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Abstract 

As power intensive electronic components are further miniaturized into nanodevices, their heat 

dissipation is a serious operational and safety concern. While nanochannels and nanofins are often 

used for facilitating heat dissipation, the liquid-solid interfaces that form (Kapitza resistance), 

become significant barriers to heat transfer. We demonstrate that the thermal resistance of these 

interfaces is strongly anisotropic. The resistance of an interface to heat transfer parallel to the 

interface (solid surface) is significantly smaller than the more well-known Kapitza resistance 

(associated with heat transfer across the interface –perpendicular to the solid surface) and is even 

lower than that of the bulk fluid. As a result, if devices are designed to dissipate heat parallel to an 

interface, heat dissipation can be significantly enhanced. Our studies are also able to explain the 

molecular basis of this observed anisotropy in interfacial resistance, which has hitherto remained 

unreported for solid-liquid interfaces. 
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The further miniaturization of high power consumption semiconductor devices is limited 

by the significant challenge posed by component overheating.[1] New strategies suggested for 

dissipating heat in nanoscale devices[2] include use of heat dissipating nanochannels and 

nanofins,[3, 4] where the interfacial thermal resistance across the solid-liquid interface plays an 

important role during heat dissipation.[5, 6, 7] The interface thickness can be significant fraction 

of the total system dimension, and the interfacial resistance can differ significantly from that of 

the bulk fluid as can be seen in Figure 1. While this interfacial resistance perpendicular to the solid-

fluid interface, often referred to as Kapitza resistance R⊥, has been the subject of numerous 

previous studies, in many devices the anisotropic surface resistance parallel to the surface R|| also 

plays a significant role in heat dissipation. This anisotropy has not been previously examined for 

solid-fluid interfaces and is the main motivation for our study. For solid interfaces, such as silicon-

films previous studies have reported anisotropy in the thermal resistance of the interface. [8] 

 

Figure 1: Conceptual design of a Nanochannels (top) and Nanofins (bottom) to facilitate heat dissipation 
from increasingly miniaturized semi-conductor chips. An example of the relative thickness of the interface 
compared to the total nano-channel thickness is indicated in the schematic for the nano-channel. Similar 
trends are prevalent in many such devices. 
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A nanoscale interface separating the two phases of a solid-solid, [8, 9] macromolecular, 

[10, 11, 12, 13]  solid-liquid, [5, 14, 15, 16] or liquid-liquid [17] composite material generates a 

temperature discontinuity ΔT, which is the origin of R⊥. [18, 19] For heat flow q* across an 

interfacial area A, R⊥ = A·ΔT / q*  T-α. [19, 20] When the interface thickness occupies a significant 

fraction of the overall dimension of a thermal system L (see Figure 1), for instance during axial 

heat dissipation in a nanochannel or photothermal heating, δ is a significant fraction of L. For such 

a case, since heat transfer can occur parallel to the interface as well as perpendicular to it, R⊥ alone 

cannot be used to adequately represent q*, and R|| must also be accounted for. Although the 

measurements are challenging, [21] R⊥ has been characterized both experimentally and through 

molecular simulations. Considering that similar measurements of heat transfer along, or parallel 

to, a nanoscale interface would be even more challenging, only a few studies have been reported 

for solid-solid interfaces, but none for solid-liquid values of R||.  

We therefore design molecular dynamics (MD) simulations to investigate thermal transport 

both perpendicular and parallel to solid-liquid interface. In our investigations we have included 

three liquids (fluids) confined within copper walls. Of these liquids, water and methanol are polar, 

whereas benzene is nonpolar. Figure 2 presents a schematic of a 130.14  65.07  28.92 Å reservoir 

of x, y, z dimensions respectively that contains a liquid within solid walls. Yellow, blue and gray 

sections represent copper walls of 10.845 Å, 21.69 Å and 10.845 Å thicknesses, respectively. The 

yellow walls are maintained at higher temperatures than those shaded blue. By imposing periodic 

boundary conditions, in effect the two warmer yellow walls Λh constitute a single congruent wall 

of the same thickness as the cooler blue wall Λc. Liquid is confined within these walls with the 

result that the system includes several distinct solid-liquid stationary interfaces, which permit the 

examination of well-defined liquid density profiles.[22] This unique setup permits us to examine 

the thermal resistance of both the perpendicular and parallel interfaces simultaneously through a 

single simulation. 
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Figure 2: A Schematic (not to scale) of the 130.14  65.07  28.92 Å simulation systems investigated 
containing liquid confined within solid walls. The yellow region indicates the hot copper wall (at 
temperature Th) Λh; blue the cold copper wall Λc (temperature Tc); unhatched gray Λa, copper wall sections 
where temperature is not controlled (copper walls of 10.845 Å, 21.69 Å and 10.845 Å thicknesses.) The Λh 
walls are at higher temperatures than Λc, resulting in heat transfer in the direction indicated (perpendicular 
to the green interface ⊥ but parallel to the red interface || that lies along the Λa). The gray hatched regions 
identify the “bulk”, fluid region (away from the interfaces). The white regions at the intersection of the 
copper walls indicate “double” interfaces. This region, because of this added complexity, is not used in our 
interfacial thermal resistance calculations. 

