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ABSTRACT: Thermal issues become increasingly important for the performance and lifetime of
highly miniaturized and integrated devices. However, the high thermal resistance across the
polymer/semiconductor interface greatly weakens the fast heat dissipation. In this study, applying
the self-assembled monolayers (SAMs) technique, organic molecules are employed as heat
regulators to mediate interfacial thermal conductance (ITC) between semiconductors (silicon, or
Si) and polymer (polystyrene or PS). Silane-based SAMs molecules with unique functional groups,
such as -NH,, -CHj3, -SH, and —Cl, are orderly assembled into Si-PS interfaces. Their roles in ITC
and heat transfer mechanism were systematically investigated. Molecular simulations demonstrate
that the Si-PS interface decorated with SAMs molecules can significantly facilitate heat transfer
in varying degrees. Such difference is primarily due to the different non-bonded interactions and
compatibility between SAM and PS. Compared with the pristine Si-PS interface, the interface
incorporated with 3-chloropropyl trimethoxysilane shows the greatest improvement on ITC, about
507.02%. Such improvements are largely attributed to the SAM molecules, as the thermal bridges
straighten molecular SAM chains, develop strong non-bonded interactions with PS, provide the
covalent bonding between Si and PS, present the strong coupling effect between two materials’
vibrational modes, and eliminate the discontinuities in the temperature field. Eventually, these
demonstrations are expected to offer molecular insights to enable effective thermal management

through surface engineering for critical-heat transfer materials and microelectronic devices.

KEYWORDS: polymer/semiconductor nanocomposites, molecular engineering, interfacial

thermal conductance, self-assembled monolayers, molecular dynamics
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1. Introduction

The development of microelectronic devices has promoted the growth of many industries
like self-driving cars, wearable electronics, and telecommunications. As modern microelectronic
devices are highly integrated systems of different materials, the reliability of the system becomes
a critical challenge, such as the overheating problem [1-4]. Since the thermal transport within
microelectronic devices is mostly hindered by the low interfacial thermal conductance (ITC)
between dissimilar materials or layered materials, how to improve ITC turns into the key, and it
has been studied widely for many years [5-9]. Especially, when polymers are employed in
microelectronics devices, their relatively low thermal conductivities bring in a significantly low
ITC issue [10-12]. Therefore, a careful design of the interface is vital for a hybrid system to achieve

good interfacial thermal transport [13-15].

Various methods can be used to improve the ITC. Introducing a self-assembled monolayer
(SAM) is one effective way to reduce the thermal resistance between dissimilar materials [16-24].
For example, Song et al. [25] investigated the polyethylene glycol (PEG)-gold interface. They
found that increasing SAM angle value from 100° to 150° led to PEG penetrating into SAM chains,
which led to a significantly increased ITC. Zheng et al. [26] demonstrated that the ITC could be
greatly enhanced by incorporating the SAMs between sapphire and polystyrene. Additionally,
Zhang et al. [27] paid attention to how hydrogen bonds (H-bonds) contribute to thermal transport
across various interfaces, such as between gold and four organic liquid materials including hexanol,
hexane, hexanamine, and hexanoic acid. When the gold surface was functionalized by three
distinct SAM molecules, such as 1-hexanethiol, 6-mercaptohexanoic acid, and 6-mercapto-1-
hexanol, they found the formed H-bonds could effectively improve interfacial thermal transport.

Moreover, concerning the interfaces of polymers and semiconductors, Zhang et al. [28, 29]
4
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demonstrated that polyethylene and poly(vinyl alcohol) SAM could improve the ITC of graphene
and poly(methyl methacrylate) dramatically. Lu et al. [30] utilized polyethylene-SAM molecules
to decorate the polystyrene-silicon interface and focused on the effects of the packing density and
length of SAM alkyl chains on ITC. They discovered that high ITC could be obtained via high
SAM density or moderate packing density plus with 6-8 carbons along the SAM alkyl chains. Xu
et al. [24] studied that the existing H-bonds at the silica-water interface can offer more bridges for

thermal conduction and speed up the ITC.

Although many SAM studies have been reported to enhance the ITC of soft-hard material
systems, it is difficult to identify a universal mechanism to explain how different SAMs affect ITC
on different systems. When polymers are interfacing with conductors, insulators, and
semiconductors, their ITC performance and the controlling mechanism are system-dependent;
namely, a case-by-case analysis is required when carrying out ITC analysis. With the experiences
obtained from the aforementioned studies, it is realized that various characteristics of SAMs are
important in determining the ITC, such as the length of SAMs [31], the distinct functional groups
in SAMs [28, 32], and the backbone length of SAMs [33], etc. To particularly address the thermal
transport of polymer-semiconductors systems that are not fully investigated, this study focuses on
a polystyrene (PS)-Si system and demonstrates the effect of SAMs on its ITC and how heat flux

was transferred across the Si-PS interfaces after the introduction of SAMs.

