAM-GaAs interface.'® Also, femtosecond laser pulse
measurement on SAMs on Au substrate!” allowed for de-
tailed analysis of heat flow along hydrocarbon chains form-
ing SAM.!8

In this paper, we will use molecular dynamics (MD) simu-
lations to study heat flow and phonon scattering at Au-
SAM-Si interfaces to investigate the role of phonon interfer-
ence on the transmission of individual phonons and the
overall interfacial thermal conductance. We also perform an
exact calculation to characterize conduction of point junc-
tions between one-dimensional chains of masses connected
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FIG. 1. (Color online) Top panel: snapshot of the Au-SAM-Si
structure with 16 C atoms long chains. Middle panel: steady state
temperature profile for thermal flux, J,=800 MW/ m? and standard
Si-SAM interactions. Bottom panel: same as the middle panel but
for five times stronger Si-SAM interactions.

by springs to explore generality of the phonon interference
effects in the presence of narrowly spaced multiple junctions
and interfaces.

II. MODELS AND MOLECULAR DYNAMICS
SIMULATIONS

The model system consists of an SAM composed of
alkanethiol [-S-(CH,),_;-CH;] chains forming two-
dimensional triangular lattice with a surface density of
21.6 A? per chain. The chains form a tilt angle of about 30°
with respects to Au surface.!” The other side of SAM is
physically bonded to the hydrogen terminated (100) surface
of Si crystal (see Fig. 1).

The structure is contained within a rectangular simulation
box with a cross section of 32.6x32.6 A2 and a length of
about 200 A, as shown in the top panel of Fig. 1). The
silicon crystal is composed of 2304 atoms. The SAM slab
contains 48 SAMs chains. We consider several chain lengths
involving 3, 8, 16 and 32 carbon atoms. The Au crystal con-
tains 3024 atoms. Periodic boundary conditions are used in
the two transverse (x and y) directions. This results in an
Si-SAM-Au interface normal to the z direction with outer
layers of Si and Au slabs exposed to vacuum.

The interatomic interactions for Si and a hydrocarbon
chain are described by the polymer consistent force field
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(PCFF),?® which includes both bonded and nonbonded inter-
actions. Only nonbonded interactions (physical bonding) are
operative between Si and SAM. The nonbonded interactions
are modeled by a short range 9—6 Lennard-Jones (LJ) poten-
tial e[[2(a/r)?=(a/r)¢], where r is the interatomic spacing
and the parameters are the energy and length scales, respec-
tively. The LJ potential is truncated and shifted smoothly to
zero at a cutoff radius of r.=7.0 A. We use the pairwise
additive Glue model?' for the Au-Au interactions and a
Morse potential for Au-head group (sulfur) interaction, that
reproduce the strength of the thiol bond well.?? Upon equili-
bration at 300 K, we observe a tilt angle of about 29°, which
agrees very well with the experimental tilt angle of
30+10°.1°

In the first stage of simulations, we equilibrate the system
at a constant pressure (1 atm) and temperature of 300 K
using Nosé-Hoover thermostat for 1 ns with a MD time step
of 0.5 fs. Following the equilibration, we turn off the global
thermostat, fix the system volume and apply a velocity res-
caling constant rate heat source at the outer side of the Au
slab and remove the heat at the same rate at the outer end of
the silicon slab, leading to the thermal flux of J,
=800 MW/m?. After about 0.5 ns, the steady state was
reached and the temperature profiles (see Fig. 1) along the z
direction were calculated and averaged over a total of 2.5 ns.

The profiles in the bottom panels of Fig. 1 clearly show
that the temperature drops at the Si-SAM and SAM-Au in-
terfaces. The temperature drop, AT, relates the thermal inter-
facial resistance, R, to the thermal flux via,?°

Jo=ATIR. (1)

Thus measuring AT we can calculate the interfacial resis-
tance R or equivalently, interfacial conductance G=1/R.

For chain sizes up to 16 carbon atoms, the temperature
drop at the Si-SAM and the SAM-Au interfaces are 73 £ 3
and 7= 1 K, respectively, corresponding to the interfacial
conductance of 11 and 110 MW/(m? K). Due to the lack of
chemical bonding at the Si-SAM interface, its conductance is
much lower that of the SAM-Au interface. The correspond-
ing overall interfacial conductance for the 16 C atom Si-
SAM-Au interface is 10 MW/(m? K). For the 8 and 32 C
long chain, the overall interfacial conductance is 15 and
9 MW/(m? K), respectively. This suggests that the conduc-
tance decreases with increasing chain length. However, the
conductance of the 3 C atom long SAM interface is only
6 MW/ (m? K), i.e., more than twice lower than for the 8 C
atom long SAM interface. This suggests a strong interference
effect, perhaps reducing the transmission coefficient of
phonons for specific thicknesses of the SAM region.

