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As the size of transistors shrinks and power density increases, thermal simulation has become an indispensable part of
the device design procedure. However, existing works for advanced technology transistors use simplified empirical models
to calculate effective thermal conductivity in the simulations. In this work, we present a dataset of size-dependent effective
thermal conductivity with electron and phonon properties extracted from ab initio computations. Absolute in-plane and
cross-plane thermal conductivity data of eight semiconducting materials (Si, Ge, GaN, AIN, 4H-SiC, GaAs, InAs, BAs)
and four metallic materials (Al, W, TiN, Ti) with the characteristic length ranging from 5 nm to 50 nm have been provided.
Besides the absolute value, normalized effective thermal conductivity is also given, in case it needs to be used with updated

bulk thermal conductivity in the future.
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1. Introduction

As the size of transistors used in integrated circuits
shrinks and power density increases, heat dissipation has
become a critical issue.l'l As a result, thermal simulation
has become an indispensable part of the device design pro-
cedure, where Fourier’s law is used.[?l However, size ef-
fects in the ballistic-diffusive regime render Fourier’s law in-
valid at micro/nanoscales.>~8 Consequently, employing size-
dependent effective thermal conductivity for the nanostruc-
tures in electronic devices is a mainstream strategy.>%-1]

In advanced technology transistors, such a strategy
has been widely used to study the thermal transport in

2.10-12] 454 nanowires.!'3-15] Most of these works

nanosheets!
focus on the self-heating effect in transistors but use simplified
empirical models to extract the thermal conductivity. For ex-
ample, Ma et al.!'" used a Debye—Callaway model to predict
the size-dependent in-plane and cross-plane effective thermal
conductivity of GaN thin films. This empirical model is de-
rived under the assumption that the dispersion curve of acous-
tic phonons is linearly related to phonon wavevectors,!1%!7]

which renders the computed thermal conductivity inaccurate.
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Venkateswarlu et al. '

18,19]

employed a Connelly thermal conduc-
tivity model! to obtain the thermal conductivity of dif-
ferent regions. However, that model contains fitting param-
eters and cannot capture the actual physical mechanisms be-
hind thermal transport. The disadvantage in accuracy and lack
of predictive power due to fitting parameters in these empiri-
cal models necessitates a parameter-free and in-depth study of
thermal transport in nanostructures.

From the experimental point of view, researchers have
themselves devoted to measure the size-dependent thermal
conductivity and study the physical mechanisms.!?*2% Li ez
al.?% investigated the size effect on the thermal conductiv-
ity of graphene oxide nanosheets. Larger-sized nanosheets
were found to have higher thermal conductivity, which was ex-
plained by the fewer morphological defects rather than struc-
tural defects. Jaffe et al.>!l measured the cross-plane ther-
mal conductivity of hexagonal boron nitride and explored the
thickness dependence. The thermal conductivity was found to
increase with the increasing thickness and significant contribu-
tion from phonons with mean free paths on the order of several
hundred nanometers was observed for thicker flakes. Ziade
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et al.””?! measured the size-dependent thermal conductivity
of GaN at different temperatures with the frequency domain
themoreflectance (FDTR) technique. The decrease of ther-
mal conductivity in GaN films with smaller thickness was ex-
plained by the ballistic phonon transport below 150 nm. These
experimental measurements!?*~2?] of size-dependent thermal
conductivity can capture all the affecting factors and give rea-
sonably good results. However, the reported values are often
limited to a single material per study due to the complexity of
the experimental setup.

The above-mentioned works either exhibit the theoretical
classical behavior with inaccuracies or have the limitation that
only one material is studied experimentally each time. Re-
cently, Wang and Bao!?3! studied the size-dependent thermal
conductivity of nine metallic nanowires. Their work can pro-
vide important guidance in selecting advanced interconnects,
but nanosheets are not considered. In this work, we combined
parameter-free ab initio computations and analytical equations
to obtain the size-dependent effective thermal conductivity of
nanosheets. A dataset containing eight semiconducting mate-
rials (Si, Ge, GaN, AIN, 4H-SiC, GaAs, InAs, BAs) and four
metallic materials (Al, W, TiN, Ti) representative of advanced
technology transistors is presented. Size-dependent in-plane
and cross-plane effective thermal conductivity values are pro-
vided and the underlying physical mechanisms are discussed.