To mediate the ITC between Si and PS, we assemble silane-based SAM molecules into the
interface to form the Si: SAMs-PS system. Next, we investigate the effect of different SAM
molecules having different functional groups on ITC, such as -NH,, -SH, -CH3, and —CI1. Our
molecular simulation results indicate that the grafted SAM molecules can efficiently improve the

ITC between Si and PS. To further understand how the functional SAM molecules influence the
5



Nanoscale

ITC, we systematically illustrate their heat transfer mechanisms on the interface. The non-bonded
interactions between the PS and SAM molecules, the extended molecular morphology, the
covalent bonding between Si and PS, and the coupled vibrational modes of two materials, etc., are
revealed to significantly contribute to the improved ITC. These findings provide physical insights
into the mechanism of the improved ITC at the atomic level, which is a valuable guideline for a

more effective thermal management on highly integrated microelectronic devices.
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Fig. 1. (a) An all-atom simulation setup for calculating the ITC between PS and Si through the

reverse non-equilibrium molecular dynamics (RNEMD) simulations with periodic boundary
conditions (PBCs) imposed on three (x, y, and z) directions. (b) Four organic molecules are selected
as the thermal bridges, including 3-Butyl trimethoxysilane (nBTMS), 3-Mercaptopropyl
trimethoxysilane (MPTMS), 3-Aminopropyl trimethoxysilane (APTMS), and 3-Chloropropyl
trimethoxysilane (CPTMS). (c) A typical temperature profile generated by RNEMD simulations.

Here, the dropped temperature across Si/PS interface is shown as AT, and the temperature gradient

within the PS matrix is denoted as d7/dz.
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2. Atomistic Models and Computational Methods

2.1. Atomistic Models for Polymer-Semiconductor Interfaces

Fig. 1a presents a typical atomistic heat-transfer model with multiple polymer-
semiconductor (PS-Si) interfaces. Silicon crystal has a cross-section of 43.44 A x 43.44 A. The
unit cell geometry for the Si crystal is displayed in Fig. S1, which is a cubic crystal with a length
of 5.43 A along all sides. As shown in Fig. 1b, four SAMs molecules were employed to graft on
the Si surface, including 3-butyl trimethoxysilane (nBTMS, or -OSi(OCHj;),(CH;);CH3), 3-
mercaptopropyl trimethoxysilane (MPTMS, or -OSi(OCHj;),(CH;);SH), 3-aminopropyl
trimethoxysilane (APTMS, or -OS(OCHj;),(CH;,);NH;), 3-chloropropyl trimethoxysilane
(CPTMS, or -OSi(OCHj3),(CH;)3Cl). These four SAM molecules almost have the same backbone
length but unique end groups. All SAM molecules were covalently and evenly assembled into the
Si surface. Using the Monte Carlo-based self-avoiding random walk approach [34], the initial PS
configuration was built with 40 repeat units in each polymer chain. Both SAM molecules and Si
were constructed through our in-house codes. All material components, such as Si, SAM
molecules, and PS, were entirely equilibrated first prior to being combined into VMD [35] to form
the integrated Si-PS interface model. The grafted SAMs molecules and PS polymer contact with
the xy-plane ([001]) of Si crystal. The cross-section size normal to the heat flux direction (z-
direction) was constructed large enough to avoid the influence of the lateral size on ITC [36-39].
Studies on the a-Fe,O; crystal and the organic-inorganic interface have indicated the lateral size
of 35 A is sufficient to cover all the dominant phonon modes contributing to the ITC [36, 39],
leading to a converged thermal conductance. Periodic boundary conditions (PBCs) were exerted

in all directions (x, y, and z).
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2.2. Molecular Dynamics Simulations

All molecular dynamics (MD) simulations were conducted using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) package [40]. The Si-Si interactions
were modeled using Tersoff potential [41]. The OPLS-AA potential parameters [42, 43] were used
to describe PS and SAM molecules, which have been extensively employed to simulate organic
materials and their interfaces [44, 45]. The optimized universal force field (UFF) parameters are
used to describe the interfacial adhesion between Si and polymers through non-bonded interactions
[32, 46]. Conjugate gradient algorithm-based energy minimization was first performed for initial
structures, followed by relaxing the system in the NPT ensemble (1.0 atm and 300 K) over 2 ns,
and then transferring to the NVT ensemble (300 K) with 2 ns. 5 annealing cycles continue to be
performed to eliminate thermal residual stresses. During each annealing process, the system
temperature was first raised from 300 K to 500 K within 2 ns, then relaxed over 1 ns at 500 K, and
finally dropped down to 300 K within 2 ns. Next, the system was relaxed for over 2 ns within the
NPT ensemble (1.0 atm and 300 K), followed by a relaxation time of 2 ns in the NVT ensemble
(300 K). The time step for equilibrium runs was set up to 1.0 fs, and a reduced 0.5 fs for the
successive production runs. Before performing production simulations, the system was further
equilibrated for another 5 ns again within the NVT ensemble (300 K), employing a smaller time
integration step of 0.5 fs. The special production times are described in detail in each of the
following method parts and also summarized in Table S1. To remove the statistical randomness,
five different initial configurations, each considering six different initial velocities for each
simulation system (thirty simulations in total for each system), are employed to carry out all the
following simulations.

