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ABSTRACT

The natural transition from the radiative regimehe conductive regime of heat transfer
between two identical isotropic dielectric solid teréls, is questioned by investigating the
possibility of induced phonon transfer in vacuume déscribe the process in a general way
assuming a certain phonon coupling mechanism betvlee two identical solids, then we
particularly illustrate the case of coupling throu@asimir force. We analyze how this
mechanism of heat transfer compares and competieshei near field thermal radiation using
a local model of the dielectric function. We shdwatt the former mechanism can be very
effective and even overpass the latter mechanigmarading on the nature of the solid dielectric
materials, the distance gap between them as wtlkeagperating temperature regime.



l. INTRODUCTION

Understanding and controlling heat transfer at \&grt length scales, has become very
crucial and challenging in the last decade dubkda@bntinuous development in nanotechnology
and the rapid evolution in the synthesis and faioo of different materials at a nanometer
scalel? At these scales, two heat transfer mechanismsnbecmminant, namely near field
thermal radiation (mediated by photons) and interfaonduction (mediated by phonons)
between two solid materials.

The study of radiation heat transfer between twia soaterials has become a topic of great
interest in the last decadéIn addition to the purely fundamental aspect ef phenomenon,
the interest was mainly motivated due to the imgirep application potential in different
technological domains, particularly in renewablergy sources such as in photovoltaics and
thermophotovoltaicg®

In classical radiation theory, the radiation hea$fer between two solids is maximal when
both solids behave as black bodieEhe situation changes radically when the separatio
distance between the two solids becomes compatabler smaller than the dominant

wavelength of the thermal radiation called Wiergtn(A, = c/ K T ), whereT is the absolute

temperatureg is the speed of light in vacuuns, is the reduced Planck constant dtgis
Boltzmann constant. Other very interesting physeffi¢cts emerge such as heat transfer
through tunneling of the electromagnetic evaneseantes. Due to the inclusion of these
effects, radiation heat transfer between two soladerials increases enormously and becomes
even orders of magnitude higher than the black Hdig.®>* In addition, as the separation
distance gets shorter and shorter for the two nadgeto mutually touch, a conductive heat
transfer starts to take place through the new fexter Thus, a natural transition from the
radiative regime to the conductive regime of hesgfer will occur as the separation distance
between the two solid materials tends to zero. Traissition is therefore intimately linked to
the notion of the interface thermal resistance ddjpgy on the nature of the two solids materials
(metal or dielectric§.

The must-occurrence of such a transition reginteat transfer between two solid materials
has raised a very fundamental question regardiagpdissibility of phonon tunneling through
the separation gap between the two solids whertatter become very close to each other.
When the gap is filled of nothing (vacuum), spegkof phonon tunneling can be very
misleading. In fact, this terminology will be maespected if one considers phonons (acoustic

or optic waves) that makes the surface vibratesfatm, these waves could tunnel if the



amplitude of their displacement is on the samerooddniigher than the gap distance. On the
other hand, a bulk acoustic or optic phonon (elgargnvibration inside a matter) cannot
propagate in vacuum. Therefore, it will be more miegful to speak ofinduced phonon
transfer, elementary vibrations in one solid material viltluce elementary vibrations in the
other material and vice versa when the two aredirbvery close to each other so that a certain
phonon coupling mechanism is established. Therdbban few works tackling this question
imagining different coupling mechanisms for the wcence of this phonon induction
phenomenon by differentiating particularly the casgepiezoelectric and nonpiezoelectric
crystals?13

Indeed, the purpose of our present work is to itigate the possibility of such induced
phonon transfer by considering a general phonorpleay mechanism between two solid
materials. Then, we illustrate our approach assgroaupling through Casimir fordé® This
will be a generalization of the approach recentgspnted by Budaev and Boty:>As a matter
of fact, Casimir force is the most famous mechdneféect of vacuum fluctuations. The
investigation of which has seen a rapidly growicgvaty in the last two decades due to its
potential influence on the working of nanosystemm& aaanoscale structures such as
micromachining devices and microelectromechanigatesns (MEMS)® Casimir force
depends on the gap distance between the two sdid&ll as on their optical properties, hence
a local change of this distance due to any dispiace of one side of the gap in the acoustic

wave causes an excess pressure on the oppositef sisegap’

