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Molecular dynamics (MD) simulations of heat transport through a wateresilicon system are performed
to investigate the thermal resistance at water/silicon interface. Interaction strength between water and
silicon is varied in order to understand its effects while the proper strength value is characterized by
matching the nano-scale contact angle value with the micro-scale experimental measurements through
a water droplet study. Depending on surface wettability, different water distributions are developed near
the surface, creating different couplings between water and silicon molecules for phonon transport. In
addition, near surface water density is found to be dependent on the surface temperature for high
wetting cases that closer packing of water molecules is observed near the cold surface. Interface thermal
resistance values measured as Kapitza length (LK) showed strong dependence on water density structure
formed next to the surface. Hence, variation of LK with temperature is not only measured due to the
temperature dependence of phonon transport, but also due to the variation of near surface density with
temperature. For studied water/silicon system (slightly hydrophobic with contact angle of 88 ), density is
independent of surface temperature, and LK decreases with increased temperature similar to the theoretical phonon transport predictions. MD predicted LK values (z9 nm) are found to be consistent with
experimental measurements.
Ó 2013 Elsevier Masson SAS. All rights reserved.
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1. Introduction
Heat transfer through two dissimilar materials is interrupted
due to a temperature jump at the interface. From the phonon
transport perspective, Mismatch Models explains such behavior as
the deﬁciency in overlap between phonon dispersions of different
materials. The Acoustic Mismatch Model (AMM) and the Diffuse
Mismatch Model (DMM) have been used for theoretical considerations of the interface phonon transport [1,2]. AMM neglects
phonon scattering at the interface and predicts high interface
thermal resistance (ITR); while DMM considers diffuse scattering of
phonons on the interface and yields low resistance. Hence, these
two models gives the upper and lower limits of ITR [3], while
detailed investigation of intermolecular interactions is needed for a
better understanding of the interface phonon scattering
mechanisms.
Phonon transport is classically studied by lattice dynamics
based on harmonic wave theory in the frequency space. However,
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the anharmonic behaviors forming in a crystal structure cannot be
described with this theory. Alternatively, the coupled motions of
the atoms in real space can be modeled by Molecular Dynamics
(MD) which provides the natural formation and transport of phonons via vibrations in the crystal lattice. As a result, MD has been
utilized to investigate phonon transport through the interfaces [3e
21]. There are quite a number of studies revealing the dependence
of ITR to various molecular parameters; but the effect of surface
temperature on ITR is still a question. For a solid/solid interface, it
was validated that the temperature dependence of ITR is similar to
the theoretical predictions where increase of temperature enhances the phonon density of states and decreases the ITR [19].
However, in the case of a solid/liquid interface, liquid molecular
structure formed near the surface plays a dominant role on the
interface phonon transport. Opposite to the theoretical expectations, our earlier studies showed increase of ITR with increased
temperature [4e7]. Such behavior develops as a result of the
temperature dependence of liquid density layering. For the studied
monatomic liquid argon in contact with silver [6,7] and solid argon
surfaces [4,5], liquid density was found to be higher and better
packed near the cold surface; as a result, the ITR was lower than the
hot side. Hence, correct characterization of temperature
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dependence of ITR needs a detailed investigation of near surface
liquid structure whose dependence on temperature shows variation for surfaces having different wetting behavior.
A liquid near a solid surface exhibits layering on the molecular
scale due to the ordering of the liquid molecules under the inﬂuence of surface forces [22]. This density layering is a speciﬁc
property of a liquid/solid couple and develops mainly as a function
of the surface wettability driven by the intermolecular interactions.
However, the parameters determining the interactions of the speciﬁc liquid/solid couples are still under investigation. Frequently,
the interaction parameters of non-identical molecules are calculated from parameters of the pair of identical molecules by using
the LorentzeBerthelot mixing rule. However, the interaction parameters between identical molecules are optimized for a bulk
material system and may need to be re-parameterized for the
interaction of non-identical pairs instead of using the simple LorentzeBerthelot mixing rule. Therefore, the intermolecular interaction parameters should be properly speciﬁed in order to capture
the correct behavior of ITR for a given solid/liquid couple.
The objective of this study is to predict the interface thermal
resistance between silicon and water for the case where the
interaction parameters are properly tuned to capture the hydrophobic behavior of bare silicon surface. In the mean time, an
enhanced understanding of the near wall density structure inﬂuences on ITR and its dependence on the surface temperature will
be provided.
This paper is organized as follows: In Section 2, we described
MD simulation details of siliconewater system. In Section 3, we
studied the effects of near wall density structure on ITR for different
interaction strength values. Detailed comparisons are made on
density proﬁles near the hot and cold surface of each case to reveal
the temperature dependence of water layering at different surface
wettability values. In Section 4, we speciﬁed the interaction
strength between water and silicon by matching the macroscopic
wetting behavior of water on silicon and studied the temperature
dependence of ITR. In the conclusions section, the proper LJ parameters for recovering the macroscopic wetting behavior of water
on silicon and the resulting Kapitza length are presented.
2. Three-dimensional MD simulation details
Liquid water is conﬁned between two parallel solid silicon walls
as illustrated in Fig. 1. Total dimensions in longitudinal (x), vertical
(y), and lateral (z) directions are 13.4, 2.7 and 2.7 nm, respectively.
The domain was constructed using 2500 Silicon and 1696 Water
molecules while the corresponding density of water is r ¼ 1.006 g/
cm3. Walls on each side of the domain contain 25 Silicon layers,
which are 0.136 nm apart from each other, and the spacing between
two silicon walls is 6.4 nm in x-direction. Periodic boundary conditions are applied in the vertical (y) and lateral (z) directions.

