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Polymers used as thermal interface materials are often filled with high-thermal conductivity par-
ticles to enhance the thermal performance. Here, we have combined molecular dynamics and the
two-temperature model in 1D to investigate the impact of the metal filler size on the overall thermal
conductivity. A critical particle size has been identified above which thermal conductivity enhance-
ment can be achieved, caused by the interplay between high particle thermal conductivity and the
added electron-phonon and phonon-phonon thermal boundary resistance brought by the particle
fillers. Calculations on the SAM/Au/SAM (self-assembly-monolayer) system show a critical thick-
ness L. of around 10.8 nm. Based on the results, we define an effective thermal conductivity and
propose a new thermal circuit analysis approach for the sandwiched metal layer that can intuitively
explain simulation and experimental data. The results show that when the metal layer thickness
decreases to be much smaller than the electron-phonon cooling length (or as the “thin limit”), the
effective thermal conductivity is just the phonon portion, and electrons do not participate in thermal
transport. As the thickness increases to the “thick limit,” the effective thermal conductivity recov-
ers the metal bulk value. Several factors that could affect L. are discussed, and it is discovered that
the thermal conductivity, thermal boundary resistance, and the electron-phonon coupling factor are

all important in controlling L... Published by AIP Publishing. https://doi.org/10.1063/1.5014987

I. INTRODUCTION

Nanocomposite materials are widely used nowadays due
to their outstanding properties which cannot be achieved by
single-phase materials. They can be implemented in condi-
tions where a high thermal conductivity is desired for heat
dissipation, or where a low thermal conductivity is desired
for a large thermoelectric figure of merit ZT.'~* Besides, they
play important roles in constructing controllable nanostruc-
tures, such as nanowires, nanotubes, and nanoparticles.5
Many practical applications require us to optimize conflict-
ing properties of materials to meet the demands. This could
often be achieved by combining materials of different prop-
erties or adding one to another. Thus, predicting the property
of the composites and understanding the physics and mecha-
nism become important. More than one hundred years ago,
Maxwell already presented a theoretical method for calculat-
ing the effective properties of particulate composites.® His
pioneer work has served as a basis for many following stud-
ies through these years.

There have been a series of theoretical studies on the effec-
tive properties of composite materials. The effective medium
approximation (EMA) has been most widely applied.”'°
Hasselman and Johnson developed a Maxwell-Garnett model
based analysis for composites with different types of particle
inclusions."" It was discovered that the particle size could affect
the effective thermal conductivity. Every et al. compared the
Maxwell-Garnett model and Bruggeman model and discussed
the effect of the particle size in the form of a length-unit
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parameter: Kapitza radius.'> By combining EMA with their
multiple scattering theory, Nan et al. developed a model for
arbitrary composites where they considered the thermal bound-
ary resistance (TBR) in the form of a coated layer."* Duan
et al. derived an explicit expression for the effective thermal
conductivity of heterogeneous media containing ellipsoidal
inclusions. More recently, they extended their previous study to
include the effect of the imperfect bond between the inclusions
and the matrix as well.'*!"

However, in these models, only phonons are considered,
so they are not expected to work well for the metal-matrix
composites (MMC) where electrons can make a significant
difference.'® In more recent studies, new methods and modi-
fied approaches are developed to take into account these
effects. Several works on formulating the two-temperature
model (TTM)'” and Boltzmann transport equations (BTE)
have already been presented.'®'? Combining their previous
work with TTM, Miranda er al.*° derived an analysis for the
effective thermal conductivity of particulate composites with
oriented spheroidal metallic particles embedded in a dielec-
tric matrix. In their following study, extended models which
can account for composites in the non-dilute limit were also
derived by means of the crowding factor>' and EMA.*?