. THEORY
A sketch of the situation under study is illustdhite Fig. 1. For simplicity sake, and without

loss of generality, we will consider two identicednmagnetic isotropic semi-infinite parallel
plane solid materials both in a thermal equilibristate at different temperatures, to be put in
vacuum and separated by a gap distahdhe situation corresponds to a point junctiorecas
through which the transport of phonons may be deghias ballisti¢’ Each solid material is
characterized by: (i) an atomic mass(ii) a spring constark corresponding to a harmonic
potential and (iii) a dielectric permittivity furioh & The two solids are then connected via a
certain phonon coupling mechanism described byrandwic potential and represented by a
spring coupling constatktoupling

The calculation of the phonon heat flux densityotilgh the interface can be carried out
using either the Scattering Boundary Method (SBMy NonEquilibrium Green’s Function
Method (NEGFM)!81®Within the harmonic approximation, the two methbdse been shown

3



to be equivalent and give the same resilBesides, the SBM has the advantage of simplicity
and can provide very closed-form analytical expogss for the phonon transmission
function!’ Thus, we choose herein to use the SBM to worloautinalysis.

&

(248 kCouph'mg k
ANAANONNNO ——— s DO
k m

—

d | €

Figure 1 : Schematic illustration of the studied structure.

Using a Landauer formalism, one can show that blempnic thermal conductance through

the interface takes the expresstéi®

[£¢
on (T2 @ Keouping) = %T [ 7,06 6% K Ko Col@,T) do (3
0

wherew. =2,/k/m is the cutoff frequency in the phonon dispersiefation inside each

material,C,, (@, T) =haw| 0N, (@, T)/0 T] represents the specific heat per normal phonoremod

and n, (@, T) =[ exp(hay K T) - 1]_1is the Planck equiliorium phonon distribution fuoot
The key step for the calculation of,, (T) is the determination of the frequency dependent

transmission function for the 3D configuration we aonsidering;, (wzaék kCOup“ng). The

latter gathers all the information about the natafethe phonon transport mechanisms.
According to the SBM, the 1D configuration transsios function in the case of two identical
solid harmonic chains can be written'as:

kéoupling (a)(zj - w2) ( 2)
k - 2 lg:oupling) a)Z + k(z:ouplingfuzc

In order to obtain the transmission function in & configuration, it is important to take

TlD (a)z’a‘é'k' I‘<Coupling) = k(

into consideration the isotropy of the solid mediad the conservation of the parallel
momentum (wave-vector) relative to the phonon disipal® Therefore, within the frame work
of the linear acoustic Debye theory, to go fromcdbfiguration to 3D configuration, one uses

the relation*®
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3D (CL)2 aé k kCouleng iﬂ'j a)Z - quzlw(zii k' kCoupling) qdq ( 3

whereq is the parallel wave-vector andepresents an average sound velocity that takes in

account both longitudinal and transverse acoustimpn polarizationg/v? =1/v? + 2/ \# .

Eq. (3) can be worked out analytically, hence trendmission function in the 3D

configuration of two identical solid materials isen by:

_ 2 ( K:ouplmg) ’
(k kcoup”ng) log[l+ kCouplmg (a)CJ

kéou lin a)(Z:
3D 0)2' 'k’ ouplin = e 2
T ( a‘é kC pl g) A7ik? (k— 2K:Oup”ng) P

—k ( k-2 lﬂCoupIing) (%J

One can easily show that for a fixke@ndkcouping this function is a monotonic increasing
function of wover the intervalQ,axr]. On the other hand, for a fixed frequenayr,, manifests
a maximum akcoupiing=k. Actually, one can prove in the general case of 8ihtpjunction
between two dissimilar solid materials that the mmasn transmission function occurs at
exactly Keg,ing = 2k /(K + k) whereki, ko denote the spring constants of the two solid
materials, respectively.