Table 1
Molecular interaction parameters utilized.
Molecule pair

s (
A)

ε (eV)

q (e)

OeO
HeH
SieSi

3.166
0
2.095

0.006739
0
2.168201

0.8476
þ0.4238
0

Silicon surface is modeled as diamond cubic structure with (0,0,1)
crystal plane facing the ﬂuid. Atoms in the outmost layer of both
silicon walls are ﬁxed to their original locations to maintain a ﬁxed
volume system, while the remaining atoms throughout the domain
are free to move.
We used the SPC/E water model which is described as effective
rigid pair potentials composed of LennardeJones and Coulombic
terms [23]. This water model has three interaction sites, corresponding to the three atoms of the water molecules. Each atom gets
assigned a point charge to model the long-range Coulombic interactions, and the oxygen atom also exhibits LennardeJones potential to model van der Waals forces. The truncated (6e12)
LennardeJones (LeJ) potential is given as,
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where rij is the intermolecular distance, ε is the depth of the potential well, s is the molecular diameter and rc is the cut-off radius
[24].
SPC/E is a tetrahedral model with an OH bond length of 0.1 nm
and HeOeH angle of 109.47. SHAKE algorithm [25] is used to
constrain the bond lengths and angle, thus making the model rigid.
A short-range LennardeJones term with a cut-off distance of 1 nm
acts on the oxygen, while a charge q (0.4238e) is on each hydrogen,
compensated by a charge 2q (0.8476e) on the oxygen. The longrange Coulombic part has been treated with a particleeparticle
particle-mesh (PPPM) solver which can handle long-range interactions for periodic systems with slab geometry more efﬁciently
than the Ewald sum algorithm [26]. PPPM invokes a particleeparticle particle-mesh solver, which maps atom charge to a 3D mesh. It
uses 3D fast Fourier transforms to solve Poisson’s equation on the
mesh, and then interpolates electric ﬁelds on the mesh points back
to the atoms. SieSi interactions were calculated by Stillingere
Weber potential which considers two-body interactions with an
additional many body dependence [27]. SPC/E water molecules
interact with silicon surface only by van der Waals interactions of
silicon and oxygen using a cutoff distance of 1 nm. The molecular
interaction parameters are given in Table 1. For the siliconeoxygen
interactions, parameters can be calculated by the LorentzeBerthelot (LeB) mixing rule given as,

Fig. 1. Snapshot of the simulated WatereSilicon system.
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sSiO ¼

sSiSi þ sOO
2

; εSiO ¼

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
εSiSi  εOO

(2)

