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Abstract

Using molecular simulations, we have investigated heat transfer across the solid-fluid
interface between water and silicon and silica wafers, and solid-solid interfaces in
superlattices and thin solid films. The system set up has allowed us to focus on the
resistance associated with both the fluid and solid interfaces. For instance, by maintaining
the solid phase at a constant temperature we can focus solely on the fluid side resistance.
Our results show that the thermal or Kapitza resistance at fluid side of the solid-fluid
decreases significantly as the surface is made more hydrophilic. This is primarily due to
increases in fluid adsorption and absorption at the surface, which enhance the
intermolecular collision frequency at the interface. Increasing this frequency also reduces
the dependence of thermal transport on variations in the interfacial temperature and
pressure. Hence, decreasing the density diminishes the intermolecular collision
frequency, which increases the thermal resistance. By maintaining the fluid at a constant
temperature we have also examined the interface resistance on the solid side. Our results
show that these interfacial resistances can diminish the wall heat flux by an order of
magnitude in comparison with a hypothetical system for which the overall fluid—solid
contact resistances are negligible. Finally, we consider the solid phase as a superlattice in
which case the interfacial resistances produced between different solid layers can
significantly lower the heat transfer. Our simulations show significant resistance to
thermal transport between thin films of the solid phase that constitute the superlattice,
providing insight into how a superinsulator can be designed.
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1. Introduction

The contact resistance problem between dissimilar or bonded substrates is particularly
important at the nanoscale, since the length scales associated with the structures and
energy carriers become comparable'. The thermal management of electronic packaging
of thermo-electrics?, nanofabrication®, and heat transfer though microchannels*  has
prompted atomic-level investigations of this resistance. When thermal energy is
transported through a solid-fluid interface of area A, it produces a temperature
discontinuity across the boundary’. If the heat flow Q”across the interface is small, the
temperature difference across the interface AT is thought to be proportional to it. The
effective thermal resistance AT/Qis typically expressed as the Kapitza resistance® ',

R=A4 AT/ Q’(m* K/W).
The first measurements of R were made by Kapitza for metal surfaces suspended in He 11
(the superfluid phase of “He) in the temperature range between 1.6-2.12 K. These and
other similar experiments involving other substances and temperatures suggest that R
oc T% where « is an empirical exponent. The Kapitza resistance can then be represented
as the reciprocal of the interfacial conductance®, i.e., R = 1/G = AdT/Q".

Like other transport and thermodynamic properties, the thermal behavior of
nanostructured interfaces, e.g., in nanoelectronic devices or across nanometer scale point
like constrictions, cannot be simply inferred by extrapolating bulk behavior to the smaller
scales. Phonons, that are quanta of lattice vibrational energy, play a major role in
determining the thermal and electrical resistances of a material and the effects of the
interfacial resistance can be explained in the light of phonon scattering™®. Nanoscale

thermal transport differs from transport in bulk materials because the mean free path for
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phonon scattering can be large compared to device dimensions'®. The thermal resistance
arises due to the large impedance to the passage of thermal phonons across a solid-fluid
interface. The impedance, which is the product pc of the density and sound velocity or
depends upon p alone depending upon the model used, can be many orders of magnitude
greater for a solid than a fluid ®''. Due to the acoustic mismatch, a large fraction of the
phonons impinging upon such an interface from both sides are unable to pass through it.

The above understanding of phonon behavior suggests several strategies to reduce the
mismatch at the interface, thus decreasing R and increasing O 74, as follows. (1) Since pc
and p both increase with pressure, increasing the fluid pressure should facilitate better
acoustic matching, thus lowering R. (2) A more solid-like interface could be created by
adsorbing and ordering additional fluid molecule layers 612 e.g., by making the surface
more hydrophilic'®* . Further, as a fluid is constrained into smaller pore spaces, the
collision frequency of its molecules increases above the corresponding rate in the bulk
phase, which enhances thermal transport'’. Therefore, we can hypothesize that the
addition of an absorption fluid layer within the nanopores of a hydrophilic solid-fluid
interface to the adsorption layer adjacent to it should further reduce R;. This should also
induce a weaker dependence of thermal transport on temperature and pressure.