The effect of particle sizes on the effective thermal
conductivity has been investigated by several studies,'*°
but an explicit analytical solution considering electrons’
effect has not been given. The critical radius has a signifi-
cant effect on the effective thermal property; therefore,
developing a useful model for predicting r, is practical for
guiding us in choosing the materials and sizes of particles
when synchronizing a composite material. Also, modern

Published by AIP Publishing.
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time domain thermal reflectance (TDTR) experiments often
involve metal-dielectric multilayers, and it will be beneficial
to develop analytical relations that are easy to use. In this
study, we combine molecular dynamics (MD) with TTM-
Fourier calculations to predict the critical thickness L. in 1D
for metal particles embedded in a polymer matrix. A general
solution to TTM that is applicable regardless of the size
of the system is derived. The SAM/Au/SAM case study is
presented as an example, and TTM-MD simulation is per-
formed to predict the thermal properties for the inputs
of the calculation. Based on the mathematical equations and
thermal circuit analysis, we propose a new approach to
analyze the thermal conduction in metal thin films sand-
wiched between dielectric layers, which is more intuitive in
explaining experimental and simulation results than previ-
ous models under certain conditions.>? Finally, several fac-
tors including the thermal conductivity, TBR, and electron-
phonon coupling that can affect L. are discussed.

Il. TTM-FOURIER APPROACH

Generally, metals have higher thermal conductivity
than polymers. Therefore, when metal particles are added to
the polymer matrix, the thermal resistance is expected to be
reduced. However, TBR is also introduced at the same time.
A 1D representation of this process is illustrated in Fig. 1,
where a polymer layer in a polymer block is replaced with
metal with the same thickness. The total resistance of the
new composite is determined by the competition of the high
thermal conductivity of the replaced layer and the intro-
duced TBR. Defining the resistance introduced by the metal
middle layer as Rjuo = Rpyerarc +2Rp, the net resistance
change after the replacement in Fig. 1 can be expressed as

AR = Rintro — Rpoly.('~ (D
Polymer | Polymer 1 Polymer
polymer polymer polymer
T
8 3
© ©
Polymer > Metal ‘5 Polymer
= IS
polymer RB Rmetal RB polymer
[ ] { } { } f F——~~» ]

FIG. 1. The schematic of a 1D metal-polymer composite, where a polymer
layer is replaced with metal. Hence, the middle layer polymer conduction
resistance is replaced by the metal layer conduction resistance and the ther-
mal boundary resistance at the two interfaces.
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Here, Rp is the TBR which is related to the material properties
such as lattice mismatch, etc. R,eq, and R, . refer to the
conduction resistance of metal and polymer layers, respec-
tively, which depend on the middle layer thickness and their
thermal conductivities. Therefore, AR also varies with these
factors. In order to obtain a quantitative analysis of the rela-
tionship between AR and the middle layer thickness, expres-
sions for the resistances in Eq. (1) need to be derived.

A. A general solution to two-temperature model
equations for a metal thin film sandwiched between
two dielectrics

The interfaces in Fig. 1 are the metal/nonmetal interfaces.
In metals, thermal transport involves both phonons and elec-
trons. We apply the two-temperature model'”* for analysis,
where electrons and phonons are depicted as two interacting
subsystems with their own temperatures. Their interaction
strength is described by the coupling factor G,,. If we ignore
all the external factors such as laser heating, etc., the steady-
state governing equations are

0T,
k"aT; —G,(T, — T,) =0,

T, @
ka;’ +Gp(T. — T,) = 0.

Here, T and k denote the temperature and thermal conductiv-
ity, respectively, and e and p are the index for electrons and
phonons, respectively. In dielectric materials, usually the
electrons’ effect can be neglected compared with phonons’
effect.”® At the interface, the cross-interface electron-phonon
interaction may also be ignored if the temperature difference
is not large (<1000K).>* Based on the above assumptions,
only phonons can transfer energy across the interface, while
electrons cannot. In a polymer/metal/polymer sandwich sys-
tem as illustrated in Fig. 2, the boundary conditions are

Polymer Metal middle layer Polymer
\ ' T '
i '
—T, ‘nonequilibrium
--= T, ireg|on
oy
S ® ©
© R &
(0] ) I3
= £ : B £
GE) tequilibrium region;
~ ! '
y
ATep
AT
! ATpp
nonequilibrium:
region :
x=-L/2 x=L/2

Position

FIG. 2. Temperature distribution in a polymer/metal/polymer sandwich sys-
tem. In the metal middle layer, both electrons and phonons are considered,
while in the polymer substrates only phonons are considered.
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where J is the heat flux and &, is the thermal conductivity
of the polymer. Different boundary conditions cause non-
equilibrium between the two energy carriers in the metal. As
illustrated in Fig. 2, electrons and phonons have strong non-
equilibrium near the interface where their temperatures devi-
ate from each other. This will render an extra interfacial
resistance in addition to the phonon-phonon coupling resis-
tance. As a result, the total TBR consists of two parts: Rp
= Rpp +Rep.