Using the corresponding parameters given in Table 1, the LeB
mixing rule predicts the interaction parameters s*SieO ¼ 2.6305 
A
and ε*SieO ¼ 0.12088 eV.
Newton’s equations of motion were integrated using the
Verlet algorithm with a time step of 0.001 ps. We use LAMMPS
(Large-scale Atomic/Molecular Massively Parallel Simulator) [28] as
our MD solver. Simulations were started from the Maxwelle
Boltzmann velocity distribution for all molecules at 323 K. NVT
ensemble was applied with Nose Hover thermostat keeping the
system at 323 K. Initial particle distribution was evolved
2  106 time-steps (2 ns) to reach an isothermal steady state. Afterward, the Nose Hover thermostat is applied only on the outmost
second, third and fourth layers of the both silicon slabs to induce
heat ﬂux through the liquid/solid interfaces by maintaining
different wall temperatures. At the same time, NVE ensemble is
applied to the remaining silicon and water molecules. Simulations
are performed for an additional 4  106 time-steps (4 ns) to ensure
that the system attains equilibrium in presence of the heat ﬂux.
After which, time averaging of desired properties are performed
through 24  106 additional time steps (24 ns).
Classically, energy ﬂuctuation in an NVT system of a limited
number of molecules is nonzero. In such case, increase of the
averaging time decreases the ﬂuctuations to a minimum value. This
minimum value is a function of multiple molecular parameters, but
mostly depends on the time scales of the molecular mechanisms
that are modeled. We performed 20 ns averaging which is
considered excessively long for a classical MD system. However, the
phonon transport in our system occurs at different frequencies.
Depicting time-averaged behavior of low frequency phonons
require excessively long simulation times that are computationally
unfeasible. Further complexity develops due to the phonon scattering at the interface, which makes theoretical estimation of the
time scale for the complete phonon spectra impossible. Overall, the
ﬂuctuations are mainly dependent on εSieO and the speciﬁed
temperature difference, where high εSieO values and large temperature differences in the system result in lower ﬂuctuations.
Although the highest ﬂuctuations in the temperature and density
proﬁles are less than 2% and 1%, respectively, these variations result
in higher ﬂuctuations (z9%) in the ITR calculations. Due to these
ﬂuctuations, we performed statistical analysis of our results and
report the ITR behavior with corresponding standard deviations
(See Section 3 for details).
The computational domain is divided into 100 slab bins with the
size of 0.1343 nm for temperature and 200 slab bins with the size of
0.0672 nm for density proﬁles. Smaller bin size, 800 slab bins with
the size of 0.0168 nm, is also employed in order to resolve the ﬁne
details of the near wall water density distributions.
IrvingeKirkwood (IeK) expression is utilized to compute the
heat ﬂux vector for an N particle system using unity differential
operator approximation as follows [29,30],

Jk ¼

 XN 

E
1 DXN i  i
r j þ rki W i;j ;
V E þ Fi þ
i k
i;j k
Vol

(3)

Ei ¼



1 i  i 2  i 2  i 2
m
Vx þ Vy þ Vz
;
2

(4)