As discussed above, several previous studies (including ours) have examined the
influence of the fluid—solid impedance and the impact of hydrophilic fluid layering on the
fluid—side thermal resistance. The overall interfacial resistance can be considered to be a
combination of the fluid and solid thermal resistances Ry and R, for a solid wall of
thickness L that separates two fluid reservoirs, one at a uniform hot temperature 7y, and

the other at a corresponding cold temperature 7r.. These are schematically described in



Fig. 1 where the temperature variables used are also defined. The mean wall temperature
Tw = (T;;+T;e)/2. If R = 0, the temperature gradient across the wall 7" = (Ty—Ty.)/L.
Finite thermal resistances Ry, and Ry on the hot— and cold—side fluid interfaces produce
the temperature discontinuities A7}, and AT,, and decrease this gradient to 7% = (Tj,—
T.,)/L, where T;<Ty, and T>Ty.. Effects on the solid side due to the formation of
subnanometer thermal boundary layers, that are our focus herein, have not been usually
considered significant, and have been attributed to the finite solid-side thermal
conductivityl6. When the solid—side resistances R, and R; . across these ¢ thick thermal
boundary layers are also accounted for, the bulk wall temperature on the hot side is
lowered by AT and similarly raised on the cold side by A7}, as shown in Fig. 1. Hence,
the temperature gradient within the solid wall declines further to 7% = (75 —T5..)/(L-206).

Employing the empirical Fourier heat conduction relation
q’= kT, 2)

where k = k,, is evaluated at T, it is clear that g3 < ¢’ < q’; for these three cases. These
effects can be expected to become significant in systems in which the thermal boundary

layer is a non-negligible fraction of the total wall thickness.

2. Models and Method

Our studies that targeted the interfacial resistance on the fluid side with silicon walls
consisted of 1024 particles in a basic cyclically replicated parallelepiped that contains
two walls. Each wall consists of 256 Si atoms (or 4x4 unit cells) that are placed at their
normal equilibrium sites in a Silicon crystal. For walls consisting of B-cristobalite silica

(S10;) we had 2560 particles in a basic cyclically replicated parallelepiped reservoir that
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contains two walls within it' "~ "°. Each wall in this case consists of 762 atoms (254 Si and

508 O atoms) placed at their normal equilibrium sites in a B-cristaobalite silica (SiO,)

crystal "’

, as shown in Fig. 2. The molecules constituting the walls are tethered to these
equilibrium sites and allowed to vibrate using a simple harmonic potential. Initially,
water molecules are uniformly distributed in the two reservoirs that are placed on either
side of these walls. The axial (x-wise) dimension of the system is much larger than the
transverse y and z directions to facilitate the simultaneous simulation of both bulk and
molecular-scale characteristics. Thus, while the walls influence small portions of the fluid
adjacent to them, the remaining fluid in the reservoirs exhibits bulk properties. The
volumes of the reservoirs between the walls are held equal and fixed to maintain a water
density p of 975 kg/m’ for most simulations, although we also conduct additional
simulations for half this density. All molecules are provided with initial Gaussian
velocity distributions in the solid and fluid regions. We impart different hot and cold
temperatures 75, and 7, to the silica walls (on average using a Gaussian thermostat),
which results in an average fluid temperature 7,,,=(T4+7.)/2 that varies due to the
corresponding heat flux''. The (N,V,T) simulations proceed with a uniform step size of 1
fs and are allowed to equilibrate to achieve an energy minimum state. We report results
for simulations that have progressed by 2x10° time steps to 2 ns, i.e., after the system has
reached a steady state.

The molecular dynamics algorithm uses the quaternion method with a fifth-order Gear
predictor—corrector algorithm for translational motion and a fourth-order predictor—
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corrector algorithm for rotational motion”"". Intermolecular interactions are described

by the potential model u; =4¢,((c,/ rl.j)12 —(o,/ rl.j)6) +(q4,)/r;, where ojj and &;; denote



the LJ interaction parameters, r; the scalar distance between sites i and j, and ¢; and g; the
charges on these sites (since water contains a partial positive charge for H and negative
for O, and SiO, also has partial charges for both Si and O, making it strongly
hydrophilic) 2 The parameters ¢ and € closely represent experimental geometries,
energies of ion—water complexes, and energies of solvation®. A more accurate potential
model for Si (the Stillinger-Weber model) was not used here?*. The S-W model uses
three body interactions to enforce the correct coordinated tetrahedral bonded structure of
Si. We were able to enforce it by tethering the Si atoms to their equilibrium site; therefore
the simpler LJ model (which is computationally less expensive) was an acceptable
alternative here. Lorentz-Berthelot mixing rules are used to model cross interactions®