We focus on thermal transport parallel and perpendicular, respectively, to the red (||) and 

green (⊥) interfaces of Fig. 2. The molar densities of the liquids allow us to fill the volume 

between the system walls with 3400 water, or 1500 methanol, or 800 benzene molecules. The 

copper walls (yellow, blue and grey) are constituted from 11,520 copper atoms. Heat transfer from 

the hot copper walls Λh to the cooler copper wall Λc occurs perpendicular to the green interfacial 

layer Λ⊥, while it proceeds parallel to the red interfacial layer || along the gray wall Λa, the outside 

edges of which are adiabatic.  

As indicated earlier, this arrangement allows us to simultaneously examine the thermal 

resistance perpendicular to, or across, ⊥ and parallel to, or along, ||. To obtain the thermal 

conductivity κ⊥ perpendicular to the interface, we monitor the heat added to Λh in the yellow 

hatched area of Fig. 2 and that removed from the corresponding blue hatched area for Λc. Using 

the Fourier law, the temperature decreases across δ⊥ and the surface area available for heat transfer 

enable calculation of κ⊥. Similarly, the thermal conductivity κ|| of || is obtained using the 

Heat Flow Heat Flow 
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temperature gradient along the interface, depicted by red diagonal lines in Fig. 2, and the heat input 

and removal from the corresponding sections of Λh and Λc. Since the system provides two 

independent measurements for the top and bottom sections in the x direction, the simulation error 

can also be estimated. Such a system setup and simulation method have been documented in our 

previous publications [5, 23] and proved effective in investigating solid-fluid, and solid-solid 

interfacial thermal resistances  [24, 25, 26, 27] Other investigators have also recently used similar 

methods to investigate interfacial thermal resistance in a wide range of systems, including melting 

crystals and stacked thin films.[28, 29, 30]  

For methanol and benzene, the Jorgensen United Atom OPLS force field [31, 32] is used 

to represent their potential models, 

 

(1) 

The first three terms in Eq. (1) represent the intramolecular energies for forces associated with 

bonds, bond angles and dihedral angles, while the last two correspond to the dispersion and 

coulombic intermolecular energies. For water molecules a TIP3P potential model is employed [33], 

and for copper atoms the EAM model represents the force field. [34] The Lennard-Jones (LJ) 12-

6 potential models short-range site-site interactions and cross terms were estimated using standard 

mixing rules. For the cross term between copper and liquid molecules, copper atoms are treated as 

LJ particles. [35] To determine long-range electrostatic forces and energies, a particle-particle 

particle-mesh solver [36] is used, which is computationally more efficient while being equally 

reliable as the traditional Ewald technique.  

Use of the Packmol [37] open source software package provides the initial liquid-like 

random non-overlapping molecular configurations, which assist the system in more rapidly 

reaching steady state. [38, 39, 40] All simulations are performed with the LAMMPS simulation 

package with a time step of 1 femtosecond. [41] All atoms/molecules were initially assigned 

velocities corresponding to the desired temperatures with a Gaussian distribution to enable the 

system to reach its equilibrium/steady state faster. This system was studied in an NVE ensemble. 

A Langevin thermostat [42] which controls temperatures by modifying the forces is only applied 

to the atoms constituting the hot and cold regions of the copper walls. The thermostat applied to 
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the hot and cold walls is monitored to record the energy supplied or extracted to determine the heat 

flux needed in the thermal resistance calculations carried out. The fluid in the system was 

“equilibrated” at its average temperature, (average of the hot and cold walls temperatures), for 10 

picoseconds followed by an additional simulation of 1 nanosecond to allow the system to approach 

steady state before any energies and temperatures are sampled. A final production run of 3 

nanoseconds was carried out to sample the heat flux, density and temperature profiles within the 

system to obtain the properties reported. To ensure that the system had reached (approached) 

steady state, we compared results over the last 1 ns of the simulation with those over the last 2 and 

3 ns and confirmed that the heat flux and temperature and density values had converged. As 

mentioned earlier our simulation set up provides us two sets of independent results that can also 

be used ensure that our simulations have converged. In addition, we did carry out additional 

simulations with different starting configurations to ensure no systematic errors in our simulations. 