W i;j ¼


1  i i;j
i;j
i;j
Vx fx þ Vyi fy þ Vzi fz ;
2
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term is the energy transfer to particle i by force interactions with
the surrounding particles. In the ﬁrst term, Vxi is the peculiar velocity component of particle i in k-direction, while k is the axes of
the Cartesian coordinate system; Ei is the kinetic and Fi is the potential energy of particle i calculated using Equations (4) and (1),
respectively. In the second component of Equation (3), ðrkj  rki Þ is
the kth component of the relative distance vector between particles
i and j. The Wi,j term is given in Equation (5), where fli;j is the
intermolecular force exerted on particle i by particle j in the Cartesian coordinate direction l. An overall heat ﬂux is calculated in the
water volume using Equation (3) by considering the contributions
of each atom within a water molecule.
3. Inﬂuence of the near wall water density structure on ITR
In an earlier study [31], we investigated the effect of interaction
parameters, speciﬁcally interaction strength, to the wetting angle of
water on silicon surface. We decreased the interaction strength
value starting from the classical mixing rules estimation, and
observed transition from hydrophilic to hydrophobic behavior in
the studied range. Decrease in the interfacial energy leads lower
wetting; and hence, the water density distribution near the surface
changes drastically. In this study, we further investigate effect of the
interaction parameter to the ITR. For such purpose, we used the εSie
O values of 0.4, 0.2, 0.125, 0.1 and 0.05  ε*SieO where the ε*SieO is
the value calculated by the LeB rule (ε*SieO ¼ 0.12088 eV). Our main
purpose here is not only to understand the inﬂuence of the
resulting near surface ﬂuid structure to the ITR, but also to reveal
the importance of the interaction parameter values; since some of
the interaction strength values used in this work is similar to the
values utilized in previous investigations of ITR using siliconeSPC/E
water model [15e17].
Temperature distributions obtained in a siliconewateresilicon
system subjected to 353 K and 293 K on its ends are shown in Fig. 2.
The temperature proﬁles vary with the change of interaction
strength value. For silicon domain, we observed a temperature drop
at the interface of the thermostat applied and thermostat free regions. This artiﬁcial ITR created by the thermostat is due to the
dynamic rescaling of thermostat which results in phonon mismatch
at this interface. This artiﬁcial effect of the thermostat was investigated earlier [6]. Nose Hoover thermostat creates temperature
gradient inside the thermostat applied region different than the
temperature gradient of the thermostat free domain depending on
the temperature and heat ﬂux of the system which was previously
investigated in detail [6]. The remaining 21 silicon layers

(5)

where the ﬁrst term on the right hand side of Equation (3) is the
kinetic and potential energies carried by particle i, and the second

Fig. 2. Temperature proﬁles of the SiliconeWatereSilicon system at different εSieO
values while hot and cold reservoirs are kept at 353 K and 293 K, respectively.
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Table 2
Kapitza lengths at hot (LK-H) and cold (LK-C) surfaces, heat ﬂux, temperature gradients and thermal conductivity of liquid water for ﬁve different interaction strength values. Hot
and cold reservoirs are kept at 353 K and 293 K, respectively. Contact angles for the corresponding interaction strengths are adopted from a water nano-droplet study in Ref.
[31].
Case

εSieO (eV)

εSieO/ε*SieO

Contact angle ( ) [31]

qx (W/m2)

dT/dx (K/
A)

kwater (W/K m)

TH (K)

LK-H (nm)

TC (K)

LK-C (nm)

1
2
3
4
5

0.048352
0.024176
0.01511
0.012088
0.006044

0.4
0.2
0.125
0.1
0.05

46.3
57.8
108.9
129.7
169.3

7.712
5.691
4.286
3.588
2.883

0.369
0.281
0.215
0.173
0.137

0.690
0.67
0.659
0.684
0.694

344.4
345.8
347
347.1
348.3

2.977
5.263
8.186
10.597
14.785

297.3
296.1
295.1
295.1
294.1

2.687
5.119
8.878
11.57
16.261

interacting freely develop their own temperature proﬁle based on
the phonon characteristic of silicon. Silicon temperature varies
linearly sufﬁciently away from the interface. We observed nonlinear behavior near the interface extending z0.54 nm into the
silicon slab for the highest heat ﬂux case. Such behavior is a strong
evidence of phonon scattering mechanism from the interface
which needs further attention and will be investigated in detail in a
separate study.
There are sudden temperature jumps at the liquid/solid interfaces. These temperature jumps are due to the mismatch in
phonon spectrum of the wateresilicon pair and results in the ITR.
One can deﬁne a thermal resistance length (LK), known as the
Kapitza length, by extrapolating the temperature proﬁle from liquid
in to the solid, where the wall temperature is reached. The Kapitza
length can be predicted using,

DT ¼ LK

vT
vn

;