and the reaction field method for long-range interactions * * *°

with parameters
corresponding to the average state conditions of the systems and a potential cut off of
9.5A. Although the reaction field method is intended for homogeneous systems, recent
studies have found that it works well for nonhomogeneous systems as well?’. For
example, the more accurate particle-particle mesh method has been found to provide
results comparable with the reaction field method. We note in the context of the larger
cutoff distance used herein that our previous studies that also involve nonhomogeneous
systems '’ have shown that long range interactions do not seem to significantly contribute
to transport processes in the types of systems being investigated here. Water is modeled
after the SPC potential”® and the SiO, wall molecules using a model that correctly
represents surface wettability®. Other potential models for SiO, are also available'°.

Since our goal is to demonstrate system behavior rather than make quantitative

comparisons, we have chosen a simpler but realistic model for computational efficiency.



For studies that focused on the solid interfacial layer, the method was essentially the
same, but the fluid phase temperatures were held constant, as shown in Figure 3. In
addition we also studied walls which were composites of Si and an arbitrarily defined
material M, with molecular diameters different than that of silicon (see results for further
details).

3. Results and Discussions

We first discuss the studies that focus on the fluid interfacial layer. Here, the walls are
maintained at constant high and low temperatures, as shown in Fig. 2. The spatial
distributions of the water and silica densities and of the temperature for a representative
system are presented in Fig. 4 (a) for the case with silica walls. We segment the
simulation domain into 138 transverse strips along Ly and average the local temperature
and density of SiO, and H>O molecules in each segment. Since the SiO, surfaces are both
hydrophilic and naturally nanoporous due to the configuration of each silica cell, the
water molecules adjacent to each wall organize into an absorption layer that penetrates
the silica face, and is preceded by two adsorption layers on the fluid side. The absorption
layer, which infuses ~0.5 nm into the silica wall, has a thickness of roughly two
molecular diameters. The successive adsorbed water layers are each roughly four
molecular diameters thick. The adsorption layers on either side of a reservoir hold a bulk
layer in between them that has a nearly constant water density, i.e., the local and bulk
densities are similar in this region. The overall heat flux in the system is determined from
the temperature distribution in the bulk layer, i.e.,

Q /A = kr(dT/dx)r, 3)



where both the gradient and thermal conductivity k7 ' are calculated at the average bulk
temperature 7. Q" was obtained from eqn. (3) by measuring the temperature gradient in
the fluid section and obtaining the thermal conductivity of water from data the NIST
web-book™. This value was also validated by comparing with the energy supplied to the
hot wall and removed from the cold wall to maintain the wall temperatures at the desired
values. We evaluate R, using Egs. (1) and (3) and by calculating AT; across the fluid-side
edge of the hybrid absorped-water/SiO, nanoporous layer at x; and the wall-side face of
the adsorption layer at x that precedes it, as indicated in Fig. 4. The hybrid solid/fluid
mass has a temperature closer to that of the purely solid interface than for surfaces that do
not absorb water'', which helps lower AT; and Ry. The temperature profiles for such a
surface (silicon walls) are shown for comparison in Figure 4 (b). For the p = 975 kg m™
simulations, AT; ~20-40K for a liquid/vapor mixture (<348K), for liquid ~100-110K, and
~50-110K in the supercritical fluid region (>648K). The variation of the Kapitza
resistance with respect to the interface temperature at x,is presented in Fig. 5 for regions
containing coexisting liquid and vapor phases, liquid, or supercritical fluid. The values of
Ry transform smoothly across the transitions between the three regions. Since the
simulations are isochoric, an increase in the temperature also corresponds to an increase
in pressure *>**. Figure 4 also shows that the thermal conductivity of the interfacial layer
is much lower than that of the bulk fluid in this system.