A summary of the simulated cases is provided in Table 1. The interfacial thermal resistances (R) 

reported were estimated using the Fourier eqn (R = A·ΔT / q), noting that κ = 1/R). For the 

perpendicular interfacial resistance, we obtained the heat removed added for the copper walls in 

the hatched yellow and blue areas and obtained the temperature gradient in the green interfacial 

region. For the parallel interfacial resistance, we once again obtained the heat added or removed 

in the hot (yellow unhatched) and cold (blue unhatched) walls in the region aligned with the red 

hatched interfacial regions, where we obtained the temperature gradient. The results are shown in 

Figures 3-6. 
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Table 1. Ratio of the parallel interfacial thermal conductivity κ|| along the red interface || (cf. Fig. 2) to the 
perpendicular conductivity κ⊥ across the green interface ⊥, ratio of κ|| to the bulk thermal conductivity κb.  
The thickness of the green and red interfaces was statistically equal (cf. Fig. 2) for different cases so  
values represent both interfaces. 
 

Case Holt-cold wall 
temperatures, K Fluid Wall  / Å κ|| κ⊥ κ|| κb 

1 - Water  Neutral  ± ± 
2 - Water  Neutral  ± ± 
3 - Water  Charged  ± ± 
4 - Methanol  Neutral  ± ± 
5 - Benzene  Neutral  ± ± 
6 - Benzene  Neutral  ± ± 

 

For Cases 1 and 2, the reservoir contains water between inert walls with hot-cold 

temperatures being 600-300K and 550-350K, respectively, i.e., the temperature differences ΔT are 

300 and 200K. Case 3 corresponds to ΔT for Case 1 but with reservoir walls that are charged and 

made hydrophilic by introducing small 0.1e negative charges and corresponding positive charges 

on alternating copper wall atoms. Temperature contours for all three cases, shown in Fig. 3, reveal 

quasi-uniform temperature stratification along the direction of heat transfer in the large central 

bulk of the reservoir. Due to the local Kapitza resistances that form along the hot and cold walls, 

the temperatures change rapidly across their corresponding ⊥ interfaces. Since copper is a better 

thermal conductor than water, Λa more effectively cools and heats the Λh and Λc than water. 

Consequently, the temperature stratifications along Λa, therefore within the ||, differ from those 

in the central bulk of the system where the temperature profile from the hot to the cold side is 

steeper.  
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Figure 4. Temperature (a) and density profiles (b) for the bulk fluid (grey hatched region in Figure 2) and 
the interfacial layer (red hatched region). These results are for case 1 in Table 1, where the hot wall is at 
600 K and cold wall at 300 K and the fluid being investigated is water.  
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Figure 5. Temperature (a) and density profiles (b) for the bulk fluid (grey hatched region in Figure 2) and 
the interfacial layer (red hatched region). These results are for case 2 in Table 1, where the hot wall is at 
550 K and cold wall at 350 K and the fluid being investigated is water.  
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Figure 6. Temperature (a) and density profiles (b) for the bulk fluid (grey hatched region in Figure 2) and 
the interfacial layer (red hatched region). These results are for case 4 in Table 1, where the hot wall is at 
600 K and cold wall at 300 K and the fluid being investigated is methanol.  

 

Figures 4- 6 (a) present the water temperature profiles in || (red hatched ares) and the bulk fluid 

in the respective grey hatched areas of figure 1 for Cases 1, 2 and 4 of Table 1, while figure 4-6 

(b)s show density profiles for those areas. In Figure 4(a), it can be seen that the temperature profiles 

in the interface layer and bulk fluid are almost identical. The simulation system was designed for 

negligible heat transfer along the y direction along the Λa grey walls. Our results confirm that this 
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was the case.  In accordance with our previous observations, the density profile of Fig. 4(b) shows 

evidence of liquid stratification into distinct layers near the walls, i.e., in both hot and cold ⊥ that 

are adjacent to Λh and Λc. [43, 44] While this stratification also occurs along ||, heat transfer 

parallel to Λa occurs along strata where the water density is higher, enhancing overall heat transfer 

along that interface, as discussed below. Consequently, κ|| > κb (and κ⊥). The reported density of 

“bulk” region refers to the average density of the entire “bulk” region, whose density obviously 

varies because of the temperature gradient in our system.. The density variations in the x direction 

observed in figure 4(b) are largely due to the large temperature gradient in the system in the x 

direction. The adsorption layers on the hot side are closer to the walls because of larger kinetic 

energy of the molecules. We believe because of this closer proximity to the walls, the peak heights 

of the adsorption layer are larger. On the cold wall side, the adsorption layer is wider than that on 

hot wall side. This can be explained as water can more easily associate at lower temperatures, 

while near the hot wall side, higher kinetic energy will inhibit such associations. Figures 5(a) and 

(b) show corresponding results for different temperatures, which are qualitatively similar to figure 

4(a) and (b). Results for methanol are shown in Figure 6(a) and (b). Since methanol is less polar 

(dipole moment of 1.7 D vs. 1.85 D for water) and also more mobile than water, its density profile 

is less uniform, which is evident from Fig. 6(b). Another interesting observation from figure 6(b) 

is that methanol density profile has larger fluctuations. Methanol does hydrogen bond but they are 

weaker than those of water. We believe this leads to larger fluctuations than those found in water. 

