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Lattice thermal conductivity in cubic silicon carbide
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The lattice thermal conductivity of cubic silicon carbide is evaluated by means of a microscopic model
considering the discrete nature of the lattice and its Brillouin zone for phonon dispersions and scattering
mechanisms. The phonon Boltzmann equation is solved iteratively, with the three-phonon normal and umklapp
collisions rigorously treated, avoiding relaxation-time approximations. Good agreement with the experimental
data is obtained. Moreover, the role of point defects, such as antisites, on the lattice thermal conductivity is
discussed.
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Starting from 1960, thermal characterization of solids re-procedure previously introduced for rare-gas sofid®and
vealed that most of the high thermal conducting materials aréhen extended to diamondlike solid$Si, Ge, and
adamanting¢diamondliké compounds such as diamond, SiC, diamond.?>?? For these materials, the predicted temperature
AIN, GaN, Silicon, etct These compounds are used for com-behavior of the thermal conductivity was found in excellent
pact semiconductor devices, where an efficient heat removalgreement with experimental data and a satisfactory expla-
can be crucial to give good performances. To see if it isnation of the isotope scattering effect was obtained.
possible to increase the device substrate ability in the thermal The interaction between atoms is expressed in terms of a
management, experimental investigations have been recenthair potential with parameters obtained by fitting the experi-
done on some of these materiéBamond, silicon, and also mental phonon spectrum. The iterative approach allows one
germaniuni™’) to establish the role on the phonon conduc-to take into account the discrete nature of crystal lattice and
tivity of defects, impurities, grain boundaries, and so on. its true Brillouin zone for the calculation of phonon disper-

Good thermal conductors are important not only for thesion and for the determination of three-phonon scattering
device itself, but also for the development of new compo-processes. Moreover, the probability rates of various scatter-
nents in the semiconductor processing equipments, as réng mechanisms contributing to the thermal resistance is con-
vealed by the market of SiC and AIN ceramics that registeredidered without the use of the relaxation-time approximation.
a strong increase in past few yeért present, silicon car- As we shall see, the calculation of thermal conductivity
bide is one of the most W|d6|y used ceramics for hlgh thel’-of ﬁ-S|C shows good agreement with experimenta| data. In
mal conductor applications, as well as for applications wherghe evaluation of« the role of point defects, in particular
strength and high mechanical stability are required. antisites defects, will be specifically considered. Antisites

Lattice conductivity of SiC in the chemical vapor deposi- produce a strong reduction in lattice heat transport and
tion grade is around 300 WAt K™* and 100 Wm*K™"  tyrns out to be only slightly depending on the temperature
in ceramics, at room temperatuigee data from Insaco, Ific. ~ for high concentrations of defective lattice sites.
and from Saint-Gobain, Advanced Ceramf¢sheat trans- As previously done for Si, Ge, and diamofic?? let us
port is lower than in diamond, the best heat conducting Maconsider the phonon System for a cubic solid with a dia-
terial, but of the same order as in copper. It can sound quitthondlike lattice, with two atoms in the lattice cell with dif-
surprising but, in some cases, phonons are much more effierent masses. The elementary crystal excitation in the har-
cient to carry heat than electrons in metals. monic approximation is a phonon described by wave vector

Silicon carbide crystallizes in different polytypic forms: it q and polarization index. The frequency of the excitation
occurs in cubic -SiC, also called 3C-SiCbut also in com-  will be indicated byw, , and bye,, , the polarization vector
plex, long-range-ordered hexagonal and rhombohedral strugssociated to the vibration of the atom at the position the
tures. First-principles investigatiofis® of structural, lattice- |attice cell situated at the position vectbrin the case of
dynamical, and electronic properties have been performedjiamondlike silicon carbide, vectdr has only two possible
with some attempts to explain the phenomenon of thgjeterminations.
polytypism,® and “ab initio” calculations were also made to £ N is the total number of cells in the crystal, the expan-
obtain lattice propertie¥. The thermal conductivity was con- sjon of the displacement fielg, in terms of phonon absorp-
sidered by means of a molecular-dynamics simulafigrith tion and creation operatos, al  can be written in the
an empirical potentia(Tersoff mode), obtained by matching ¢4, pr TR
the individual Tersoff models for Si and €8 The
molecular-dynamics simulation gives good agreement with
experimental data in the temperature range between 400 K 512 1
and 1100 K. :i( ) E [ e