Overall, we find that the results are consistent with the empirical expression 67 Ry o TY
M7 confirming that RecT% As expected, the more hydrophilic SiO, surfaces that include
an absorption water layer have a smaller value of ¢ than Si interfaces''. The thermal

resistance for the adsorbing/absorbing interfaces are smaller and have a weaker



dependence on temperature than for less hydrophilic Si interfaces''. The interfacial -
resistance across a liquid/vapor mixture can be three times larger than for a supercritical
fluid. This is intuitive, since the molecular collision frequency at a supercritical fluid
interface is higher than for one consisting of liquid or a liquid/vapor mixture. For a
similar interface temperature, R; should increase with decreasing density since the
collision frequency would diminish. This is corroborated by the results presented in Fig.
5.

We now discuss results for simulations which focus on the solid interfacial layer. As
mentioned earlier these studies were performed by maintaining the two fluid sections at
constant high and low temperatures (see Figure 3a). The distributions of the simulated
fluid and solid temperatures 7y and 7y, and the number of water molecules N thus
averaged are presented in Fig. 6 for a typical system. The intermolecular attractive (van
der Waals) forces between Si atoms and water molecules lead to the layering of fluid on
the solid surfaces, as observed through the spatial variation of N adjacent to the four

. o 11,3536
fluid—solid interfaces

. The water density is constant in the bulk of the hot and cold
reservoirs. The Kapitza resistance between the H,O molecules and the Si atoms produces
the temperature discontinuities A7, and A7}, on the cold— and hot-sides of each wall,
where AT, > ATj;,. Once a temperature difference is imposed for a specific case, so is the

heat flux. The cold—side fluid thermal resistance Ry, is typically larger than the resistance

on the hot side Ry, 6933 since R oc AT (from Eq. (1)).

Figure 6 also shows that thermal boundary layers are formed within each Si wall
adjacent to its cold and hot surfaces. For all of the cases considered, the thickness of this

boundary layer & = 0.45 nm, i.e., it is not much larger than a Si atom layer. The walls are
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3.25 nm thick so that the boundary layers constitute almost 28 percent of the total wall
dimension, which would be the norm in most nanosystems. The temperature drops across
these thermal boundary layers AT, . and AT, decrease the bulk wall temperature gradient
T'; in the wall as shown schematically in Figs. 1 and 6. Since 7"; > T"; (see discussion
preceding Eq. 2 and Fig. 1 for definitions of these variables), it is also apparent from Eq.
(2) that ¢'; < ¢';. (Here, the thermal conductivity k,, is calculated®’ at the simulated mean
wall temperature T *m.) As illustrated in Fig. 6, it differs from the value of the overall
mean temperature 7,, based on averaging 7j, and 7.. Averaging the two values for AT,
and for AT, allows us to determine the mean solid-side thermal resistances R, . and Ry,
that are formed due to these thermal boundary layers. The effect of R;. and Ry, is to
lower the effective thermal conductivity in the boundary layer. If the temperature
gradient in the bulk of the solid wall is compared with that in the boundary layer, the ratio

of the thermal conductivity in the boundary layer to that in the bulk ks/k, = 0.52 on

average for the nine cases we simulated. Table 1 shows results for these variables as the

system parameters are varied.

The averaged overall temperature drop AT, = (AT, + AT;;)/2 for the cases we
investigated correlates with the bulk heat flux according to the relation AT, =~ 10 ¢’3>%.
Due to the existence of the subnanometer resistances associated with the thermal
boundary layers, the bulk heat flux is significantly smaller than the heat that could have
been transferred if no such resistances had existed (for instance, in a macroscale system)
by an order of magnitude so that ¢'s/g"; =~ O(10™"). In contrast to the behavior of the fluid

side resistances Ry, and Ry that vary inversely with the interface temperature™®''

2

neither R; . nor R, correlate well with either the reservoir or mean wall temperatures.

11



Finally we also carried out simulations in which the solid walls were composite with
two or multiple layers (with alternating layers of Si and an arbitrary molecule similar to
Si but with a larger molecular diameter’®** Mi—see Figure 3b). Figure 7 presents the
temperature profiles thus obtained in a typical simulation with a two and six layer
composite wall. The temperature distribution reveals the presence of thermal boundary
layers adjacent to the solid-fluid and solid-solid interfaces. These boundary layers form
resistances which lower the effective thermal conductivity. The boundary layer thickness
Ot = 2Ax or 0.3 nm, which is roughly the width of a single atomic layer. Since it is
identical in both the Si and M; layers, the heat flux Q through the wall is constant. Using
the empirical Fourier conduction law, Q = —kVT, where k denotes the thermal
conductivity, the lower effective k for the Si wall is apparent through its steeper
temperature gradient VI as compared to that through M;. Placing several thermal
resistances in series in a composite Si-M; six-layer wall further distorts the temperature
profile, since phonon scattering now occurs at multiple Si-M; interfaces. This decreases
the value of O and thus the overall value of k as presented in Table 2. A series resistance
model, such as one presented in Fig. 1, can be used to determine an effective thermal
conductivity for the entire system. This can be particularly useful for multilayer systems.
It can also be used to elucidate the length dependence of the interfacial thermal resistance

when the system dimension is smaller than the phonon mean free path.*’