2.3. Thermal Conductance across Polymer-Semiconductor Interface

8
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The reverse non-equilibrium molecular dynamics (RNEMD) approach [47, 48]was
implemented to analyze the thermal conductance across the Si-PS interface using the simulation
system shown in Fig. 1a. Numerically enforcing a heat flux through atomic velocity exchanging,
ITC between the PS and Si interface was calculated using the expression of G =J AT!, where AT
defines the fallen temperature across the interface (Fig. 1¢) and J is the heat flux. In this work,
along the heat flow direction (z-direction in Fig. 1a) each simulation system was uniformly
separated into 156 slabs. The heat gradient was developed by exchanging the highest energies in
the blue region (heat sink) with the lowest energies in the red region (heat source). When carrying
out the velocity exchange, a virtual elastic collision was exerted to keep the system’s momentum
and energy conservation. After the system reaches a steady state, the calculated heat flux could be
written using J = AE (2t4)!. Here, AE defines the exchanged energy within each swap, 4 denotes
the system’s cross-sectional area, ¢ represents the time period between velocity swaps, and the
constant “2” is responsible for two symmetric routes in heat conduction. Using the RNEMD
sampled data over 20 ns, thermal conductance across the Si-PS interface was then calculated after
the system is in a steady state. As displayed in Fig. 1¢, the temperature gradient profile was counted
by assessing all slabs’ average temperature. Based on the obtained temperature profile, the dropped
interfacial temperature (A7) between Si and PS was calculated. J together with AT provides G.
Beyond that, the simulation system can also provide PS thermal conductivity, defined by K =
(d77dz)! J. Here, dT/dz gives the changed temperature gradient within the PS matrix (red lines in
Fig. 1¢). To demonstrate RNEMD calculations, non-equilibrium molecular dynamics (NEMD)
simulations were also employed as an additional method to evaluating G. On one hand, half of the
system employed in the RNEMD simulation (Fig. 1a and Fig. S2a) was adopted for NEMD. On
the other hand, the source’s temperature was fastened at 335 K for NEMD, while the sink’s

9
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temperature was moderated to meet the interfacial temperature of around 300 K. Fig. S2b shows
a typical temperature profile calculated by NEMD simulations. Using a time integration step of
0.5 fs, both RNEMD and NEMD simulations were carried out with a production run of 20 ns. The
final ITC for each simulation system was obtained by averaging thirty independent simulations.
2.4. Temperature Distribution and Density Profile

NEMD simulations were conducted to assess the whole system’s temperature contours.
Temperatures were fastened at 250 K and 450 K for the sink region and the source region,
respectively, as shown in Fig. S3. Two boundaries (black color) are fixed by 1 A along the z-
direction and excluded their interactions for all calculations. Besides, to prevent heat leakage
caused by PBC along the z-direction, two 10 A thick vacuum layers (on both two sides) next to
the two fixed areas are assigned. Each model within the y-z plane was first equally sectioned into
80 x 600 cells. The total dimensions are 43.44 A and 150 A along the y- and z-direction,
respectively. The z-cell size is chosen as a small enough length of 0.25 A, and each cell can only
contain PE polymer or Si atoms. Then, each divided cell has a size of 0.543 A x 0.25 A along the
y-z plane. Atoms are allocated into these divided cells according to their y and z positions at each
time step. When the steady state was achieved, atomic velocities and positions were then reported
during a simulation interval of 5 ns. The temperature profiles were calculated by averaging the
temperature related to all reported atoms inside each cell. The atomic number density profiles were
analyzed by calculating all atoms in each cell. In addition to that, a temperature of zero gives the

cells where no atoms are present.

2.5. Autocorrelation Function of Interfacial Heat Flow
According to the Green-Kubo theory [49], i.e., [ ZO(H (0) - H(t)) dt, where H(t) represents

the swapped heat flux between two materials at time t, e.g., PS polymer and the filler materials
10
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denoted by Pp;jer, the ITC is proportion to the autocorrelation function of interfacial heat flow.

H(t) was expressed as H(t) = Z.i%PS I?ij "TVi— % i%PS F“ﬁ - U;. Here, U; defines the velocity
J € Priller J € Priller

vector, and Fij represents the force vector that atom j imposes on atom i. The system is performed

at equilibrium over 20 ns production run with an autocorrelation time of 40 ps.