(6)

liquid

where vT/vn is the thermal gradient on the liquid side, and
DT ¼ Tliquid  Twall. It is crucial to realize that Equation (6) requires
onset of continuum behavior where a local temperature proﬁle can
be deﬁned. In order to characterize the temperature distribution in
the bulk of liquid water, we performed linear least square ﬁts to the
MD data, and measured sum of the squares of the residual, which is
a measurement of how well the least square ﬁt represents the data.
The values are all below 1%, indicating that the temperature proﬁle
is linear in the bulk of the channel. Slight curvature in the temperature proﬁle can be attributed to the temperature dependence
of water’s thermal conductivity. Water temperature varies linearly
except the near wall region where temperature ﬂuctuates as a
result of density layering formed due to the surface forces. Such
behavior depends on the chosen bin size. While we presented ﬁne
distribution with 0.1343 nm bin size (100 bins), a slight increase in
the bin size to 0.2686 nm (50 bins) resulted in linear behavior up to
very near surface region (z0.15 nm away from surface). We discussed in an earlier study that in order to recover continuum
behavior in such small environments, employed bin size should be
equal to or bigger than one molecular diameter [4,5].
Next, we calculate the Kapitza length, LK, by using Equation (6).
First we obtained the local temperature gradient from the MD results, and matched this with the slope of the linear curve ﬁts to the
temperature proﬁles in the bulk of the channel. Then, we extrapolated the liquid temperature onto the solid surface, which was
assumed to be the center of the last silicon layer facing the liquid;
and calculated the local temperature jump (DT ¼ Tliquid  Twall). As
suggested by Equation (6), this temperature jump and the linear
slope of water temperature proﬁle yield the value of LK. In the mean
time, we also calculated the heat ﬂux using Equation (3), and utilized the temperature gradient obtained from MD result to calculate the thermal conductivity of conﬁned water using Fourier law.
Calculated thermal conductivity for liquid water at average temperature of 323 K is z0.68 W/K m, which matches the published
bulk values well [32]. The calculated Kapitza lengths at hot (LK-H)

and cold (LK-C) surfaces, heat ﬂux, temperature gradients and
thermal conductivity of liquid water are given in Table 2 for ﬁve
different interaction strength values.
In the studied system, phonon transport that propagates inside
the silicon domain at different wavelengths creates thermal ﬂuctuations. As a result LK cannot converge to a precise value. In order
to have a fair judgment on LK behavior, we performed a statistical
investigation of LK variation. Using a total simulation time of 24 ns,
we obtained time averages at every 2 ns, 4 ns, 8 ns and 24 ns,
resulting in 12, 6, 3 and 1 data sets, respectively. Using these total
22 differently averaged temperature proﬁles, 22 different LK values
are calculated. Later, the standard deviation of LK and surface
temperatures are calculated while the reported LK value is the mean
of the 22 LK values. Standard deviations of the LK values are given in
Fig. 3 as error bars. Overall, ﬂuctuation of LK-H is higher than LK-C.
Also standard deviation increases with decreased εSieO while the
highest value of SD is around 7%.
The increase of interaction strength creates better coupling
between the water and silicon molecules, and hence, decreases the
ITR and LK values. Variation of LK values for different εSieO/ε*SieO at
hot and cold surfaces are given in Fig. 3a. Surface temperatures are
also indicated on the plot. Since the temperature difference
through the system is speciﬁed by the thermostat and ﬁxed in the
studied system, decrease of ITR results in increase of developed
heat ﬂux value. Regardless of this, resulted hot surface temperatures and cold surface temperatures for different εSieO cases are
very close to each other (TH z 347 K and TC z 295 K). Measured LK
values at cold and hot surface are found to be different. Since the LK
values of different εSieO cases are different, we decided to normalize
the LK-H with LK-C of the corresponding εSieO case in order to understand the difference of LK-H and LK-C for each case (Fig. 3b). While
the LK measured on the hot surface is lower than the cold surface
values for εSieO < 0.2  ε*SieO, we observed higher LK-H than LK-C for
larger εSieO cases. The interesting behavior of LK-H and LK-C for
different εSieO cases clearly indicates that LK at a liquid/solid
interface is not dominated by the surface temperature.
Next, we investigate the water and silicon density proﬁles in
Fig. 4 which illustrates the system consisting of three distinct domains. A constant silicon density of 2.35 g/cm3 is observed. Water
density is constant and equal to 1.006 g/cm3 in the bulk of the
channel. Near surface water density exhibits well known density
layering due to the surface forces and local waterewater interactions [31]. Increase in the interaction strength develops
stronger water layering for εSieO  0.2  ε*SieO, while the increase
in the near wall water density results in slight decrease of density in
the bulk. By simple examination of Fig. 4, one can conclude that the
water density peaks near the hot surface are higher than the cold
side for εSieO  0.2  ε*SieO. However, a more detailed investigation
should be conducted to understand the behavior of water density
near the surface and the effects near wall density distribution on
the ITR.
Water density variations near the hot and cold reservoirs are
shown in Fig. 5 using ﬁner bin size of 0.0168 nm for various εSieO
values. Similar to our earlier study, water penetration into the
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Fig. 3. (a) LK values for different εSieO/ε*SieO (ε*SieO ¼ 0.12088 eV) cases obtained at hot and cold surfaces. Surface temperatures are also given on the plot. (b) Variation of the hot
wall LK value normalized with the corresponding cold surface LK-C value for different εSieO/ε*SieO cases.