In this paper, the3-SiC thermal conductivity is obtained 2MpN/ 5 Vo, ap.b
by solving the phonon transport equation through an iterative 1)
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whereM,, is the atomic mass ofl (b) site. This representa- SiC

tion corresponds to that introduced by Srivast&va. 35 . .
Using a pair potentiaV(r), wherer is the interatomic

distance, one can easily expand functnn terms of the

displacementsy,,, obtaining the second-order term of the

potential energy of the interaction between two atoms at po-

sitions (,b) and (’,b’): 25

’ ’ 20
Vl(bz?’b' 2{7|b,|'b'A'A+,3|b,|'b' [(I'=1+b'—b)- A%},

(THz)
2 15
whereA= ., — n, and the coefficienty 1y, B rpr are
related to the first- and second-order derivatives of the po- 10

tential. The coupling coefficients take values that will be
denoted byy and 3, respectively, for atoms at the nearest-
neighbor distanc® and byy’ andB’ for atoms at the next-
nearest-neighbor distand®’ (let us assume foy',B’ the
same value for Si-Si and C-C interactioni Ref. 21 adi- 0
mensional parameters were introduceet= v/(BR'?),p’
=v'/(BR’?). For the lattice constant of cubic SiC, the value
4.359< 10 8 cm is assumed.

The parameterg, B', v, andy’ are governing the equa-

tion of atomic motion and can be obtained by fitting theSllghtly improve the fit to the experimental data. The as-

experime_ntal p_honon-di_spersion curves. For the probler_n urE.umptlon of a common parameter to account for the next-
der consideration, that is the study of thermal conductivity, arest-neighbor interactions, for any pair of atoms under
the use of a more sophisticated potential, such as a Terso bnsideration, is then justified

potential, is not essential. The Tersoff potential is a pair po- In order to avoid the use of relaxation-time approximation

;enrc;i!nmvglrtﬂ?ﬁ aﬁge@?ﬁgﬁs fund de;)rﬁgglt:\? to Ogbtaitgereti!:%?:: and consider the discrete lattice nature and the true Brillouin
zone, we introduce the third-order contribution of the inter-

configurations and defect energies. For the thermal Condu%ctmn energy between the two reticular centers, atand

tivity evaluation, the pair potential used in this paper is not by 1920

less convenient than a Tersoff potential, due to the fact tha{ '

in both cases, adjustable parameters are introduced to fit the 5

phonon-dispersion curves. V,(b,,b, 5 app [(I'=1+b"=b)- A3+ 3 By [(I =1
As in Ref. 21, the equation of motion can be solved to ,

obtain phonon frequency and polarization vectors. The mass +b’—b)-AJ[A-A] E)

difference of atoms in the lattice cell produces an overall

lowering of the acoustic-phonon branches. The pair potentiaf’ "€ @, b’ iNvolves the third-order derivatives of the po-
alone is not able to give the splitting g0 of the optical tential. By summing over all the lattice sites, the total anhar-

modes and the raising of the longitudinal-optiad) mode ~ MONiC contributiorH® to the crystal energy is is obtained and
frequency above that of the transverse-opticD) mode, 1€ apatixc elements (q"p"|H™|ap.q’p’)  and
since these effects are due to the long-range contribution ¢fAPIH"~Id"p’,q"p") can be evaluated. The probability rates
the Coulomb interaction. onnected with the above matrix elements will be denoted by

The shift of LO mode is here considered as a perturbatlorQqp a'p’ Qq p".a"p" "respectively. In the three-phonon pro-
in the phonon Hamiltonian, changing the LO frequency by acesses, the phonon wave vectpbelongs to the true Bril-
factor Ve,/€.,, Where €,,€,, are the static and the high- louin zone of the lattice and the momentum conservation is
frequency dielectric constants, as discussed by Born andgorously treated also in the umklapp case.

L

FIG. 1. Theoretical phonon-dispersion curyesntinuous lines
for cubic SiC, in comparison with experimental déRef. 26.

Huang?* For B-SiC, €,=9.71, e.,.=6.52 2 giving a shift of Considering only nearest-neighbor interactions in the
22%, the same value that one can obtain by fitting theevaluation of three-phonon scattering, the anharmonic di-
phonon-dispersion data of the LO branch. mensionless parameter= —R’2a/3 can be used. To esti-

In Fig. 1 the result of the calculation of phonon disper-mate parametes it is necessary to know the Qraisen con-
sions by means of the atomic motion equation is shown: thetant y of the material: in the case @-SiC, a value ofy
parameters are chosen to have the best possible agreement.2 at high temperatures, giving=35, can be deduced
with the experimental dat&?’ and turn out to bep=0.06  from Ref. 14.
and B=4.68'=0.18 (B, are in units of To obtain the thermal conductivity, we linearize the Bolt-
10°°gcem ?s2). The value ofp’ is assumed to b’  zmann equation for the phonon distribution. In terms of the
=—pl/8, as was obtained in Ref. 21. The main role in thedeviation functionyg,, linking the perturbed and unper-
equation of motion is played by and p, while B’, p’ turbed phonon distributions,, and ngp in this manner
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SiC

ang
(o] qp (4) 8

Nap=Nap ™ Yap H(Frwgp)”