As seen through the LJ (6-12) potential model, increasing o augments the
intermolecular interactions between two neighboring M; atoms or sites. The resulting
decrease in the effective interparticle distance augments thermal transport. The heat flux

through homogeneous walls comprised of a single material monolayer increases with
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increasing o according to the empirical relation O o >, i.e., the thermal transport

through the modified materials scales roughly with their atomic volumes. Figure 8
compares the relative heat flux O/Q" for systems investigated (normalized with the flux
for a wall with one composite bilayer) as a function of the wall composition and the
overall temperature difference across it. A nearly 17% increase in the molecular size for
M; leads to a nearly 80% increase in Q for a 645 K temperature difference across the
wall. Increasing the number of composite Si-M; layers in the solid walls leads to a higher
impedance of the heat transfer. A six-bilayer Si-M; wall conducts less heat than a
corresponding single bilayer composite wall of the same thickness. It has been noted*'

42.43 that we have also observed

that the significant changes in the thermal conductivity
cannot be accounted for by the interface resistance alone. Our simulations offer an
explanation, i.e., the decrease in thermal conductivity can be attributed in part to the
thermal boundary layers within the solid layers, which encompass a relatively wide
thickness around the contact interface between two solid crystals. This impedance is also
sensitive to the temperature difference across the wall and thus the interfacial
temperature. Lowering the temperature difference makes a multilayer wall less effective
in transferring heat. The heat transferred across a six-layer wall is 5% smaller than the

flux across a bilayer wall when the temperature difference across it is 806 K. For a 645 K

difference the flux is reduced by 15% but this decrease in flux is 41% at 484 K.

Conclusions

The Kapitza resistance to thermal transport across a solid-fluid interface can be
decreased by making the interfacial fluid layers more solid-like. This can be

accomplished by increasing the fluid pressure or by adsorbing and ordering additional
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fluid molecule layers by making the surface more hydrophilic. While R; decreases with
increasing temperature, which for our isochoric simulations corresponds to increasing
pressure, on an overall basis, it increases during the transition through phases (liquid-
vapor to liquid and liquid to supercritical fluid). It is also inversely proportional to the

heat flux.

The much smaller temperature gap for silica interfaces in comparison with silicon
membranes, which are not as hydrophilic and thus do not cause water to be strongly
adsorbed on the membrane surface, provide evidence of this enhanced thermal transport.
The combination of the successive absorption/adsorption layers creates conditions that
promote ballistic phonon conduction by ordering the interfacial fluid molecules as
adjacently placed beads* so that the local properties assume a weaker dependence on
pressure and temperature s Decreasing the density diminishes the intermolecular

collision frequency thus increasing Ry.

We have also shown that enhanced impedance to nanoscale thermal transport by
subnanometer thermal boundary layers formed at the interfaces of superlattices is caused
by two simultaneous effects, namely (1) the interfacial resistance between two solid
phases of a superlattice, and (2) the thermal boundary layers that are formed within each
phase adjacent to these interfaces. This observation can have significant design
implications for semiconductor and related electronic devices that dissipate energy as
heat. For example, depending upon the desired outcome, it would be advantageous to
have composite films constructed in several alternating layers to inhibit heat transfer, but
have fewer layers present if the thermal transport is to be enhanced. This facet has been

not clearly discussed in the previous literature.
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Table 1: List of simulation cases corresponding to various overall temperature
differences with the corresponding imposed hot— and cold—side reservoir temperatures 7},
and 7., and the overall and simulated mean wall temperatures 7,, and AT *m. For each
case, the simulated heat flux ¢'; across the solid walls is based on the temperature