We similarly see larger fluctuations in hydrocarbons too which do not associate as well.  

 

We believe this to be the first study to unambiguously demonstrate anisotropy in the 

thermal conductivities of solid-liquid interfaces (anisotropy in solid-solid interfaces has been 

reported previously) in a confined and enclosed nanochannels (Table 1 shows that for all cases, 

κ|| > (κ⊥ or κb). This is readily understood from Figs. 2 and 4(b) by examining the two green ⊥ 

interfaces adjacent to Λh and Λc. For heat transfer to occur across ⊥ against the thermal gradient 

as prescribed by the Fourier Law, the implication of Fig. 4(b) is that phonons moving from Λh to 

Λc are first transported across a region of low liquid density adjacent to the solid surface, then 

across the higher density first adsorption peak, and again through another density trough. The 

presence of these intervening vacancies reduces overall heat transfer across ⊥ significantly. [44] 
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The enhancement of thermal conductivity reported here has also been reported in a recent paper 

by Han et al. who reported a decrease in the thermal resistance of the interface, when the interfacial 

density increased because of higher system pressure. [45] In contrast, along ||, although heat 

transfer along low density regions is again diminished, overall thermal transport occurs far more 

effectively along stratified higher density layers. Since heat transfer occurs more effectively 

through || than in the bulk fluid, nanoscale strategies should consider dissipating heat along such 

interfaces rather than in the bulk.  

Values of the water-copper interfacial thickness   are provided in Table 1 for various cases. 

As noted earlier, ⊥and || are found to be of approximately equal thickness. The thickness of the 

interfaces results primarily from the nature of the solid-fluid adsorption. The interface is defined 

here as the two adsorption layers adjacent to the solid surface. Since the fluid and the wall are 

identical for both the parallel and perpendicular interphases, it is not surprising that the thicknesses 

are also similar. With water as heat transfer fluid, increasing ΔT across the reservoirs decreases . 

As has been found in adsorption studies too, decreasing ΔT increases the adsorption layer thickness 

from 5.4 Å for Case 1 to 7.2 Å for Case 2. When the wall is charged it becomes more hydrophilic, 

which also increases adsorption. Hence,   thickens for Case 3 to 9 Å, or about three molecular 

layers. From cases 1 to 3, we observe a decrease in the anisotropy in thermal conductivity when 

the thickness of solid-liquid interface increases, as does its value w.r.t. the bulk thermal 

conductivity of the fluid.  For methanol (Case 4), the 9 Å interfacial layer is thicker than for water, 

since as Fig. 6(b) shows the methanol interface contains two adsorption layers. In case of benzene 

(Cases 5 and 6),  is again 9 Å for a single adsorption layer because of the larger size of the benzene 

molecule. 

For water, both κ|| κ⊥ and κ|| κb increase with ΔT (Cases 1 and 2 in Table 1). Our results 

show that as the interface thickness decreases from Case 1 to 2, the overall interface density in fact 

increases, as is evident in Figs .4(b) and 5(b). While this density increase has a significant influence 

on κ|| its effect κ⊥ or on κb is far smaller, which explains the observed behavior. The inclusion of 

charges on the wall, making it hydrophilic, has an effect similar to that of lowering ΔT so that the 

results are qualitatively similar to Case 2. For nonpolar benzene, changes in ΔT (Cases 5 and 6) 

do not have a significant effect on the interface thickness and, as a result κ|| κ⊥ and κ|| κb do not 

change significantly. For all six Cases 1-6 in Table 1, heat transfer along || is augmented by at 
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least ≈ 50% compared to that through the bulk fluid. With methanol (Case 4) this enhancement is 

six times so that the design also offers a tunable strategy to alter κ|| κb by changing the working 

fluid. Overall, Table 1 shows how κ|| κ⊥ can be five to twelvefold larger making a strong case to 

design nanochannels to dissipate heat parallel to an interface rather than perpendicular to it, which 

is often the case in current heat dissipation devices.  

In summary, the results demonstrate the efficacy of a strategy to enhance heat dissipation 

in high power consuming nanodevices more effectively than in current designs of many heat 

dissipation devices. Preliminary studies reveal a similar anisotropy in the thermal conductivity of 

liquid-liquid interfaces, indicating that this phenomenon is likely universal. 
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