the linearized Boltzmann equation for a solid subjected to a

thermal gradien¥ T can be written in the following form® 6
&no ”an 5
ap _ a'p
kBT qu~ VT aT = ,E/ Z,, qu,q'p’[‘/’q"p”— wq/p/ — l//qp] P
a'p’ d'p 4
1 q/pf qu” 3
+ E ,2, Z” qu ! [lpql’p”—i_ lpq/p/
a'p’ d'p
2
~ gpl E Qgpp [4qrpr = Ygp] 1
q'p’
1 ‘ 0 5(I)0 10I00 15I00 20I00
o o (0]
Ta YapNgp(1+ Ngp). ®) T(K)

where the first and the second terms on the right-hand side FIG. 2. Thermal conductivityin W cm™ K1) of cubic SiC, as
describe three-phonon scattering processes, the third term asfunction of temperature, resulting from the present iterative cal-
the elastic scattering due to impurities, and the fourth ternculation (continuous lines Curvea represents the theoretical con-
provides a phenomenological description of boundary scatductivity obtained when only three-phonon scattering processes are
tering in terms of relaxation times,,. The phonon group considered. Curvé is obtained including the presence of rr_1icroc-
velocity dwq,/dq is denoted by, . rystallites in the sample. Curvesb are compared with experimen-

An iterative procedure is used for solving the Boltzmanntal data of Tayloret al. (Ref. 29 (+) and of Senoet al. (Ref. 30
equatior®®?* oncen, is known, the heat current density ~ (0)-

1

From the comparison of the theoretical calculations with
U=9 % hwqpVapNap ©) g

the experimental data, we can see that a scattering mecha-
. ) nism different from three-phonon processes becomes impor-
is eyaluated() is the totgl volume of the crysljalan_d from  tant below 400 K. The origin of the mechanism can be
the ith component olJ with respect to the Cartesian refer- \;eed in the presence of microcrystallites, whose grain

ence frame boundaries are scattering phonons in the experimental
samples. As discussed by Ziman, a simple form of relaxation
aT : ;
Ui:_E Kij —— (7)  time, as the one used for scattering due to sample bound-
i X aries, can be introduced for the grain-boundary scattering. In
é:ig. 2, curveb represents the behavior of thermal conductiv-
ity with a relaxation time of the Ziman form: the value lof

Parameters, p’, B8, ', ands are the only parameters used to fit expgrimental datz_;\ turns out to @ pm.
that must be inserted in the calculation of the thermal con- 1 N€ calculation of the grain-boundary effect used here can
ductivity: let us stress that all the parameters employed in th8€ Only qualitative: as discussed in Ref. 31, the role of grain
theory have been independently justified through the harPoundaries in diffracting phonons is much more complex,
monic and anharmonic vibrational properties of the crystalPut the experimental data in the low-temperature region of
that is, phonon-dispersion experimental curves andnGru SiC are really too poor for a reliable comparison.
eisen parameter. The microscopic model used in the calculation of three-

The thermal conductivity of the cubic SiC is shown in phonon scattering allows the evaluation of the role played by
Fig. 2: it is in full agreement with the experimental conduc- optical phonons, and in particular by the LO mode. In Table
tivity values obtained in Refs. 29 and 30. If only three- |, the values ofk are listed, referring to a calculation with all
phonon scattering mechanisms are considexesharply in-  the acoustic- and optical-phonon modes included in the scat-
creases at low temperatur¢see curvea in Fig. 2. No  tering mechanismgfirst column «,;). The other two col-
difficulties are found in the evaluation &f at low tempera- umns in Table | show the results obtained considefagn
tures, while relevant problems are known to arise in thehe second column marked ..o, phonons of acoustic
molecular-dynamics calculations. and transverse optical modes, afiil in the third column

The relaxation-time approximation is avoided for the markedx,. only phonons in the acoustic modes. Let us note
three-phonon scatterings but is introduced for boundary scathat the role of optical phonons is considerable at high tem-
tering in the form ofr,=L/s,, whereL represents a char- peratures.
acteristic length in the samp$ ands, the velocity of sound Comparing the values of,; and k,..,, ONe must con-
for a phonon with polarization indep. clude that the LO mode plays a certain role, in spite of its

the tensor representative of the thermal conductivity of th
material x;; , is immediately obtained.
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TABLE I. Thermal conductivity of cubic silicon carbide result- SicC
ing from the present iterative calculation. The First column lists the
value of conductivity x,;; obtained considering all the phonon
(acoustic and opticaimodes. In the second column, the conductiv-
ity kacito IS €valuated without considering in the calculation
phonons of the LO mode. The last column give®btained with
only acoustic phonons present in the lattice. The values afe in
Wecem tK™1. Note that the role of optical phonons is considerable 5
at high temperatures.