R, can be acquired by several approaches such as the
acoustic mismatch model (AMM), diffuse mismatch model
(DMM), and MD simulations.”>*’ It can be treated as a rela-
tively constant value at a specific temperature. Therefore,
only R,, needs to be derived. Combining Egs. (2) and (3), we
can obtain an expression for the temperature profile in the

metal
L
smh —
J k (2d>
T, = Tpiad — P - 2sinh
ik otk k <L> sin ( >
d
L
smh (—)
J ke 2d
T, =Tpiq — - 2sinh
p = Bmid =k k+kk (L) Sm()
d
“4)
where
1
d=—— 5)

1 1
(5 1,)
is the electron-phonon coupling length. And 7, is the tem-
perature at x =0, which is also the center point of the metal
middle layer where electrons and phonons reach thermal
equilibrium. The total resistance from x=0 to x = %+ can
then be expressed as

Tp‘x:g B Tp oly |"':%+

L
Twia =Tk _ 2
+

7 ke + ky 7
ko d L

< tanh 6

okl <2d) ©®)

Here, Tk is the temperature of the polymer at x = % Equation
(6) has the form of a serial thermal circuit. Observing
the right side of Eq. (6), the first term is the definition of
the metal conduction resistance from x =0 to x = %, while the
second and third term together is the TBR Rz = R, + R,.
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By noticing the fact that the second term is exactly the defini-
tion of R, = AT,/J, we can obtain an expression for R,

R ! ke %ta h ( L ) (7)
ep — n — .
P (Gepkp)% ke + kl’ 2d

Equation (7) is generally applicable regardless of the metal
film thickness. If we apply the infinite large-system limit,
R, recovers the expression in Wang’s work.”?

B. The critical thickness L.

With expressions for all the resistances in Eq. (1), AR
can be expressed as

2 L _ L
hpp ke +kp kpo/y’

®)

where £, is the phonon thermal boundary conductance
(TBC) which is the inverse of R,,,,.

If we want to improve the heat conduction in the new
composite material, AR must be negative so that the total
resistance decreases. Observing the first-order derivative of

AR, it can be shown that

dAR 2 ko \? 1 1
< : + -
AL (G k)t \ke +p ke +ky ko

For most metals, the value of k, + &, is usually greater than
100 W/m K, and G,, is on the order of 1 x 10'® W/m® K,
while k., for most common polymer materials is smaller
than 10 W/m K. As a result, the right side of Eq. (9) is always
negative, which means that AR decreases monotonically as
L increases, from its maximum value of 2/h,, at L=0. The
critical thickness L. is defined as the value where AR crosses
zero, and L has to be larger than L. to result in a negative
AR. Therefore

42 ( ke )gtanh <£)—I—i+ Le — Le _ 0
(Gepkp)% ke + Kk, 2d)  hyy ke +ky o Kpory

(10)

It is noteworthy that L. only exists when k,u, < k. + &,

which is true for most materials. The first term in Eq. (10)

makes it difficult to get an explicit analytical solution for L.

However, we can simplify the equation by taking two extreme

limits:

(1) If G, is very small, which is the case where electrons
and phonons have very weak coupling

J 1 L. 0. tanh <L> L.
= 00, — — anh| — | — —.
1 1 "2d ' 2d 2d
G _ .
v (kf’ * kp)

The first term in Eq. (10) evolves as

(1)
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3
2 ke \? (Lc) ke L.
tanh| — | =2d —~——
(Gophy)? (ke + kp> 2d ky (ke + ky) 2d

koLe

= (12)
kl’ (ke + kp)
From Egs. (10) and (12), L.. is expressed as
2
_ Iy
L.= i (13)
Kpoty  kp

It is the same result when electrons are not involved. In
fact, if L./d < 1, which is usually the case for metals
with weak electron-phonon coupling like gold (L./d
= 0.5), the above expression is still approximately valid,
with an error within 10%.