2.6. Interfacial Adhesion between Two Materials

The interfacial adhesion between PS and the modified Si was evaluated using NEMD to
pull out the functionalized Si from PS. As shown in Figure S4, only a part of the well-equilibrated
system was employed. All atoms within the region at the left “P1” plane were fastened. All atoms
located in the right “P2” plane were treated as rigid. Using a time integration step of 0.1 fs, the
pulling process is carried out under the NVT ensemble (300 K). The driving force is applied to the
centroid of the rigid and forces the rigid to move along the z direction with a constant speed (20
m s'1). All atoms between the two planes, “P1” and “P2”, were set to be flexible. As the pulling
time increases, the imposed force versus the interfacial separation distance is sampled along the
loading direction. The interfacial adhesion was further quantified by integrating the sampled force-

displacement curve.

2.7. Miscibility between PS and SAM Molecules

Three interaction parameters, such as Flory-Huggins (y), mixing energy (E), and

solubility parameter (J), is calculated to explore the miscibility between PS and SAM molecules.
The Flory-Huggins model employed in this study is based on the mixing thermodynamics in the
polymer/polymer and solvent/polymer binary system [50, 51], which is widely applied to analyze

the mixture’s free energy in a binary system. In order to analyze E,,;,, the coordination number,

ZZ,y, 1s first evaluated, which denotes the molecular number of the component y that can be filled

Xy»

11
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around the component x molecule within the exclueded-volume constraints. Based on the Flory-
Huggins model, each component occupies a lattice site. Then E,,;,, is expressed as, Epix =

(ZZExy) + ZZyAEyy) — ZZy(Eyy) — ZZ,{Exx))/2, where ZZjand Ej; (ij =x,y) are the
coordination number and the binding energy between component i and component j, respectively.
() represents the ensemble average. In this study, as shown in Fig. 1a, bulk PS polymers on the
left side (ice grey) are treated as the first component. Each molecular SAM (Fig. 1b) is considered
as the second component. For molecules, the E,,;;, are calculated by averaging over an ensemble
of molecular configurations. Employing Flory-Huggins model, then the y parameter is expressed

as, X = Emix(RT) ~1. Here, T and R represent the temperature and gas constant, respectively.

The solubility parameter (8) is usually defined by & = (EV _1)0'5, where V is the solvent’s
molar volume, and E is the total cohesion energy. Then, the E is reconstructed by summing up all
individual energies associated with the Hansen parameters, E = Ep + Ep + Ey. By dividing the E
by V/, we can obtain the square of the total § by adding up all Hansen components. The expression
is written as 6% = Sf) + 8% + 8%. Here, 6p, 8p, and 8y represent the dispersion, hydrogen bonding,

and polar cohesion parameter, respectively.

2.8. Local Radial Distribution Function (RDF)

The local RDF, g(r), provides a statistical description of the local atomic packing state
and atom density distribution by quantifying the atomic spatial distribution around a reference
atom. Intrinsically, RDF represents the probability of existing in an atom at a distance r against a

reference atom, expressed by g(r) = (p(r))p ~*

, where (p(r)) denotes the average local atomic
number density at 7, and p is the bulk density. (p(r)) is expressed as (p(r)) = AM/4nr?dr, where

dn, describes the number of atoms within a shell of thickness dr. In addition to that, the radial

12
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atomic number density around a reference atom is also analyzed to describe the density of local
packing atoms. In this study, using the simulation system shown in Fig. 1a and a grafted density
of 1.696 nm? for SAM molecules, the system was fully equilibrated within the NVT ensemble
(300 K) over 10 ns based on the final equilibrium configuration obtained in the MD part (2.2).
During the simulation process, 0.5 fs is set as the time step. The configurations over the last 5 ns
are recorded to analyze the RDF and radial atomic number density on a time interval of 0.1 ps. As
shown in Fig. 1b, the C, S, N, and Cl atoms are chosen as the reference atom for each nBTMS,
MPTMS, APTMS, and CPTMS molecule, respectively. For each SAM molecule, the accumulated
RDF and radial atomic number density are first calculated based on the production runs and the
total number of SAM molecules. RDF and radial atomic number density are then obtained by
averaging both the total production frames and total SAMs’ number. In a similar fashion, the final
RDF and radial atomic number density are obtained by averaging the thirty independent

simulations of each system.

2.8. Vibrational Density of States (VDOS)

VDOS can demonstrate materials’ vibration modes at the atomic level, which can be
further employed to analyze their vibration features between two dissimilar materials constituting
an interface. Usually, using the velocity autocorrelation function-based Fourier transform, VDOS

+ oo .
is expressed as VDOS(f) = f 0 e TMCE,(t)dt, where t is autocorrelation time and f defines

the frequency. CF,(t) represents the normalized velocity auto-correlation functions expressed by
CF,(t) = (v(0) - ¥(t))/{v(0) - ¥(0)) where v(t) is the atomic velocity at a certain moment t and

(-) denotes the ensemble average. To eliminate the statistical randomness in MD simulations, the

13
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final VDOS was calculated by averaging the thirty independent simulations. Each simulation is

conducted with a total production run of 6.4 ns and 0.5 fs is the used time integration step.