2. Methods

To obtain the size-dependent effective thermal conductiv-
ity, the bulk thermal conductivity and thermal properties of
heat carriers are generally computed as the first step. Size ef-
fects are then introduced by either the suppression function or
Boltzmann transport equation (BTE).

2.1. Bulk thermal conductivity

In semiconductors, phonons are the primary heat car-
riers, while in metals, both electrons and phonons signifi-

24,25

cantly contribute to heat conduction.>*2> For isotropic ma-

terials, phonon thermal conductivity in bulk materials can be

expressed as!%0]

1
kon = 3 25 CAVi T (1)

where ¢, vy, and T, are the volumetric heat capacity, group
velocity, and relaxation time of phonons, respectively. A =
(g, V) represents different phonon modes that can be distin-
guished by wavevector g and phonon branch v. Electron ther-
mal conductivity can be obtained with a similar equation

1

ket = 3718 ), Cob Vs Tk )

where ¢, Vi, and T, are the volumetric heat capacity, group
velocity, and relaxation time of electrons, respectively. The

summation is over all the electron states specified by band in-
dex n and wavevector k. ng denotes the number of particles per
state, which will be taken as 2 to account for spin degeneracy.
If spin degeneracy was already considered in ab initio compu-
tations, ng = 1 will be used. The bulk thermal conductivity can
be calculated with

P kph, for semiconductors,
bulk = kon + k1, for metals.

3

Regarding the relaxation time, phonon—phonon scattering and
phonon-isotope scattering were considered in our computa-
tion for semiconductors. For metals, phonon—phonon scatter-
ing, phonon—electron scattering and phonon—isotope scatter-
ing were considered for 7, , while only electron—phonon scat-
tering was considered for 7,.

2.2. Size-dependent effective thermal conductivity

With the mode-level electron and phonon properties as
the input, size-dependent effective thermal conductivity can
be computed from either analytical equation with suppression
function or BTE. With analytical equation, the in-plane and
cross-plane effective thermal conductivity for semiconductors
can be computed with

1
kin = ng CAV%TlSin (l)7 (4)

1
keross = g Z)L ca V?‘{ T Scross (l) s ()

where Si, (1) and Scross (A) are the suppression functions for
phonons that define the ratio between suppressed mean free
path and bulk mean free path.[?7-28]

For metals, the in-plane and cross-plane effective thermal

conductivity can be computed with
1 2
kin = g Zl CAVy T,lsin (l)
1
+§ns an anvﬁkfnksin(nk>7 6)

1
keross = 3 Zl CAV)ZL Tp.Seross (A)

1
+§ns an anVyZ,k TukScross (”k)a @)

where Si, (nk) and Scross (nk) are the same suppression func-
tions for electrons with the same analytical forms as S, (1)
and Scross (A). Details about the analytical forms of these sup-
pression functions can be found in the supplementary materi-
als.

Besides the analytical method shown above, the effec-
tive thermal conductivity can also be obtained by solving the
steady-state BTE shown as below: [>]

0
e—e

Ve=— 8

v-Ve pat ®)
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where v is the group velocity and 7 is the relaxation time. e
and €° are the energy density and equilibrium energy density,
respectively. GiftBTE was used to solve this equation for both
electrons and phonons to extract size-dependent effective ther-
mal conductivity.