(2) If G, is very large, which is the case that electrons and

phonons have very strong coupling
L
tanh | — 1.
ann(55)

(14)

1 L.
d=—7————0,—— o0,

1 1 2d
Ger (k_ i k_)
e P

The first term in Eq. (10) evolves as

3
2 ke \? (L(,'> ke
tanh(=%) = 24— —0. (15)
(Gepkp)% (ke + kp) 2d kp (ke + kp)

Then

fL 7&_ (16)
p

1
kpoty — kp 14 1¢p

This is the case when electrons and phonons are in per-
fect equilibrium, indicating that electrons fully contrib-
ute to thermal transport. In fact, if L./d > 3, which is
usually the case for metals with strong electron-phonon
coupling like nickel (L./d = 4.1), the above expression
is still approximately valid, with an error of 10%.

(3) When L. /d is between 1 and 3, the above two simplifica-
tions can no longer give accurate results, and we will
need to numerically solve Eq. (10) to get an accurate
solution. For a specific pair of materials, one can choose
one from the above equations with £, k,, and k., to
estimate L. first, and then check if L. /d falls in the corre-
sponding range. If so then the approximation is valid,
otherwise a more accurate calculation is required.

lll. SAM/Au/SAM CASE STUDY

In this section, we will present a case study of a gold thin
film sandwiched between aligned SAM chains. The Au/SAM
interface has been investigated by several recent studies
which could provide benchmarks for our calculations.?°

J. Appl. Phys. 123, 074302 (2018)

A TTM-MD simulation is performed first to predict the
necessary thermal properties, and then, a TTM-Fourier cal-
culation is presented based on the equations introduced in
Sec. IL.

A. TTM-MD simulation

The TTM-Fourier calculation requires the following
thermal properties as known inputs: the phonon TBC #,,,, the
thermal conductivity &, and the electron-phonon coupling fac-
tor G.,. A TTM-MD simulation of a Au/SAM/Au/SAM/Au
multilayer system is performed to predict these values.*>!
The total length of the simulation domain is 134.25 A, with a
cross-section area of 17.304 x 20.0 A or 12 gold atoms in
the (111) plane of the face-centered cubic (FCC) unit cell. 16
SAM molecules form the junction between each 2 adjacent
gold layers. As a result, there are 2624 atoms in the domain.
Reference of the structure and interatomic potentials used can
be found in Refs. 28-30. The electronic properties of gold are
taken as the common values at room temperature. The system
is first relaxed under zero external pressure condition at 300 K
for 0.3 ns, and then, a heat flow of 3.2 x 1078 W is imposed
in the direction which is perpendicular to the interfaces. The
nonequilibrium MD simulation runs for another 0.6 ns to let
the system get to a steady state. The final temperature profile
zoomed at the middle gold layer is shown in Fig. 3. From
the results, &, is 349.3 = 40.3 MW/m? K. Although our £,
agrees reasonably well with previous theoretical predictions,””
they are significantly higher than reported experimental data
such as those reported in Refs. 32 and 33. This is probably
because, for example, in simulations the hydrogen atoms are
incorporated into their carbon or sulfur backbones and are not
simulated explicitly; also the interfaces in simulations are per-
fectly bonded. Here, we present our results using the theoreti-
cal h,,, while the impact of lower A, (or higher R,,) from
experiments on L. is discussed in Sec. IV B. The lattice ther-
mal conductivity of Au is found to be 6.41 W/m K, while that
of the SAM molecule chain ranges from 0.9 W/m K to 2.4 W/
m K, which also agree with previous literature studies.**” It
is noteworthy that this value is a little bit higher than that of a
common polymer matrix. The reason is that these SAM

war * MD acquired T, ] 3283
. MD ired T, :
3216 = e . acquired T, : 1 a6
F : — Fitted T ;
3149 gl
LN £ sam 314.9
2 H = 2 2.
< 3082 J=5.79 Wim 21 e
g I E "u . :
5 o i
2 er e * 7 3015
% 20| 5
S Gold : 294.8
o L ] 3 ]
e B k =313 W/mK 3 288.1
g k =6.41 W/mK 3
#1 T = ’ W ] 2814
e L 2747
E M 1 , | ) | X | ) L B
-6 -4 -2 0 2 4 6

Position (nm)

FIG. 3. The temperature profile of the Au/SAM/Au/SAM/Au multiplayer
system zoomed at the middle layer from the TTM-MD simulation.
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TABLE I. Thermal properties used in TTM-Fourier calculation.