One should note also that because of the integrawerq in the expression af;, the
values of the latter might be higher thanin that regard,r,, cannot be considered as a

transmission coefficient in a proper physical seBgekeeping this in mind, we will, however,
continue to address it as such in the rest ofgaper.
The combination of Eqgs. (1) and (4), allows obtagnihe final expression of the phononic

thermal conductanaz,, through the point junction between two identicahsefinite parallel

plane solid materials coupled via a certain phormpling mechanism.

1.  RESULTS AND DISCUSSION
a. General phonon coupling mechanism
We start this section by discussing some geneedlifes of the transmission function

Tap (wzaék chUpnng)- The derived expression of the latter functiogiaen by Eq. (4), for the

present geometrical configuration of a point jumictbetween two identical isotropic semi-
infinite parallel plane solid media, a separatiestahced apart, is an exact general expression

within the framework of the SBM regardless the natnf spring coupling constant in between.



This expression captures very well the physicshafnen induced transport through the point

junction and leads to the correct asymptotic besrauvherk.,, i, » 0andke i, = +° - IN

the first case, which corresponds to weak coupling|(T, .. k - 0) - 0, while in the

Coupling
second case corresponding to strong couplingsaturates at a value given by:
OB, ) =g || s Gl ) 0 (9
1 Boaung v o 2k | T

Eqg. (5) is exactly what one obtains &gy using the phonon radiation modeh the low
temperature regime, one can replageby infinity and the integral can be calculatedatia
This leads to the well-knoWw® power law in analogy to the black body photonatidn?2

Oo(T - 0)=4S, T

s - 77Ks (6
"1200%v?

whereS?, represents the phonon Stefan-Boltzmann congtant.
At the maximum value af,, obtained whetkcoupling=K, 0, reaches its maximum value

too. The latter is given by:
M 1
T8 (T, ., Keauping = K) o [erCofw,T) o (7
0

By comparing Egs. (5) and (7), one can see thadlifference between the maximum and
saturation values tends to disappear in the lovpezature regime. In this regime, the maximum
and saturation values merge to one single valuehili obtained not &coupiing=k, but even

before akcouping=k/2. As a matter of fact, one can straightforwardlgwstihat:

Coupling ™ +°°) ( 8

In the high temperature regime, the general exfmess the phononic thermal conductance

Tpn, (T'a)C' kCoupIing - k/2) = Uph(T,a)C, k

o.,can be simplified, on using the high temperatuneression ofC,,, (w,T) = K;where all
phonon modes will be in a highly thermally excitstéte. In this case, after inserting the
expression af,, (wz,wé,k,kmup"ng) as given by Eq. (4) into Eq. (1), the integratover win
the latter can be performed analytically and weaimbta closed-form expression of

UPh (T’ a)C’ kCoupling) :
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+log| (x~1)° |- 2( logr + 3

Koaf K% 2k -1 2
Couplmg) 8];2\/C (2/( _ 1)2 + (K - 1)

Ton (T, ., K

wherex = Kegping/K -

In the following, we will analyze the case of agfie phonon coupling mechanism between
the two identical isotropic semi-infinite parallplane solid media; coupling through the
dispersion force of Casimir in vacuum. In this cagewill notek,,,;., = Keasimir-

b. Coupling through Casimir force

We will compare the phononic thermal conductanaetduthis coupling mechanism to the
Near Field Radiative Heat Transfer (NFRHT) coeéfiti due to the contribution of the
evanescent waves of the p-polarized electromag(ig field within the framework of a local
dielectric permittivity function theory. As a mattef fact, assuming a local dielectric
permittivity function where the latter depends oafythe frequency of the EM field, previous
investigations of the NFRHT for the same geomeltdoafiguration as above, have shown that
for separation distanced much smaller than the dominant thermal wavelengithand
independently of the material nature (metallic aglettric), the contribution of s and p
polarizations of the evanescent EM waves to the WFBoefficient manifest, individually, the
same behavior with regard to the separation distdrizetween the two solid materials. As
mentioned in the introduction, the contributiortlod evanescent waves increases the NFRHT
to become orders of magnitude higher than the dbadk limit. While, the contribution of the
s-polarization saturates dsgets shorter, the contribution of the p-polarmation the other
hand, keeps increasing with decreasiamd tends to follow @ law for very smalt-regime34
We shall note here that, while the contributiontteé p-polarization dominates the NFRHT
coefficient for dielectrics, due to the presencenwgnetic effects, it is the s-polarization
contribution that dominates for metals. In our s, we will consider only the case of

dielectrics. Therefore, one can write for the NFRe¢vEfficient:
hrEvanp d, T J.I'Evan d, T,a)) v (1Q

whereh?