Fig. 4. Density proﬁles of the SiliconeWatereSilicon system at different εSieO values
while hot and cold reservoirs are kept at 353 K and 293 K, respectively.

gap between the ﬁrst and second silicon layers is observed, and
the water density in this region increases with increased εSieO.
There also forms an additional density layer between the ﬁrst
density peak of water and silicon surface while these two density
behaviors become profound for εSieO  0.2  ε*SieO. These two
new density layers are indicated with arrows in Fig. 5c. Simply,
decrease of ITR with an increased εSieO is the results of the
stronger coupling between water and silicon molecules due to
closer interactions. Comparisons of hot and cold side water
densities of each case are also shown in Fig. 5aed. Water distributions near the hot and cold surfaces are identical for low εSie
O values (εSieO < 0.2  ε*SieO). Starting with the 0.2  ε*SieO case,
the additional density layer near the surface is more prominent
at the cold side, which creates a better phonon coupling resulting
in the LK-C value being lower than LK-H. While the densities for
the εSieO < 0.2  ε*SieO cases show no dependency on the surface
temperature, density becomes more packed with decreased
surface temperature for εSieO  0.2  ε*SieO, which decreases the
ITR. Thus, in Fig. 3b, we observed not only the variation of ITR
with temperature but also the temperature dependency of the
water density, which affects the ITR value.

Fig. 5. (aed) Comparison of the density distribution near the hot and cold surfaces for various εSieO/ε*SieO cases.
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Fig. 6. (aee) Snapshot of the nano-scale water droplets formed on bare (1,0,0) silicon surface and microscopic contact angle values at the corresponding interaction strength values.

Fig. 7. Temperature proﬁles of the 0.125  ε*SieO case with various hot and cold
reservoir temperatures.

4. Temperature dependence of ITR
Until now, we clariﬁed that ITR strongly depends on the near
surface water density structure, which is a function of εSieO value.
Therefore we need to identify the proper parameters for watere
silicon interactions. For this purpose, we conducted a nano water
droplet study where we characterized the interaction parameters
by matching the microscopic wetting behavior of water on silicon
with the macroscopic experimental measurements [31]. Fig. 6aee
shows the snapshots of the nano-scale droplets formed on bare
(1,0,0) silicon surface and the microscopic contact angle values for
the 0.4, 0.2, 0.125, 0.1 and 0.05  ε*SieO values. Increase of interaction strength decreases the contact angle so that the wettability
changes from low to high in the studied range. By considering the
line tension effects creating deviations between the nano-scale
contact angle and the macro-scale value, an appropriate estimate
for the interaction strength value was found as εSieO ¼ 0.125  ε*Sie
O which recovers the experimental macroscopic contact angle of
water on pure silicon surface as 88 [31]. Details of this result and
the methodology for calculation of the line tension effects to relate
the wetting angles of nano-scale and macroscopic droplets can be
found in Ref. [31].
Using the proper interaction strength value of εSie
O ¼ 0.125  ε*SieO, we investigated the temperature dependency of