Thermal property Value

By 350 MW/m* K
Kpotymer 1.48 W/m K

ko 313 W/m K

ky, 6.41 WmK
G.p 2.8 x 10'"® W/m* K

molecule chains in the system are well aligned. The neat
structure ensures that the phonon propagation is smooth and
results in a reasonably high thermal conductivity.

B. TTM-Fourier calculations

We have developed equations for estimating L. in Sec. II.
However, usually a more accurate result without approxima-
tions is desired. Then, we need to go back to Eq. (10) and
acquire the solution through numerical methods. The detailed
parameters used for the Au/SAM/Au calculation are listed in
Table 1. Based on the TTM-MD simulation results, we assign
hy,p as 350 W/m? K for convenience. For the thermal conduc-
tivity of polymer, we use our own averaged value of 1.48 W/
m K, which is reasonable compared with Chen’s result of
2.081 W/m K.*> k, =313 W/m K is the bulk electronic ther-
mal conductivity of gold. G,,=2.8 x 10'°W/m? K is a com-
monly used value for gold.*® The trend of AR vs. metal film
thickness is illustrated in Fig. 4. AR decreases monotonically
with the film thickness. And when AR = 0, which means that
the systems resistance is unchanged, we obtain the critical
thickness L.=10.8nm. By comparing with the result
L.=10.96 nm given by Eq. (13), we can see that Eq. (13) pro-
vides an excellent approximation for metals with weak
electron-phonon coupling like gold.

The TTM-Fourier method’s prediction of the tempera-
ture profile of the entire system is illustrated in Fig. 5. The
metal film thickness is chosen as the critical thickness for
the SAM/Au/SAM system. The electrons and phonons are

1.2x10°®

1.0x10°®

8.0x10°

6.0x10°

4.0x10°

2.0x10°

Critical Thickness:

0.0

Resistance (m?K/W)

-2.0x10°

-4.0X10-9 L 1 s | L | s | L | 0 | n L
0 2 4 6 8 10 12 14 16
Middle Layer Thickness (nm)

FIG. 4. R0, Rpoty,c and AR as a function of the metal layer thickness in the
SAM/Au/SAM sandwich system predicted by TTM-Fourier calculation.
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FIG. 5. Temperature profile of a SAM/Au (10.8 nm)/SAM sandwich system
predicted by TTM-Fourier calculation. A zoom-in profile of the electron
temperature is shown.

in nonequilibrium except at the middle point. Therefore, it
justifies the necessity to use our more general Eq. (7) for R,,.
The fitted temperature is almost identical to electrons’ tem-
perature, which has a very flat profile, indicating a small elec-
tronic contribution to the overall thermal conduction. This
agrees with Li’s result which shows that in very thin metal
films phonons dominate the energy transport process.”’

A closer observation of R, vs. L also reveals the fact
that electrons hardly contribute to the thermal conduction in a
thin gold film. As illustrated in Fig. 6, at a thickness smaller
than 20 nm R;,,;,,, mainly comes from R,,,, while its increasing
trend is mainly determined by R,,,’s increase with L. The gra-
dient of R, is very close to 1/k,. This indicates that
the R;,,, curve is almost identical to the straight line with the
expression of R(L) = 2R,, + L/k,, which means that the
effective thermal transport process is the same as if there is

8.0x10° -

R, -
K0T R, 2R -
r intro me_a; -7

6.0x10°F _---- The gradient is close to 1/kp

B 2R =5.7x10" m*K/W
5.0x10° |- PP

‘metal,c

4.0x10° |-

3.0x10° PP
F - - intro

2.0x10° |-

Resistance (m*K/W)

1.0x10° |- The gradient is 1/(k,+k,)

0.0

L 1 s 1 s 1 L | L | L 1 L 1 s

0 2 4 6 8 10 12 14 16
Middle Layer Thickness (nm)

FIG. 6. Components of the total resistance of the gold film. It is composed
of three parts: (1) film conduction resistance R, (2) resistance due to
interfacial phonon coupling R,,,, (3) resistance due to electron-phonon non-
equilibrium near the interface R,,. It is revealed that Ry, comprises a
very small part. The majority of the resistance comes from R, and R,,,.
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only phonon participation. This stimulates our proposal for
a new analytical approach for thermal conduction in
sandwiched metal thin films, which will be discussed in
Sec. IV A.