Evan

represents the p-polarized spectral NFRHT coefficidne expression of which can

further be simplified assuming the electrostatimitito be valid in the smatl-regime. One can



show that, in this caséy™*™(d, T)takes a closed-form expression using the polyltiyari

function of second ordef:

dG(T)
d2

hrEvanp( d, T) —

m-{r,(u (1])
36(T)=—~ goj ﬁlm{ L[ £ (9] au

In Eq. (11),9, = 7KZT/6h is the quantum of thermal conductanb®(u) = 1? é'/( é-

and r,(u)=[e(u)-1]/[£(u) +1] represents the Fresnel reflection coefficient lof -

polarized evanescent EM wave in the electrostatiit.F°

According to Lifshit?* and Schwingéf theories of Casimir force, the latter is tempemtu
dependent in general, but as affirmed by many sfydine explicit thermal corrections, even in
the high temperature regime, can be neglected wieereparation distanceis very small in
comparison to the dominant thermal wavelengttf® Since this is thel-regime, we are
interested to in our study, we will therefore use zero-temperature expression of Casimir
force in the small separation regime. Accordingifshitz, Casimir force per unit area takes a
very compact expression in this regime, indepengeaitthe nature of the materials under
study?124

Tl X
Casmr(d T O) 16n2d3J- J- . 2 dX dy
oo

™

=
<

N

R o
= e .([ Li, [rp (|y)]dy (32
whereLis is the polylogarithm function of order 3 args Fresnel reflection coefficient of the
p-polarized EM wave in the electrostatic limit ag@duced in the expression b}“"”p(d, T) in
Eqg. (11). One should note here that there stdhismplicit temperature dependence of Casimir
force througlrp.
The Casimir spring coupling constant is definedhesabsolute value of the derivative of

Casimir force per unit area with respect to theasafon distance, multiplied by the lattice

constant squared. Thus, we get:



kCasimir ( d)
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wherea denotes the lattice constant of the solid medium.

ng[rj(iy)]dy (13

Table 1 :Physical and geometrical properties of the differeaterials.

Material Lattice Atomic Longitudinal Transverse Spring
constant mass sound velocity sound constant

A) (x107 kg) (m/s) velocity (m/s) (N/m)

Si 5.43PF 4.66'* 8430 5640 6.16

3C-SiC 4.36 3.3% 9500 4100 4.04

a: Reference [25].
b: Reference [26].

c. Calculated asmg. =(my+ m)/2 where the mass of a single atom of Carbone is
m. =2x10°°kg.
d: Calculated using the long wavelength approxinmafior the 1D atomic harmonic chain
dynamics ak = mv/ & .25

In order to illustrate our results, we consider thieectrics (Si and SiC) as typical materials.
In addition, SiC is taken to be in a cubic crysigthphic configuration (3C-SiC). We will
consider the temperature to range fr8@dK to 800K The needed physical and geometrical
properties of the two materials are given in Tdble

Si will be assumed to be highly n-doped with a dgpievel ranging fromL0%nt3 to
10%'cm®. The dielectric permittivity function of Si is debed using Drude model while the

one of SiC is modeled using Lorentz-Drude Motel:

I
EDrude (CL)) - Eb 602 + |Cl)y (a) (14)
o W’ +i
€ orentz Drude(a)) =& b{%} (b)

where & is the high frequency dielectric constant thatoacts for the bound electron
contribution from the bulkey is the plasma frequency o andwro are the longitudinal and

transverse optical phonon frequencies, respectiaetly denotes the damping factor. For Si,



ap and yare functions of temperature and doping conceatrafhey are, respectively, given
by:2’