gradient 7"; and the thermal conductivity &, of the bulk fluid

Case Th Tc Tm Tm ATs,h ATs,c qs 6]3/QI Rs,h Rs,c se kﬁ/

x10"! x10'" x10" x10" g,

I 1210 403 806 983 634 63.8 933 0.115 685 680 456 043

II 968 565 766 895 435 502 453 0.109 11.1 9.61 3.72 0.64

III 887 565 726 753 36.5 464 287 0.137 13.1 929 1.18 045

v 806 484 645 681 26.7 37.5 432 0053 811 7.13 2.67 0.60

A% 726 403 565 609 30.8 35.1 6.46 0.070 7.18 5.65 248 0.62

VI 806 565 685 701 23.6 319 5.10 0.130 624 463 466 0.58

VII 726 484 605 629 21.8 327 2.64 0.059 12/4 826 246 0.38

VIII 645 484 565 565 162 226 3.11 0.065 6.02 492 167 0.51

IX 565 403 484 488 153 187 221 0.078 102 731 267 0.50
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Figure Captions;

Figure 1: Schematic diagram of the thermal resistance across fluid—solid interfaces. A
solid wall of thickness L and mean temperature 7, separates two fluid reservoirs at
uniform cold and hot temperatures 7y and 7y;. The thermal resistances R;;, and Ry. on the
hot— and cold—side fluid interfaces produce the temperature discontinuities A7} and AT..
The corresponding solid—side resistances R;; and R,. across ¢ thick thermal boundary
layers produce the temperature differences A7;. and AT;,. If there were no thermal
resistances, the temperature gradient across the solid would be 7" and greater than 7%,
which is the gradient induced by the combined resistances (including the wall resistance
(L— &)/k,, for the latter case).

Figure 2: (a) top. Schematic illustration of the simulation system with the dimensions Ly
x Ly x L, = 12.14 x 2.036 x 2.036 nm with Silicaon walls. (b). bottom. Schematic
illustration of a simulation system with the dimensions Ly x Ly x L, = 11.3 x 2.842 x 2.
842 nm. The hot and cold side SiO, interfaces (on the right and left, respectively) enclose
water in between them. The cutout in the figure illustrates the SiO; structure.

Figure 3: Schematic diagram of the MD simulations for solid interface resistance studies.
(a) Top. Shows the setup for a homogenous thin film consisting of silicon crystals with
dimensions, L, = 20.99 nm, and L, = L. = 2.172 nm. (b) Bottom. Shows walls with
bilayer and six-layer composite Si (or M;)-M; superlattice walls. The domain dimensions
are L, =20.99 nm, and L, = L. =2.172 nm.

Figure 4: (a) Top. The dimensionless molecular distributions p~ of H,O, and summed Si
and O, atoms (represented respectively by the symbols O and [), and temperature
distribution T" (<). The domain is segmented into 138 strips along Ly represented by X
Multiplying p~ by 3.961 mol/l and T" by 806 K provides the corresponding dimensional
quantities. The water adsorption (identified by dashed ovals) and absorption layers
(identified as continuous ovals) adjacent to the four interfaces are identified, as is the
bulk water layer indicated by closed symbols (®) in between the two walls that has an
almost constant molecular distribution. (b) Bottom. The dimensionless temperature
distribution T" for Cases I(a) and I(b), represented respectively by the symbols [1 and O.
Multiplying T" by 800K results and x by 0.088 nm provides the corresponding
dimensional quantities.

Figure 5: Variation of the Kapitza resistance with respect to the interface temperature.
The liquid and vapor, liquid and supercritical regions are indicated for the cases
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investigated. The closed symbols (®) refer to a density p = 975 kg m™, and the open
symbols are for half that density.

Figure 6: The temperature profiles in the solid and fluid 7 and 7 and the numbers of
water molecules in the hot and cold fluid reservoirs. The segment numbers on the
abscissa multiplied by 0.152 nm return the axial distance. The dimensionless temperature
ordinate multiplied by 806.46 K provides the local temperature.

Figure 7: The temperature profiles for single bilayer (a) and six-bilayers composite walls.
The segment numbers on the abscissa multiplied by 0.152 nm return the axial distance.
The dimensionless temperature ordinate multiplied by 806.46 K provides the local
temperature.

Figure 8: Relative heat flux 0/0Q" as a function of the superlattice wall composition, i.c.,
material and number of layers, and the temperature difference across it.
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