2.9. Accumulated Correlation Factor (ACF)
To quantify the correlation intensity or match degree between two dissimilar materials’

vibration modes, the ACF could be further described using the truncated frequency (f.). In other

words, the ACF can describe the vibration coupling intensity up to a given f. by integrating the

frequency domain from 0 to f,, which is expressed as, ACF(f.) = f];EVDOSA(f)-VDOSB(f)df/

f VDOSA(f)df-f;oVDOSB(f)df. Here, VDOSA(f) and VDOSg(f) denote the VDOS of two
0

components including A and B, respectively. A lower ACF(f ) represents a higher mismatch or a
lower match with the vibration frequency up to f.. When f . exceeds the highest frequency related
to all vibration modes, the ACF(f.) could be equivalent to the extensively adopted correlation

factor [52].
3. Results and Discussion

3.1. Validation of Computational Model and Method

The undecorated Si-PS interface was also modeled to corroborate our MD results against
experiments and other similar calculations. First, the PS density was calculated to be about 1.03 +
0.02 g cm™ at the equilibrium state, very close to the experimentally measured value of 1.05 g cm3
[53]. Second, the calculated thermal conductivity for PS polymer was found to be 0.126 + 0.013
W m! K-!, which also matches well with the measurements (0.140 W m™! K-!) [54, 55]. Third, the
single Si thermal conductivity at room temperature was founded to be about 1.26 = 0.04 W m’!

K-!, which is well in accordance with measurements and other simulation results at the same size

14
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[56-58]. Last, the ITC obtained by the RNEMD across the pristine Si-PS interface was found in
almost the same order of magnitude as that bonded with van der Waals interactions, such as

Sapphire-PS, Si-PE, and Sapphire-HDPE [59-62].

©)
. /U/ —O-APTMS

1004 O/ = MPTMS
] /u —()=nBTMS
504¢ -©=CPTMS
- © Pristine

0

0 0265 0.530 0.7951.060 1.325 1.590 1.855
Density of the grafted SAM molecules (nm2)

Fig. 2. ITC for the pristine Si-PS interface and four molecular SAM-decorated Si-PS interfaces
versus the density of SAM molecules grafted to each side of the Si surface. The numbers of the

grafted SAM molecules corresponding to their grafted densities are also marked on the curve.
3.2. Functional Group Dependent Interfacial Thermal Conductance.

Fig. 2 plots the calculated thermal conductance across the Si-PS interface as a function of
the grafting density for four SAM molecules, with error bars denoting the standard deviation. To
explore how the grafted densities act on the ITC, each SAM molecule was first grafted with the
number increasing from 0 to 1, 2, 4, 8, 16, and 32, corresponding to the grafted density of 0.053,
0.106,0.212, 0.424, 0.848, and 1.696 chains nm, respectively. Obviously, the ITC increases with
the increasing density of grafted chains for each SAMs. The rising-rate is almost remained
unchanged before the density of the grated SAMs took 0.424 chains nm-2; afterwards, the rising

rate gradually decreased with the increasing density, and a plateau was expected. Previous studies
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concerning the grafting density of SAM molecules, such as the graphene-PMMA interface [29],
have explored how the grafting density affects the ITC. Therefore, we will focus on how the ITC
can be further strengthened by grafting the different SAM molecules where they have the same
grafted density. To clearly illustrate the effect of different SAMs on ITC, the decorated SAMs
having the grafting density of 1.696 chains nm= are chosen to understand how different SAMs
work on the heat transfer mechanism across the Si-PS interface due to their highest ITC values as
follows. The ITC across the undecorated Si-PS interface is found to be 52.18 MW m?2 K-,
significantly lower than the other four SAM-decorated interfaces. Focusing on four SAMs-
functionalized interfaces, ITC is improved to various degrees. Ranking from the lowest
improvement to the highest are APTMS, MPTMS, nBTMS, and CPTMS. By comparison with the
pristine Si-PS interface, four SAMs-decorated interfaces show the ITC improved by 264.46%,
310.51%, 408.38%, and 507.02%, respectively, i.e., from 52.18 to 190.17, 214.19, 265.26 and
316.73 MW m2 K-!. Notably, all four SAM molecules only have different end groups. Carried by
molecular SAMs that introduce into the PS polymer matrix, the different interaction between SAM

molecules and PS substantially boosts the interface’s bonding strength, leading to improved ITC.

16
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Fig. 3. Temperature distribution contours of five decorative systems: (a) Si-PS, (b) Si: APTMS-
PS, (c) Si: MPTMS-PS, (d) Si: nBTMS-PS and (e) Si: CPTMS-PS. The black belts denote the

zero-temperature area occupied by no atoms.
3.3. Temperature Distribution Field

Interfaces decorated with molecular SAMs mitigate the spatial discontinuities where Si
contracts with PS within the temperature contours, consequently facilitating interfacial heat
conduction. Fig. 3 displays the temperature distribution field calculated by imposing the same
temperature at the sink and source regions for systems without and with the four SAMs. The black
ribbons in Fig. 3a indicate that the pristine Si-PS interface has a strong discontinuity, which
suggests that no atoms move through these areas because of the steric repulsion. A comparison
shows that discontinuity is partially eliminated when interfaces decorate with SAM molecules. Fig.

