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ABSTRACT

The shrinking size of integrated chips poses thermal management challenges. Understanding the size effect of chemical heterogeneity on
solid-liquid interfacial thermal transfer is essential for heterogeneous chip design, yet the underlying mechanisms remain lacking. The present
work used the liquid n-alkanes as the thermal interface material between solid platinum substrates. To characterize chemical heterogeneity,
periodic solid surface patterns composed of patches with alternating solid-liquid affinities were constructed. By using non-equilibrium molec-
ular dynamics simulations, we investigated the size effect of chemically heterogeneous patterns on interfacial thermal resistance (ITR) at the
nanoscale. At larger heterogeneity sizes, i.e., larger patch sizes, most alkane molecules directly in contact weak interaction patches cannot
interact with strong interaction patches due to long atomic distances. In the case of alkanes in contact a cold substrate, alkanes in contact
weak interaction patches transferred thermal energy to the substrate at a lower rate than those in contact strong interaction patches. The dif-
ferent rates resulted in the higher temperature of alkanes in contact weak interaction patches than those in contact strong interaction patches
and, therefore, a larger disparity between temperature jump at the strong interaction areas and that at the weak interaction areas. The non-
uniformity of temperature jump distribution increased ITR when compared to the heterogeneous surface system characterized by a smaller
patch size with a more uniform temperature distribution in the plane perpendicular to the heat flux direction. In addition, the classical parallel
thermal resistance model predicted ITR accurately for the heterogeneous surface systems with small size patches but overestimated overall
thermal resistance.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0218506
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I. INTRODUCTION

High-density circuit integration is one of the primary trends
in semiconductor chips. Effective thermal management of chips is
essential to maintaining this tendency. To mitigate the thermal resis-
tance caused by air in heat transfer between the chip and heat sink,
thermal interface materials (TIMs) are often used in the industry,
usually in liquid or adhesive forms, and are applied directly between
these components. However, the interfacial thermal resistance (ITR)
still exists at two solid-TIM interfaces because of differences in

electronic and vibrational properties." Moreover, as semiconduc-
tor process nodes have approached the angstrom-scale,”” the ITR at
solid-TIM interfaces is becoming a significant obstacle to chip ther-
mal management, attributed to the high rate of heat dissipation.’
Therefore, understanding the solid-liquid interfacial heat transfer
at the atomic level is imperative to enable further development in
semiconductor design and thermal management.

Although the semiconductor manufacturing process has
achieved very small sizes, further dimension reduction has slowed
down due to physical and technological limitations. As an alternative

AIP Advances 14, 075305 (2024); doi: 10.1063/5.0218506
© Author(s) 2024

14, 075305-1


https://pubs.aip.org/aip/adv
https://doi.org/10.1063/5.0218506
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0218506
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0218506&domain=pdf&date_stamp=2024-July-1
https://doi.org/10.1063/5.0218506
https://orcid.org/0009-0004-3752-7938
https://orcid.org/0000-0002-2959-1292
https://orcid.org/0000-0002-4304-0446
https://orcid.org/0000-0003-0304-7042
mailto:luo.qingyao.s8@dc.tohoku.ac.jp
https://doi.org/10.1063/5.0218506

AIP Advances

path to further advance semiconductor performance and efficiency,
the industry is shifting its focus to stacking dies into one chip, such
as the techniques of system on chip and system in package.’ Inte-
grated dies differ in their intrinsic physical and chemical properties
due to their different materials and temperatures resulting from
distinct power consumption levels. In addition, the chip surface
can also be fabricated with textured patterns® or modified through
the addition of surfactants’ to regulate interfacial thermal trans-
port. Differences in either the geometric or chemical properties of
the multi-chip module will result in a chemically heterogeneous
surface.”” In certain specialized cases, such as in high-performance
computing applications or advanced thermal management systems,
the dies are not encapsulated with resins but are directly in con-
tact with the TIM, thereby establishing a chemically heterogeneous
solid-liquid interface. Because thermal management is essential for
efficient chip packaging design, it is necessary to comprehensively
understand the chemical heterogeneity effect on the interfacial ther-
mal transport of solid-liquid interfaces, to provide a fundamental
theoretical basis.