IV. DISCUSSION

A. The effective thermal conductivity of the
sandwiched metal layer

So far, we have assumed that the thermal conductivity of
the metal layer is still k. + k,, while we lump R,, into the
interface resistance. This is commonly done for a single inter-
face between semi-infinite metal and dielectric,w’23 since elec-
trons and phonons are in equilibrium in nearly the entire metal
except for the short cooling region near the interface. However,
it is not so intuitive for the sandwiched thin film here since
electrons and phonons are in strong non-equilibrium except for
the mid-plane, and the thermal conduction is dominated by
phonons. Therefore, it is more intuitive to start the metal layer
as a phonon-only system, and investigate what effects the elec-
trons will bring. Therefore, here we present an alternative anal-
ysis where we define a new effective thermal conductivity of
the metal layer while not assuming it to be k, + k, anymore.

From Eq. (7), we can express R;,,, as follows:

Rintm = 2Rep + Rmetalﬁc + 2Rpp

3
2 ke 2 (L ) L
=— tanh{ — | + ———— + 2R,,.
(Gopky)? (ke + k,,) 2d ke + k, pp

a7

Previously, we have treated R,, as part of Rpz. Here, we view
the metal layer primarily as a phonon system, so we only
include R,, in Rp, while lumping R,, into the conduction
resistance of the metal layer R, Therefore,

Reff - ZRep + Rmeml

3
2 ke \2 L L
=7 tanh( — | + . (8
(Gephoy)? (ke+k,,> an <2d> ko U9

and then define the effective thermal conductivity of the
metal film as

L ke + k
ke = — = 5 . (19
" Ry 2k, L

k, 3
1+—|—=——+———| tanh| —
" L |:G€Pkﬁ(k€+kp):| o (2d>

The corresponding thermal circuit is shown in Fig. 7. And
we can easily find that

ke — kp,  when L — OorG,, — 0,

ke — ke +kp, when L — ooorG,, — oo. (20)

This indicates that: (1) in a sandwiched metal film that is very
thin (or has very weak electron-phonon coupling), the effec-
tive thermal conductivity is identical to its lattice portion and
electrons are as if not involved at all. We call this the “thin
limit.” And (2) when the metal is thick (or has strong electron-

J. Appl. Phys. 123, 074302 (2018)

| R .
! e, metal !
R ' R 'R
PP I ep I PP
Rpp Rfi’m i Rpp
I— g E—

FIG. 7. A new thermal circuit for a sandwiched metal thin film where R, is
lumped into R .

phonon coupling), the effective thermal conductivity recovers
the bulk value, and we call it the “thick limit.”

We expect that this interpretation, especially the thin
limit, to be very useful for experimentalists. In experiments,
R, is often treated as the only TBR.™ It is then straightfor-
ward to match the measured values with components of the
thermal circuit in Fig. 7. If the thin limit applies, k.4 should
become the lattice thermal conductivity while not the bulk
metal conductivity k, + k,, This provides an intuitive way to
check and interpret experiments.

A more detailed dependence of k. on the film thickness
is illustrated in Fig. 8. Gold is still taken as the example
here. It can be observed that the thin limit is valid when the
thickness is much smaller than the electron-phonon cooling
length of 45nm,** as ko remains below 110%k, when L is
below 16.2 nm. In this range, which is usually the case for a
metal thin film sandwiched between dielectric materials, our
new approach where R, is included as part of the film con-
duction resistance is more intuitive. Our model bypasses
electrons’ effect and only requires lattice temperature mea-
surements for analysis, and the measured effective thermal
conductivity kg is simply k,. As L increases, k. starts to
deviate from &, and eventually converges to k., + k,. For a
thickness larger than 10.2 um, which is more than 200 times
larger than the cooling length, k. can be approximated as
ke + k, with an error smaller than 10%. In this range, which
is usually the case when investigating an interface between
two semi-infinite blocks, the original thermal circuit where
R, is part of the TBR works better. The experimentally mea-
sured k4 can no longer be interpreted by k,. When L falls in
the transition region marked in Fig. 8, an accurate analysis
requires utilization of the exact form of Eq. (18) and investi-
gation of the corresponding serial thermal circuit.