() =S
AN T) = () (19

7.4x 10T 2%
1+(0.88 1.2¢ 10'NT,; >

M, (N, T)=88T,%"+

T,=T/300
wheree is the electron elementary charge=0.27m is the electron effective masy; is the
electron rest mas$\ denotes the doping concentratiq, is the electron mobility ando

represents the vacuum permittivity. We note hewd th* is assumed to be temperature

independent.
Over the temperature interval considef@d0-800K], w0 andawroof SiC change by less

than 2% and hence, they are taken to be constants;

W, =1.826x 10" rads andy, = 1.485 10 rad On the other hand, the damping facyor

increases linearly with temperatyrgT ) =1.885¢ 1¢'| 4.8329¢ 0.0143- 3pp rad.®
Because of the smallness of the thermal expansiefficient (~10°K™?) for both materials,

we can neglect the temperature dependence of thasio spring coupling constamht In

addition, we can easily check that the equivaleeby®-like temperaturesgf =rw./K;)

corresponding to the phonon cutoff frequenciesiefttvo materials (~176K for Si) and (~168K
for 3C-SiC) are almost half the room temperatuf®K3. Hence, we have all the conditions to
use the closed-form high temperature expressiadheophononic thermal conductanrsg as
given by Eqg. (9), in whicRcoupiingis replaced b¥casimir andk = k... (d)/k.

In Fig. 2, we report the variation of Casimir sigrcoupling constarkcasimir for both highly
n-doped Si and 3C-SiC as a function of the gapadcstd at room temperature. For the
numerical calculation dcasimir, the integration in the angular frequency domsataken to vary

from zero tdOK,T/# in a similar way as for the numerical calculatiohthe NFRHT
coefficienthEva”p(d,T), since this integration is governed by the Plaspkctrum emission

band. As a matter of fact, the amplitude of thenEkaspectrum falls down to less than 5% of

its maximal value ab=10K T /7.
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Figure 2 : Room temperature behavior of the Casimir springpting constant for both
highly n-doped SiN=10%'cn®) and 3C-SiC as a function of the gap distance.

Numerical simulations have shown the effect of terafure and doping concentration to
be negligible over the studied interyaD0-800K]. We pushed down the gap distadid® the
picometer range, which rigorously speaking, hapmgsical sense. The reason is nevertheless,
threefold; (i) to show the huge sensitivitykatsimirto d, (ii) to point out the value af at which
keasim=k and (jii) to show that the phononic thermal cortdoce o, (d,T) saturates
mathematically ad - 0. As one can see in Fig. 2, Casimir spring couptiogstants of both

materials take very close values as functiond. dfloreover, for both materialggasimi=k lies

at distances~1A much smaller than the lattice constant.
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M 3 ~ e
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10.1\' T T AR | T URBAL | T T
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Figure 3 : Behavior of the phononic thermal conductance ardNIRRHT coefficient as
functions of the gap distance through a point jmcbetween two identical isotropic semi-
infinite parallel plane solid media of 3C-SiC.

Figures 3 and 4(a-d) illustrate a comparison betwibe calculatedaph(d,T) and the

NFRHT coefficienthEva”p(d, T) through a point junction between two identicatigpic semi-
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infinite parallel plane solid media of 3C-SiC angtly n-doped Si, respectively. For both

materials,o,,, (d,T) turns out to be less sensitive to temperaiuaed doping concentratidh

for the values considered above of highly n-dopedd8 the other hantt,EV""”p(d, T) appears

to be sensitive to bofhandN for Si and tdl for SiC. In addition, in the case of highly n-ddpe
Si, the sensitivity ofi™*"™(d, T)to T proves to be dependent &h Thus only the room

temperatures,, (d, T = 300K) is represented for both dielectrics.

. 18 -3 (a) . 19 3 (b)
—_ 10° S =, N=10 "cm - 10° \\-\\‘ N=10 cm
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Figure 4 : Behavior of the phononic thermal conductance aed\IFRHT coefficient as
functions of the gap distance through a point jmcbetween two identical isotropic semi-
infinite parallel plane solid media of highly n-dapSi at different doping levels.