In molecular dynamics (MD) simulations, chemically het-
erogeneous surfaces are usually represented by alternating one-
dimensional stripes or creating two-dimensional grids. Such stripes
or grids have different interfacial affinities.'”'" The chemical hetero-
geneity size, adjusted by the size of the stripes or grid, is an essential
parameter of heterogeneous interfaces. The chemical heterogeneity
size effect of substrate surfaces on droplet wetting behavior has been
extensively studied from a nanoscale perspective. Ritchie et al.'?
performed MD simulations of water droplets on a chemically hetero-
geneous graphite surface. They found that the contact angle of the
droplets is only determined by the interfacial affinity at the vicinity
of the contact line. Both Zhang et al.'* and Wang and Wu'* con-
firmed this finding, and the latter works uncovered that a smaller
heterogeneity size leads to a lower pinning force and a smaller con-
tact angle. In contrast, the size effect of chemical heterogeneity on
micro-/nanoscale interfacial heat transfer has received limited atten-
tion. To the best of our knowledge, only two groups have conducted
relevant research. Gao et al."” performed MD simulations to eluci-
date the influence of chemical heterogeneity on water boiling heat
transfer on copper surfaces. They produce chemically heterogeneous
surfaces by placing grid patterns with varying wettability on the
substrate. They observed that a larger proportion of hydrophilic
area would reduce the ITR and improve the boiling heat transfer.
However, they did not investigate further by varying the stripes
and grid patterns sizes. Wei et al.'® used equilibrium MD simula-
tions to study the effect of geometric heterogeneity on the ITR of
Au-(n-alkanes) systems, where self-assembled monolayers (SAMs)
with varying chain lengths were grafted on the interface. In addition
to the geometrically heterogeneous surfaces, they considered one
chemically heterogeneous surface, which was mostly geometrically
uniform by using SH — (CH;)s — COOH and SH - (CH;)s—CH3
SAM configurations. Although the aforementioned research has
demonstrated that chemical heterogeneity has a concrete effect
on ITR, the effective size and related size effects remain unclear.
Therefore, the objective of this work is to investigate and clarify
chemical heterogeneity and its size effect on ITR at solid-liquid
interfaces.

Non-equilibrium molecular dynamics (NEMD) simulations
have been proven to be a powerful tool to obtain interfacial thermal
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properties, such as ITR."”'® In our previous work, we used plat-
inum substrates with convex and concave surfaces and n-alkanes
as the liquid TIMs to explore the effect of geometric heterogene-
ity and molecular sizes of TIMs on the solid-liquid ITR.”” In
the present work, NEMD simulations of chemically heterogeneous
Pt-(n-alkanes) interfaces are performed. We aim to investigate the
size effects of chemical heterogeneity at the nanoscale on the ITR
of solid-liquid interfaces and analyze the underlying mechanism.
We will also discuss how chemical heterogeneity affects overall ther-
mal resistance (OTR). Two distinct molecular sizes of linear alkanes
are utilized to validate the size effect. This is done while consid-
ering the relative sizes of heterogeneous surface patterns and sizes
of liquid molecules. Finally, the ITR and OTR of chemically het-
erogeneous surface systems are predicted using the straightforward
electrical resistance analogy model, the corresponding optimized
model, and one approximation model via equivalent homogeneous
interfaces.

Il. METHODS
A. Potential models

This work utilized a system consisting of two fcc platinum
crystals with (001) face on the surface and the liquid n-alkanes
positioned between the solid components. The lattice constant of
platinum is 3.915 A. To investigate the effect of the length of lin-
ear alkane molecules, octane (C8) and ethane (C2) were used as the
liquid. Morse potential was employed to describe the interactions
between platinum atoms,”’ which reliably reproduces the experi-
mental elastic constants. The force field for each alkane molecule
was described by the united-atom NERD potential,”’ which treats
the methylene or methyl group as one single atom. This poten-
tial exhibits accuracy in the prediction of transport properties and
vapor-liquid equilibrium properties.””** The van der Waals (vdW)
interactions between platinum and atoms in the alkane molecules
were represented by the Lennard-Jones (L]) potential.

A parameter, #, was introduced to control the affinity between
solid and liquid due to vdW interactions, which is a commonly
used technique to control the system wettability. The formula for
interfacial potential energy between one solid and the liquid is
expressed as

y

12 6
Es1 = Z Z 71,](/);] = Z Z 4’7ij£S-L|:(U:L) _ (O'SL) :|’ 1)

ieSjel i€Sjel ij Tij

where 7, denotes the affinity between atoms i and j, which belong

to the solid and the liquid, respectively, ¢" denotes the original
L] potential function, os_1 and es_| are mixed distance and energy
parameters between solid and liquid atoms, respectively, and r;; is
the distance between atoms i and j. Values of #=0.1 and #=0.5
correspond to hydrophobic and hydrophilic solid-liquid interfacial
affinities. To verify the relation between # values and wettability,
contact angles of alkane droplets on the solid surface were roughly
estimated as described in the supplementary material. At a weak
solid-liquid affinity (1 = 0.1), the contact angles of C8 and C2 were
119° and 104°, respectively, while at a strong affinity (1 = 0.5), the
contact angles were 57° and 66°, respectively. Therefore, we can
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assume that the wettability settings are reasonable and reflect real-
istic wettability ranges. The average 2D density distribution of the
droplets is shown in Fig. S1. In addition, although alkane molecules
are hydrophobic in the real world,”® we can still experimentally
achieve a heterogeneous Pt-(n-alkanes) interface using the tech-
niques such as adding surfactants and grafting -COOH and CH;
terminated SAMs onto the solid surface.”

The simulation systems were composed of three types of inter-
action sites, i.e., platinum atoms for the solid surface, and methylene
and methyl interaction sites for liquid molecules. The L] parameters
between two sites of different types were obtained by specifying
arithmetic and geometric means for the mixed distance and energy
parameters, respectively. The cutoff radius of all L] interactions was
set to 12 A. The specific parameter values of NERD potential of
alkane molecules and Morse potential of platinum atoms are listed
in Tables SI and SII, respectively.