To provide further evidence for phonon interference ef-
fects we increase the L-J potential bonding strength at the
Si-SAM interface by a factor of 5 for the 16 C long SAM
model. The temperature drop at the Si-SAM interface gets
reduced by an order of magnitude to just 5 K, which can be
attributed to better interfacial bonding. However, at the
SAM-Au interface, the temperature drop increases from 7 to
9 K, despite the fact that the interactions at this interface are
not altered. This result clearly indicates that the two inter-
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FIG. 2. Energy transmission coefficient « as a function of fre-
quency of the incident LA wave packet for various SAM thick-
nesses. The top panel corresponds to Si-SAM interactions five times
stronger than the standard interaction.

faces are not independent, and due to interference effects, the
apparent conductance of one interface depends on the bond-
ing on the other.

We note that the experimentally relevant result is the
overall interfacial conductance of the combined Si-SAM-Au
interface which is about 15 MW/(m? K) for the weak Si-
SAM interfaces (except for 3 C atom long SAM) and
60 MW/(m? K) for the strong interface. The first value is
similar to that measured in Ref. 16, but much smaller than
that obtained in Ref. 17. Our results indicate that interfacial
interaction strength can greatly affect the interfacial conduc-
tance, thus likely explaining discrepancy between various
experiments on similar SAM structures.

To provide direct evidence for the phonon interference
effects, we perform phonon wave packet dynamic
simulations.?® In the Si crystal we construct spatially local-
ized longitudinal acoustic (LA) wave packets of phonons
with well defined frequency, and inject them to otherwise
zero temperature relaxed structures.”> The wave packets
propagate toward the interface where they scatter into trans-
mitted and reflected waves. In this simulation we use ex-
tended Si and Au slabs with the total simulation cell length
of 200 nm. We monitor the dynamical evolution of the wave
packet and compute the energy phonon transmission coeffi-
cient «, defined as the ratio of energy transmitted across the
Si-SAM-Au interface to the energy of the incident wave
packet.
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FIG. 3. (Color online) Transmission coefficients as functions of
frequency. (a) The transmission in one junction. Two different semi-
infinite atomic chains are connected together by parameters as k;
=1.0, my=1.0, k,=3.0, and m,=4.0. The inset is a schematic rep-
resentation for one-junction case. (b) The transmission in two-
junction case which has a center part with N atoms connected by
two semi-infinite atomic chains. The parameters are k;=3.0, m,
=717, k=03, my=0.44, k3=1.0, m3=1.0, k1,=0.20. The in-
set is a schematic representation for two-junction atomic chain.
Here, for (a) and (b), the unit for coupling & is 16.515 N/m and unit
for mass m is 28 amu.

The phonon transmission coefficients for various SAM
chain sizes are shown in Fig. 2. For all chain sizes, we see an
oscillatory behavior with a strong frequency dependence.
This is a direct manifestation of phonon interference effects.
However, with increasing chain size, the oscillatory features
diminish and a monotonic decrease sets in with increasing
frequency. Our understanding of this behavior is the follow-
ing. The interference effects require coherent multiple scat-
tering from the Si-SAM and SAM-Au interfaces. Such co-
herency is easier to maintain with short SAM molecules. For
longer SAM molecules, phonon-phonon scattering dimin-
ishes the coherent (ballistic) nature of phonon propagation
along the hydrocarbon chain. In consequence, the interfer-
ence effects are eliminated as the diffusive behavior sets in.
We also note that for 3 C long SAM model the phonon
transmission coefficients are visibly lower than for other
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cases, which is consistent with the fact that this interface has,
by far, the lowest conductance.