Starting from Eq. (9), one can straightforwardleck that o, (d, T =300K) reaches a
maximum value o™ = K i/ 24m°v? at k = K.,/ k=1 and tends to a saturation value of
o5 = TK o/ 240V whenk = K.,/ K — +oo which corresponds @ — 0. Therefore the
ratio between the maximum and the saturation valofs,, (d,T=300K) is exactly
R=0oN*/o52=10/7.

From the above figures, we see that the NFRHT datemthe heat transfer in the case of

3C-SiC, except around the distance at Wbig(d,T:BOOK) reaches a maximum where

12



Induced Phonon Transfer through Casimir Force (IPH)Tbecomes a non-negligible fraction
of the total heat transfer process. In the cadagifly n-doped Si, we first notice that for a
fixed temperaturd, the NFRHT coefficient manifests a maximal valtem optimal doping
level Nopt. This behavior for highly n-doped Si has alreadyerb shown previousf?. The
interplay between IPTTCF and NFRHT depends primaoih the doping leveN then
secondarily ofl. IPTTCF starts to dominate the heat transferasitiping level increases. One
can see that foN=10%'cm?®, the transition distance lies around the lattioastant at room
temperature and tends to decrease by increasiragribeent temperature. As one increases the
value ofN, the dielectric material electrical behavior agmiwes the one of a semi-metallic
material. It is known, on the other hand that nsetalanifest the highest Casimir force
valuest**®and the lowest NFRHT coefficients valus.

It is worth noting to mention here the differencetvieen the approach of Budaev and
Boggy>**and the approach presented herein. The formepmutbund a transition distance
for Si at room temperature e6nm almostl0times higher than the one we found above. This
value appears to be a large separation distancglthdVe believe the reason of this huge
disagreement lies mainly in the very heuristic tirent followed by the authors, particularly
the use of grossly approximated formula of différgnantities involved in the estimation of
the heat transfer fluxes, which have led to an@st@nation of the effect of IPTTCF.

The transition distance below which IPTTCF domis&-RHT is of the order or smaller
than the lattice constant. This, makes the dombwaladity of our herein presented approach
undoubtedly narrow. It however and certainly shtveg IPTTCF constitutes a plausible and a
very potential mechanism to capture and describenttural transition from the radiative
regime to the conductive regime of heat transfére TPTTCF mechanism would even be
enhanced if combined to other potential couplingcma@isms such as charge-charge
electrostatic interaction or piezoelectricity thats recently analyzed by Prunnila and
Meltaus!! These different mechanisms could simply be inclutgdattributing adequate
expressions for the spring coupling constaitping

For gap distances of the order or less than thedatonstanid<a), the microscopic
variation and the discrete character of the mattibtake over the continuum approximation.
Thus, one expects other additional effects to corteeplay and even to be more dominant,
mainly nonlocal effects of the dielectric permiityvfunctior?®3°as well as quantum electronic
coupling effect¥ especially at distances of the order or smallen tine interatomic distances

which for Si is abou®.24nmat room temperature.
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VI. SUMMARY

Induced Phonon Transfer in vacuum constitutes anpal mechanism to describe the
natural transition from the radiative regime to tbeductive regime of heat transfer at the point
junction interface between two identical solid dattic materials when the distance gap
between the latter becomes very small so thate¢heymutually touch. We specifically studied
how this induced phonon transfer could be mediate@€asimir force. We showed that this
transfer could become dominant when the distanpebgaomes of the order or smaller than
the lattice constant of the dielectric materialwéwer, at these distances, one expects other
additional effects to come into play and even taortmee dominant, mainly nonlocal effects of
the dielectric permittivity function as well as ouiam electronic coupling effects, particularly
at distances of the order or smaller than the amdenic distances. Hence, a full and complete
study of the natural transition from the radiatiegime to the conductive regime of heat
transport will certainly necessitate taking intc@ant all these effects in a more elaborate and
sophisticated theory that includes all possiblgytiag mechanisms depending on the materials
nature (metallic or dielectric, similar or dissiar) and their surface state and which will go
beyond the fluctuational electrodynamics theoryeldasn which, the derived expressions for
the Casimir force and the NFRHT coefficient weredug the present study. This study will
also bring to light key information about the fundantal behavior of the solid-solid interface

thermal resistance.
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