3b-¢ illustrates that those black ribbons are divided into several pieces at the location where SAMs

17
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are there and are slightly thinner. The partially removed discontinuity indicates that the
incorporated molecular SAMs provide new heat transfer pathways for more effective thermal

transport at the Si-PS interface.

More importantly, the hybrid region developed by molecular SAMs and PS has higher
thermal conductivities. On the contrary, the pristine Si-PS interface gives a higher temperature fall
than other interfaces decorated with molecular SAMs, demonstrating the ineffective heat transport
across the Si-PS interface, corresponding to the calculations shown in Fig. 2. In addition, in Fig.
S5a-e, the mixed SAM-PS region has lower temperature gradients, resulting in higher thermal
conductivities than those regions only consisting of PS. The enhanced thermal conductivities
within the blending region can be understood from two aspects. On one side, the strong non-
bonded interactions between PS and the molecular SAMs, including APTMS, MPTMS, nBTMS,
and CPTMS, are formed. Like some previous studies [28], such as H-bonds, the strong non-bonded
interactions can provide thermal bridges between SAMs and PS and enhance heat transfer within
the blending region. On the other side, the morphology of the grafted molecular SAMs is more
prolonged in the mixing region. Previous studies indicated that the stretched molecular chains
should have higher thermal conductivities than their amorphous counterparts [63, 64]. On the basis
of both aspects mentioned above, heat transfer should be delivered more efficiently in the mixed

SAM-PS region.

18
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Fig. 4. The integrated autocorrelation of the exchanged heat flux across interfaces (a) between Si
and PS, and (b) between PS and molecular SAMs for systems functionalized with four molecules,

such as APTMS, MPTMS, nBTMS, and CPTMS. Dashed lines represent the convergence of the

integrated autocorrelation function.
3.4. Integrated Autocorrelation of Heat Flux across Si-PS interface

To quantitatively describe how heat flux exchanges across the Si-PS interface, we analyze
the integrated autocorrelation of heat flux when energy transfers through a specific path or a
particular atomic group. Adding up all the contributions from different heat transfer paths will
obtain the ITC. Fig. 4a displays the integrated autocorrelation function of the interfacial heat flux
for four decoration systems, while Fig. 4b shows that between PS and molecular SAMs in the
same system. With the correlation time increasing, all curves first decrease and then eventually
converge to a plateau. The dashed line shown in Fig 4 represents the converged value. On one
hand, compared to the pristine Si-PS interface, Fig. 4a shows that the Si-PS interface decorated
with the four molecular SAMs shows a dramatically decreasing energy transfer through the Si —
PS path. This comes because of the grafted SAMs, which cut down the contact area between Si
and PS polymer, leading to a reduced energy transfer in this path due to the existing SAMs. On
the other hand, when the Si-PS interface is functionalized by the four molecular SAMs, Fig. 4a
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indicates that the Si-PS interface decorated with APTMS has a higher energy transfer, followed
by MPTMS, nBTMS, and CPTMS. Although the grafted SAMs have almost the same contact area
across the Si-PS interface, the totally different end functional group of the grafted SAMs gives the
non-bonded interactions in different intensities. The stronger non-bonded interactions can further
strengthen the local compactness of PS polymer, which allows more energy to arrive at the

interface and exchange the energy across the interface via the SAMs — PS path.

In addition, Fig. 4b shows that the energy exchanged through the SAMs — PS route is
much more than that transferred through the Si — PS route. Energy transfer is the highest for the
Si-PS interface decorated with CPTMS, followed by nBTMS, MPTMS, and APTMS. This
physical understanding is quite easy. The different end groups of the grafted SAMs produce
different non-bonded interactions between SAMs and PS polymer. The stronger non-bonded
interactions lead to a higher transfer efficiency of energy. Importantly, the results also echo the
investigation from Fig. 4 that energy transfer between PS and SAMs is more effective than that
between Si and PS. Both investigations indicate that the extended molecular SAMs could be
considered as efficient linkers to mediate two dissimilar materials, e.g., between Si and PS, and
the grafted SAMs with different groups at the end can further tailor the heat transfer across the

interface.
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Fig. 5. (a) Atomic density profiles of molecular SAMs for Si: APTMS-PS system. One molecular
chain at each Si side is chosen as the representative chain. (b-c) The local RDF and the local atomic
density versus the radial distance along with the reference atom for four molecular SAM-decorated
systems, respectively. The letter in the brackets, including N, S, C, and CI, corresponds to the

reference atom in each SAM molecule.
3.5. Uprise Molecular Morphology and Density Distribution

To illustrate SAM molecules’ uprise within the PS matrix, Fig.5a and Fig. S6a-c displays
the atomic density distributions related to Si and functionalized SAM molecules. Here, one SAM
molecule is chosen at each Si block side. The grafted SAM molecules, including APTMS, MPTMS,
nBTMS, and CPTMS, show the uprisen configurations. Such extended configurations are partially
because of their steric repulsions between the SAM molecules and the limited backbone length of
the SAMs, which imposes the molecules to be relatively straight. Moreover, the strong non-bonded
interactions between the end group and PS further strengthen such configurations. The extended
molecular morphology of SAMs further enhances the ITC since it can force the heat energy to be
transferred along molecular chains where heat conduction is more effective.