III. ANALYTICAL MODEL

To underscore the generality of the phonon interference
effects involving thin layers sandwiched between two solids,
we consider a simple model of a junction structure. By a
scattering boundary method within a lattice dynamic ap-
proach, which was first proposed by Lumpkin and Saslow to
study the Kapitza conductance in one-dimensional lattice®*
and was successfully applied to thermal transport in spin
chains,? we calculate the phonon transmission coefficients
for one-junction and two-junction atomic chains as shown in
the inset of Fig. 3. For a one-junction case, we assume a
wave solution transmitting from the left lead to the right
lead. We label the atoms as —©,---,—1,0,1,2,---,+00. The
two media are modeled by atoms with mass m; and m; con-
nected by springs k; and k,, respectively. An interface is
located between atoms O and 1 which are connected by a
spring ki,. From the scattering boundary method, we obtain
the continuity condition at the interface as

w2m1u0=—k1u_1+(k1+k12)u0—k12u1; (2)

w’mouy = — kg + (kyp + ko)uy — kit 3)
Here u; is the wave function at the ith atom. For a two-
junction case, the transmission wave will be reflected and
transmitted by the second boundary, and then the reflection
wave will be reflected at the left end again, and then reflected
again. At last we obtain the transmission coefficients for one-
junction and two-junction cases as

al(w)=1—|712|2=1_|"232’ (4)
(1= [rp (1 = rs)?)

az(ﬂ)): L‘—‘ . (5)
|1 —”23’”217\5(]\] ])|2

Here, N, is the number of atoms in the center part for two-
junction atomic chain; ry; is the reflection coefficient when
the phonon wave transmit from part i to part j, which is
Vi =
T (ki = ki = kI N) (= ki = kN — Ky

-1; (6)

~hi=\h—4 m . . "
- h,="(w+in)>-2, n is a small positive

and \;= X,
number: 7=0%; m; and k; is the mass and spring constant of
the ith part of the atomic chain. Here we take one of the two
roots: |\|<1, because of the forward moving waves with
group velocity v>0.26

Using the above explicit formulas, we plot the transmis-
sion coefficients as a function of frequency in Fig. 3. Figure
3(a) shows results for a single junction between two semi-
infinite atomic chains of different masses and spring con-
stants. The transmission coefficient decreases with increasing
frequency for all the coupling k;,, which is consistent with
the results of MD studies on Si-polyethylene interface.?’ Fig-
ure 3(b) shows the transmission as a function of frequency
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for two-junction models. We find that the transmission coef-
ficient oscillates with the frequency, with the period of oscil-
lations decreasing with increasing junction separation. This
is qualitatively the same behavior as observed in our MD
simulations of SAM interfaces. In fact, the numbers of peaks
are consistent with those in Fig. 2. When we increase the
coupling between the center part and right lead k,; five
times, the transmission coefficient will be lifted in the whole
range, which is consistent with the first curve in Fig. 2. All of
our results from the scattering boundary method are verified
by the nonequilibrium Green’s function approach.?

IV. SUMMARY AND DISCUSSION

In summary, using MD simulations and scattering bound-
ary method calculations we demonstrate strong phonon inter-
ference effects at the nanoscale layers joining two materials.
We show that the thermal conductance of one interface de-
pends on the bonding strength at another interface and that
the transmission coefficients show a strong and oscillatory
dependence on frequency. We use the scattering boundary
method to study the generality of the phonon interference
effects involving thin layers sandwiched between two solids.
Explicit formulas for the transmission coefficient are given
for one- and two-junction structures, which are consistent
with our MD simulations. Our results demonstrate the poten-
tial for phonon filtering, tailored by the layer thickness and
interfacial interactions that can be used in design of new
interfacial thermal materials and in emerging field of phonon
engineering.

Our prediction of the strong phonon interference effects at
SAM interfaces can be compared against experimental re-
sults on interfacial conductance reported in Ref. 16. In Ref.
16 SAMs consisting of eight and ten carbon molecular
chains were used and the interfacial resistance reported for
the two cases were about the same within the experimental
error. Nevertheless, some differences in interfacial conduc-
tance were observed, indicating that interfaces with longer
chains have higher conductance. Such behavior is consistent
with the phonon interference effects. In our modeling studies
we vary the chain length by much larger factors that in the
experiment. This might contribute to the fact that we observe
more significant differences in interfacial thermal transport
characteristics. Furthermore, our model system is idealized
with all solid surfaces being atomistically smooth. This also
enhances phonon interference effects. Furthermore, we need
to point out that interfacial thermal resistance reported for
metal—SAM interface is Ref. 16, which is of the order of
20 MW/(m? K) is much lower than 100+ MW/ (m? K) esti-
mated in Ref. 17. Both Refs. 17 and 16 assumed that strong
thiol bonds exist at SAM-Au the interface. In reality, inter-
facial bonding quality might differ from the assumed one. In
the case of the simulation, the interfacial bonding is fully
characterized and can be varied in a controlled manner, al-
lowing us to expose the role of SAM chains length on inter-
facial conductance.
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