T(K) Kall Kac+to Kac
800 1.35 1.61 2.48
1600 0.57 0.78 1.24

frequency shift. If the LO mode is considered without the 0 . : : ' . ! :
Born shift, the thermal conductivity turns out to be further- 400600 800 1000 1200 1400 1600
more reduced by-8%. T(K)

So far the discussion has been concerned with an ideal FIG. 3. Thermal conductivityin W cm K1) of cubic SiC, as
cry_stal and, for the IOW-temperature_ region, a crystal W'_tha function of temperature. Curweresults from the present calcu-
grain boundary effect. L.et ,us noyv d'S(?u_SS the roI_e of POINation in the case of a perfect crystal, whereas curvg obtained
defects such as substitutional impurities. A point defectq, 5 crystal with antisite defect®.5% of the lattice sités Curves
means first of all a mass difference in the lattice positiony b are compared with experimental dat®efs. 29 and 3D

where the defect is placed, giving a scattering probability(+ ) and with data obtained by Ju Et al. (Ref. 15 by means of

rate of a phonomp into a phonong’p” of the form molecular-dynamics simulations<().
T AM|2 1 oo e 25 and the data obtained with the MD simulattdr{x). The
P T2\ M| N2@e@arp € €arprl A @ap experimental data of the sample without defects ¢nd (]

pointg are also reproduced.
—wq,pr)ngp(lJr ng,p,), (8) Antitsite produce a strong reduction afand the lattice
_ o ) conductivity turns out to have only a slight temperature de-

where AM 'is the mass variation. As discussed by pendence: this is in agreement with the data obtained by Ref.
Gurevich? the defect gives also a potential-energy perturba1s with MD simulation and with the experimental observa-
tion that can be included into E@) by the substitution tions in irradiated specimeri&3334

In fact there is a difference between the defect microstruc-
ture assumed in calculations, where the defect distribution is
thought to be a random distribution, and the defect arrange-
ment in irradiation experiments.First of all, in the scatter-
where tensoB, has dimensions of energy. The two terms areing probability rate, point defects are considered as isolated
of comparable order provideiM is of the order oM and  defects at the same concentration throughout the entire range
then the role of the point-defect perturbation can be evaluef temperatures. The defect microstructure in the actual irra-
ated, in a long-wave phonon approximation, as a contribudiated specimens can be expected to vary appreciably with
tion that turns out to be twice the contribution of the first temperature. For a high defect concentration of 0.5%, defect
term. clusters and void formation can occur as the temperature

If the defects are assumed to be present in a fradti@i  increases, particularly in the range above 1200 K. In Ref. 15,
crystal sites, since the total number of atoms is twice thet is suggested that the role of crystal defects on thermal
total number of cellfN, there will be 2N f; centers producing conduction will saturate; once this occurs, the defect distri-
elastic scattering in Ed5). Moreover, these defects are con- bution no longer matters for the behavior rof
sidered statistically distributed in both sitbsof the lattice The calculation of3-SiC thermal conductivity shows that
cell. the iterative approach to the Boltzmann equation is able to

The probability rate can then be evaluated as in Ref. 21handle lattices with a complex structure. Through a limited
In the calculation, a concentration of 0.5% point defects wasiumber of parameters, determined by means of the experi-
assumed, each defect being considered as an antisite, whenental phonon dispersion of the crystal and by itsr@&isen
an Si atom is substituted/la C atom or vice versa. In Fig. 3, constant, one is able to give a reliable calculation of thermal
the result(curve b) of the present iterative procedure is conductivity, where no approximations are introduced: this
shown with the datdpoints X) obtained by Ju Lietal’® means that the model automatically includes both acoustic
with molecular-dynamic¢MD) simulations. The figure also and optical modes with dispersion, correct umklapp pro-
reports, for comparison, the thermal conductivity for a per-cesses, avoiding relaxation-time approximation for three-
fect crystal obtained with the iterative proceddcerrvea), phonon scatterings.

2
n 2 €€:QQp
AM wquqrpr

)

| €4p° €qrpr|— | €gp” €qp
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In comparison with the MD simulations, the iterative ap- management in compact packaging systems, a key to further
proach does not show fluctuations in conductivity data at lowprogress in this field. But high thermal conductivity poly-
temperatures, that is, fg8-SiC, at room temperature. It is crystalline materials are complex, and their optimization re-
then possible to improve the investigations, by consideringjuires the study of thermal transport at different scéiles
the role of extended defectdislocations, grain boundaries, cluding the effect of nanostructures and microstructures,
and so ol and to study other polytypes of silicon carbide. which are present in the materipl® derive their macro-

As mentioned at the beginning of the paper, the use ofcopic thermal behavior. The iterative technique can be a
high thermal conductivity materials is essential to thermalpromising approach to the problem.
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