To further understand the different non-bonded interactions between PS and SAMs, Fig.5b
plots the local RDF versus the radial distance around the reference atom for the four systems with
SAMs. Here, because all molecular SAMs have the same backbone but different functional groups

at the end, the dominant atom of the functional group is selected as the reference atom. For example,
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N, S, C, and CI atoms are chosen as the reference atoms for APTMS, MPTMS, nBTMS, and
CPTMS molecules, respectively. All these local radial distribution functions rise first, then reduce,
and finally tend to an upper limit with the increasing radial distance. Within the same radial
distance, the CPTMS-functionalized interface has the highest probability of existing in an atom
away from the reference atom when the radial distance is smaller than 8 A, followed by nBTMS,
MPTMS, and APTMS. However, when the radial distance is larger than 8 A, the functional group
has a minimal impact on the PS polymers, almost leading to the same probability. In addition to
that, Fig.5c plots the relationship between the local atomic density and the radial distance around
the same reference atom for four systems decorated with SAMs. Results show that the CPTMS-
functionalized interface has the largest atomic number density along with the radial distance away
from the reference atom, followed by nBTMS, MPTMS, and APTMS. These investigations
indicate that non-bonded interactions between CPTMS and PS polymer are the strongest within a
certain radial distance, followed by nBTMS, MPTMS, and APTMS. When the radial distance
away from the reference atom exceeds a certain distance, SAM molecules are less attractive to PS

polymer due to the weak non-bonded interaction caused by the distance limit.

Table 1 Attraction constants for five functional groups

Groups Gg; (J%3mol'em!-) Gpi (J%°mol'em!?) Gri (J%3mol-'cm!3)
-NH, 280 0 8400
-SH 645.1 0 0
-CH; 420 0 0
-CH,- 270 0 0
-Cl 450 550 400

3.6. Affinity Energy between SAMs and PS polymer
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Fig 6 has indicated that SAMs can both improve the interfacial adhesion and ITC between
inorganic-organic interfaces, which agrees well with some previous studies [26, 65, 66]. It also
indicates that the enhanced interface bonding strength improves the ITC, which is in line with
molecular SAMs-grafted metal-inorganic interfaces [65, 67]. To further analyze how compact the
molecular bonding strength is on the interface, we calculate the mixing affinity energy, Chi
parameter, and solubility parameters of PS and SAMs. The parameters employed to analyze their
solubility parameters are shown in Table 1 [68]. Fig 6a-b plots the mixing affinity energy and Chi
parameter as a function of the grafted SAMs. Based on the physical understanding, the larger Chi

parameter and higher mixing affinity energy indicate less miscibility between SAMs and PS.
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Fig. 6. Compatibility metrics of (a) mixing affinity energy, E,,;, and (b) Chi parameter, y between

PS and molecular SAMs. (c) Relationship between thermal conductance across Si-PS interfaces

and difference in solubility parameters, 8g;;4ne — Ops.

Results show that CPTMS has both the lowest mixing affinity and Chi parameter, followed
by nBTMS, MPTMS, and APTMS, which demonstrates that the CPTMS molecule is easily
miscible with PS polymer. In other words, CPTMS can easily attract PS polymer, and energy can
be transferred faster through CPTMS molecules. In addition to that, we directly calculate the
solubility parameters, which can describe how well-compatible two materials are. Fig 6c plots the

ITC as a function of solubility parameters of different SAM molecules. In general, two distinct
23
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materials giving similar solubility parameters can be treated as more compatible, suggesting their
favorable contacts or soluble. Results show that when SAM molecules change from APTMS to
MPTMS, nBTMS, and CPTMS, the ITC almost increases linearly with the decreased discrepancy
of solubility parameters. All these investigations indicate that the more compatible SAM molecule

can lead to favorable contact with PS polymer and facilitate the energy transfer vis the SAM — Si

path.
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Fig. 7. (a) Relationship between the applied pullout force and the interfacial separation
displacement for the pristine system and four SAMs-based decorative systems, including APTMS,
MPTMS, nBTMS, and CPTMS. (b) The calculated work of the pulling-out force by integrating
the pulling-out force-displacement curves for the pristine system and four SAMs-based decorative