B. Factors affecting L.

In this section, we discuss several factors that can affect
L. based on Eq. (10): (1) Ry, (2) Gp, (3) kp, (4) kpory, and
(5) 7ep-

(1) Ry, comprises the most part of TBR when the metal film
is as thin as ~10nm. A larger R,, will increase TBR,
thus increasing the critical thickness. For example, if one
uses the experimentally determined Rp[,32’33 which is
much higher than the one we used in our previous
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FIG. 8. (a) ko vs. L for gold when L is within the electron-phonon cooling
length, which is 45nm for gold. (b) k. vs. L for gold when L over a large
range of thickness. k. eventually converges to its saturated value of k, + k.

calculations, the resulting L. will be larger than 10.8 nm,
but the general trend is the same and our conclusions are
still valid.

(2) G, measures the electron-phonon coupling strength and is
directly related to R,,. A larger G, will render a smaller
R,p, and thus a smaller TBR, resulting in a smaller critical
thickness.

(3) k, dominates the thermal transport process in thin films as
mentioned above. As a result, it is almost identical to the
effective thermal conductivity k. When k,, increases, k4
increases, R, will decrease according to Eq. (7); hence,
the critical thickness will be smaller.

(4) kpopy is the thermal conductivity of the polymer matrix. A
larger kj,;, will increase the difficulty for the metal film
to compensate for the resistance increase due to intro-
duced TBR after the replacement. Therefore, larger k.,
will result in larger L.

(5) rep, which is the ratio of £, over k,,, can affect R, as well
as the thermal conductivity of the metal film. If we keep
k, as fixed, larger r,, will increase k,+k, and also
change R,,, (whether it will increase or decrease depends).
Generally, a larger &, is beneficial and will result in a

J. Appl. Phys. 123, 074302 (2018)
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FIG. 9. Two main factors that can affect the critical thickness L.: G, and k.
It is revealed that G, has a significant effect on L. L. is sensitive to k. as k,
is small (small r,,), while it becomes insensitive as k, becomes large.

smaller L.. The effect is more significant if the values of
k. and k), are comparable which means that r, is around
1, especially for large G,

When we choose the filler material to add into the poly-
mer matrix, two characteristic properties are G, and k..
Here, we plot G, and k,’s effect on L. in Fig. 9 on an arbi-
trary SAM/Au/SAM system to gain a more straight-forward
insight. &, is fixed at the value of gold’s lattice thermal con-
ductivity, and k, is represented by the normalized parameter
Tep- L. decreases with larger G, and larger k.. However,
k,’s effect is only significant when %, is small and the impact
vanishes as k. increases. However, metals usually have
much larger &, than k,, so r,, is not so significant in control-
ling L...

V. SUMMARY

We have proposed a TTM-Fourier approach with input
parameters from TTM-MD to predict the critical thickness
L. for metal particle-polymer composite in 1D. A general
solution to TTM for thermal transport in a metal film sand-
wiched between dielectric materials is derived. As an exam-
ple, L. for the 1D SAM/Au/SAM system is calculated to
be around 10.8 nm. Based on the theoretical equations, we
define an effective thermal conductivity for sandwiched
metal thin films and propose a new thermal circuit analysis
that are intuitive to interpret experimental results. A detailed
discussion on the applicable range of our model is presented.
It is shown that when the metal film is much thinner than its
electron-phonon cooling length (thin limit), the effective
thermal conductivity reduces to just the phonon part. For a
metal layer with a large thickness (thick limit), the conven-
tional thermal circuit is more advantageous, and the effective
thermal conductivity recovers the metal bulk value. For the
thickness in between the two limits, our general TTM solu-
tion still provides an accurate method for analysis. Finally,
several factors affecting L. are discussed, and it is discovered
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that the thermal conductivity, TBR, and the electron-phonon
coupling factor all play important roles in determining L.,
which can provide us with a general guidance in the choice
of materials when synchronizing a new composite.
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