B. Simulation systems

When referring to the whole system, it is heterogeneous since
the system consists of different materials. On the other hand, it is
customary to refer to uniform surfaces as “homogeneous” and non-
uniform ones as “heterogeneous” in theoretical work concerning
interfaces.'””””* In the chemically heterogeneous surface systems,
patches with both weak and strong solid-liquid affinities coexist. As
shown in Figs. 1(a) and 1(b), surfaces with heterogeneous stripe-
type patches were constructed. Figure 1(c) shows the surface with
heterogeneous grid-type patches. For reference, the systems with

a Hydrophilic Pt e Hydrophobic Pt

-

C gt e pateh

1 g

Heat Sink

Fixed Layer
d iy
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stripe- and grid-type patches are labeled as “|” and “#,” respectively,
while the preceding number corresponds to the patch width and is
explained in Table I.

Ueki et al. elaborated that groove edges in geometrically het-
erogeneous surface systems influence interfacial properties, such as
different local interfacial heat fluxes at the top and bottom groove
edges.” The interfaces between patches with varying affinities can
also be considered edges. To better characterize the heterogene-
ity sizes of heterogeneous surface systems, the terminology “affinity
unevenness” in the unit of 1/A was introduced. It was quantified by
the ratio of total edge length to the platinum cross-sectional area.
For example, Fig. 1(b) is 30lc/(ll,), where I, and I, are the system
dimensions in the x direction and y direction, respectively, the prod-
uct of I, and I, is the cross-sectional area of platinum surface, and 30
is the number of edges. Chemical heterogeneity size is assumed to
decrease as affinity unevenness increases.

Table I lists the detailed heterogeneous surface compositions
and liquid combinations. The pattern ID is the combination of the
dimensionless patch width in half lattice parameter of platinum and
the symbol representing the type of patches, which serves to distin-
guish the systems. For systems using the same alkane, their patterns
are sorted by the magnitude of their affinity unevenness in ascending
order. In addition, pattern 7.5 has slightly non-periodic arrange-
ment of patches, as shown in Fig. S2(a), but the effect has been
confirmed to be negligible to the conclusions of this work.

The simulations of this work were conducted using the Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
program.’’ The integration algorithm was the velocity-Verlet

stripe-type patch

«CH, Hydrophilic Pt
e Gyl * Hydrophobic Pt

Heat Source

FIG. 1. lllustration of heterogeneous surface compositions and simulation system scheme. Platinum surfaces of patterns 30|| (a) and 2|| (b) with chemical heterogeneity
composed of stripe-type patches with altering affinities, in the x direction, and surface of pattern 5# (c) with the heterogeneity composed of grid-type patches with altering
affinities, in both x and y directions, where strong interaction patches are colored in yellow and weak interaction ones are colored in cyan; a single strong interaction patch is
highlighted by a rectangle with dark red border and yellow fill. (d) Side view of a Pt~C8-Pt system with platinum surface in (a); CH, and CH; are colored in silver and lime,

respectively.
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produced a uniform distribution of liquid adsorption sites on the
solid surface. This enabled all liquid atoms in the adsorption layer
to interact with high-affinity surface patches, resulting in a more
uniform interfacial heat flux. A uniform distribution of interfacial
properties is beneficial to enhance interfacial heat transfer. There-
fore, the uniform distribution of temperature resulted in a reduction
inITR.

Existing research has demonstrated that the ITR of SLS sys-
tems can be effectively reduced by inducing polymer alignment in
favorable directions. This motivated us to investigate if surface het-
erogeneity could be used to manipulate polymer orientation and
thus ITR. Surprisingly, surface heterogeneity appeared to have no
significant effect on polymer orientation, which was different from
what we had observed for geometric heterogeneity. As a result,
the ITR and OTR of chemically heterogeneous surface systems
remained within the range observed in homogeneous surface sys-
tems. This range spans from those with a weak solid-liquid affinity
to those with a strong affinity. Hence, we suggest primarily utilizing
chemical heterogeneity to precisely control the ITR and OTR of SLS
systems. In practical applications, when aiming for a slightly smaller
ITR and OTR, it would be advantageous to graft -COOH and -CHj3
terminated SAMs onto the substrate surface alternatively but tightly,
and vice versa.

To provide a reference for the design of heterogeneous sur-
faces, we modeled the ITR and OTR using the data of homogeneous
surface systems. The parallel electrical resistance analogy was suc-
cessful in predicting the ITR of systems with small heterogeneity
sizes whose temperature distributions were uniform. However, the
influence of heat flux disparity between heterogeneous and homoge-
neous surface systems on OTR was amplified at the nanoscale. It led
to the macroscopic model failing to predict OTR. Hence, we suggest
simply using the liquid thermal resistance of homogeneous sur-
face systems as an approximation of OTR of heterogeneous surface
systems.

SUPPLEMENTARY MATERIAL

See the supplementary material for supporting content.
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