systems.
3.7. Interfacial Bonding Strength

Previous experiments and MD simulations on the solid-liquid and solid-solid interface
have demonstrated that the ITC is directly related to the interfacial bonding strength [69, 70]. Fig
7a presents the relationship between the pullout force and the interfacial separation distance when
separating molecular SAMs-decorated Si-PS interfaces. The peak points located in force-

displacement curves denote the maximum pulling forces employed to separate pristine or
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decorative interfaces, which also represents the failure strength. These investigations show that,
on one side, when the SAM chains are grafted to the Si surface, the interfacial strength is boosted,
and a longer time is required to pull out due to the interaction between the embedded SAMs and
PS polymer; on the other side, when Si-PS interface is decorated with different SAMs, interface
functionalized with CPTMS has a stronger interfacial bonding strength, and the pullout requires
much more time to achieve due to the strong non-bonded interactions between the molecular
SAMs and PS caused by —Cl functional groups. In other words, mechanically, both the interfacial
failure and separation strength contribute to the total work of bonding strength around the interface,
which is shown in Fig 7b for the different systems under investigation. After the Si-PS interface
is decorated with different molecular SAMs, the CPTMS-functionalized interface requires more
work to complete the separation. This is also in agreement with the finding in Fig 7 that an interface
grafted with different SAMs leads to different ITC, and the CPTMS-functionalized interface has

the highest ITC, followed by nBTMS, MPTMS, and APTMS.
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Fig. 8. VDOS for different compositions in (a) Si-PS, (b) Si: APTMS-PS, (c) Si: MPTMS-PS, (d)
Si: nBTMS-PS and (e) Si: CPTMS-PS. (f) The cumulative correlation factor, M, between Si and
PS for the pristine and four decorative systems. (g) The M between molecular SAMs and PS for

the four molecular SAM-decorated systems.
3.8. Vibrational Spectra Coupling

SAM molecules facilitate the interfacial thermal transfer as a vibrational modulator that
regulates the coupled vibration between Si and PS. Based on both the diffusive and acoustic
mismatch theory [39], the ITC has a strong correlation with the coupled vibration spectra between
two materials producing an interface [71-73]. Studies have indicated that vibration modes between
two materials have a better match, leading to higher thermal conductance across interfaces [74].
Fig.8a-¢ displays the VDOS for all decorative systems developing five types of interfaces. Without
SAMs decoration, the Si-PS cumulative correlation factor shown in Fig.8f indicates that the
pristine Si-PS interface emerges the poor vibrational coupling. The poorly coupled vibration
between Si and PS well echoes the corresponding mismatch illustrated in Fig.8a, where PS reveals
frequency peaks around 33.69 THz and 88.62 THz while Si reveals frequency peaks ranging from
0 to 20 THz. By assembling SAMs, the Si vibration is drastically weakened (Fig.8b-e) at the
interface, and the vibrational match is obviously strengthened between SAMs and PS. For instance,
with regard to the Si: CPTMS-PS interface (Fig.8¢), many overlapped peaks between PS and
CPTMS are observed at the considered frequency range. The enhanced vibrational match for
SAM-decorated systems is also investigated in Fig.8f, where all molecular SAM-functionalized
interfaces provide a stronger correlation compared to the pristine Si-PS interface, and the Si:
CPTMS-PS interface with the strongest non-bonded interaction owns the strongest interface
correlation. Similar rankings are also observed from the vibration coupling effect between PS and

SAMs molecules, as shown in Fig.8g.
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4. Conclusions

In this study, we demonstrate that the interface between Si and PS decorated by molecular
SAMs exhibits significantly different ITC, which has a broad range of applications in heat removal
and thermal management of electronic devices. Compared with the pristine Si-PS interface,
molecular SAMs-bonded interfaces, including Si: APTMS-PS, Si: MPTMS-PS, Si: Nbtms-PS,
and Si: CPTMS-PS give a substantial improvement of ITC by 264.46%, 310.51%, 408.38%, and
507.02%, respectively. Obviously, the unique end functional groups carried by SAMs offer the
key contributions to remarkedly modulating the thermal conduction across Si-PS interfaces. Such
difference greatly depends on the different non-bonded interactions and compatibility between PS
and SAMs. For instance, the Si-CPTMS-PS interface features the strongest non-bonded
interactions and highest compatibility, -Cl---PS, leads to the ITC 507.02% more than the pristine
interface. The anomalous improvement for all molecular SAMs-decorated interfaces is attributed
to four dominated factors: (1) the stretched and well-aligned molecular chains in the SAM-PS
blending domain, (2) the strong vibration coupling between PS and SAMs, (3) the developed
thermal bridges between Si and molecular SAMs, (4) the strong non-bonded interactions between
SAMs molecules and PS. All these factors contribute to making the thermal transfer between two
dissimilar materials more efficient. The proposed molecular decorating strategy is expected to
offer a fundamental understanding of molecular SAMs-functionalized interfacial engineering for
strengthening multi-material system’s thermal management, including the polymer-semiconductor

composites.
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