LK at wateresilicon interface. For this purpose, we assigned
different temperature values on the hot reservoir as 363, 353 and
343 K while the cold reservoir was kept at 283, 293 and 303 K,
respectively. Temperature proﬁle for each case is shown in Fig. 7. As
the temperature difference assigned through the heat baths decreases, resulting heat ﬂux values are decreased. The calculated LKH, LK-C, heat ﬂux, temperature gradients and thermal conductivity of
liquid water are tabulated in Table 3.
Before focusing on the LK variation at different surface temperatures, we should study the density structures near surface at each
different temperature case. Density proﬁles of siliconewateresilicon system for different temperature differences are given in Fig. 8.
While Fig. 8a shows slightly higher density peaks on the cold side
for coarse bin (0.0672 nm) results, real behavior can only be characterized with a ﬁner bin size (0.0168 nm) as shown in Fig. 8b.
Comparison of water densities near different temperature surfaces
through Fig. 8b validates that the near wall water structure shows
no dependency on the surface temperature, similar to our earlier
results for low wetting surfaces.
Since the near surface water density is independent of the wall
temperature, we can now properly characterize the temperature
dependency of LK. Fig. 9 gives the LK values at different temperature surfaces with the corresponding standard deviations, where
lower temperature difference cases exhibit higher ﬂuctuations.
Similar to the theoretical predictions, ITR decreases with increased
temperature since the phonon density of state is higher at high
temperatures, which creates better coupling. Calculated LK values
(z9 nm) are consistent with the experimental measurements,
where 6e12 nm LK values are found for hydrophilic and hydrophobic surfaces [33].
5. Conclusions
We studied temperature dependence of the water/silicon
interface thermal resistance with proper emphasize on the surface
wetting properties and liquid layering near the surface. Results
show that the interface thermal resistance between a liquid and
solid is dominated by the liquid structure formed on the surface
under high wetting conditions. In such case, change of temperature
not only alters the phonon transport, but also creates different
coupling between liquid and solid molecules due to the variation of
liquid ordering near the surface. As a result, interface resistance
increases with increased temperature for high wetting surfaces.
The opposite behavior is true for low wetting surfaces, where the

Table 3
Kapitza lengths at hot (LK-H) and cold (LK-C) surfaces, heat ﬂux, temperature gradients and thermal conductivity of liquid water of 0.125  ε*SieO case.
Case

TH & TC (K)

εSieO/ε*SieO

qx (W/m2)

dT/dx (K/
A)

kwater (W/K m)

TH (K)

LK-H (nm)

TC (K)

LK-C (nm)

1
2
3

363e283
353e293
343e303

0.125
0.125
0.125

5.411
4.286
2.843

0.271
0.215
0.14

0.661
0.659
0.672

355.5
347
338.4

8.213
8.186
8.321

286.5
295.1
303.8

8.97
8.878
8.621
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Fig. 8. (a) Density proﬁles for different temperature cases. (b) Comparison of water distributions near the surfaces at different temperatures.
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Fig. 9. Variation of LK with the change in the surface temperature for 0.125  ε*SieO
case. Standard deviations of LK are given as error bars.

density structure near the surface is independent of the surface
temperature. As a result, change of surface temperature only affects
phonon transport. Similar to the theoretical expectations, interface
thermal resistance decreases with increased temperature of a surface with wettability. In the light of these results, the wetting
behavior of a liquid/solid couple should be properly considered in
order to characterize the behavior of interface thermal resistance.
For such cases, we also clariﬁed that the classical mixing rules
frequently employed in the literature are not suitable to capture the
correct interface behavior. The interaction strength value predicted
by the LorentzeBerthelot mixing rule creates highly hydrophilic
silicon surface opposite to the experimental measurements. Hence,
by conducting a nano-scale water droplet study, we properly tuned
the interaction parameters in order to recover the real hydrophobic
nature of bare silicon surface. Using the proper parameters, we
characterized the temperature dependence of Kapitza length at the
water/silicon interface, where MD predicted Kapitza length values
(z9 nm) agree with the experimental results for slightly hydrophobic surfaces.
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