2.3. Simulation details

The calculations in our dataset are performed using ab
initio methods to obtain the mode-level electron and phonon
properties. We start by calculating the electronic band struc-
ture using a self-consistent field (SCF) calculation following
lattice optimization. The second-order interatomic force con-
stants (2nd IFCs) are determined via density functional per-
turbation theory (DFPT), while third-order interatomic force
constants (3rd IFCs) are computed using finite-difference su-
percell methods. The forces are derived from SCF calcula-
tions of various displaced supercell configurations. The THIR-
DORDER.PY package!®”! is employed to construct the su-
percell for third-order IFCs. By combining the 2nd IFCs
and 3rd IFCs, the ShengBTE package?"! is used to calculate
phonon properties and lattice thermal conductivity. It is im-
portant to note that the parameters related to the supercell size
and nearest neighbors are optimized until the lattice thermal
conductivity converges. For electron—phonon (e—p) scatter-
ing, the e—p coupling matrix element is calculated using the
electron—phonon Wannier (EPW) code.*!! This matrix ele-
ment is initially computed on coarse grids for electron and
phonon wavevectors and later interpolated onto denser grids
using a maximally localized Wannier function basis.[*?] An
energy window of 1.5 eV is applied in the electron—phonon
matrix calculations. When calculating the scattering rates,
only irreducible points within the first Brillouin zone are con-
sidered, leveraging symmetry to significantly reduce compu-
tational costs.

3. Results and discussion
3.1. Data validation

We have representatively selected eight semiconducting
materials (Si, Ge, GaN, AIN, 4H-SiC, GaAs, InAs, BAs) and
four metallic materials (Al, W, TiN, Ti) useful in advanced
technology transistors and calculated their size-dependent ef-
fective thermal conductivity with the analytical method shown
in Section 2. As shown in Figs. 1(a) and 1(b), in-plane thermal
conductivity is defined as the ability to conduct heat parallel to
the nanosheet plane while cross-plane thermal conductivity is
defined for the perpendicular direction. The effective thermal
conductivity is defined by Fourier’s law as k = —q/VT, where
q is the heat flux shown in Figs. 1(a) and 1(b) and VT is the
temperature gradient.

“_"j 1= LI IT0 L q“l I : .

(a) In-plane problem

(b) Cross-plane problem

Diffuse T

Periodic

ii, Periodic Specular L Specular

Y - e
I_. T Diffuse T

(c) In-plane model

(d) Cross-plane model

Fig. 1. Schematic for (a) in-plane and (b) cross-plane heat conduction
problems in nanosheets, (c) in-plane and (d) cross-plane models used in
GiftBTE computations.

All our computations were carried out at the room temper-
ature of 300 K. It can be seen from Fig. S1 in the supplemen-
tary material that the effective thermal conductivity for both
in-plane and cross-plane cases increases with the increasing
size and converge to the bulk value. Since the EPW code can
also apply spin degeneracy, we have carefully checked that the
degeneracy was not considered redundantly in Egs. (2), (6),
and (7). To validate the correctness of our method, the com-
puted bulk thermal conductivity results are compared with ref-
erence experimental values in Table 1. The good agreement
between our computational results and experimental values
proves the accuracy of our data. In advanced technology tran-
sistors, the characteristic length of the typical nanosheet struc-
tures often lies in the range of 5 nm to 50 nm.[!!:1233] There-
fore, we calculated the size-dependent in-plane and cross-
plane effective thermal conductivity in this length range.

Table 1. The computed bulk thermal conductivity in comparison with
reference experimental values.

Material type Material Ky (W/mK)  Keeference (W/mK)
Si 153.81 1561341
Ge 54.36 601341
GaN 269.12 260135.361
[371
Semiconductor AIN 295.85 319
4H-SiC 410.58 4901381
GaAs 42.21 451391
InAs 33.39 27140]
BAs 1223.66 1300411
Al 223.50 2371421
[43,44]
Metal w 195.60 175
TiN 72.38 63145
Ti 26.50 211461

The data for semiconductors are illustrated as solid lines
in Fig. 2 and those for metals are illustrated in Fig. 3. The
circular dots in these two figures represent the effective ther-
mal conductivity computed by numerically solving BTE. The
models used in solving BTE with the GiftBTE package are
shown in Figs. 1(c) and 1(d). In the in-plane model, diffu-
sive boundary conditions are used for top and bottom surfaces
to represent the actual situation. Periodic boundary condi-
tions are used for left and right surfaces because the thermal

046501-3
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Fig. 2. Size-dependent (a) in-plane and (b) cross-plane effective thermal conductivity for semiconductors.
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Fig. 3. Size-dependent (a) in-plane and (b) cross-plane effective thermal conductivity for metals.

conductivity is a material property which is independent of
the large-enough size in x direction. In the cross-plane model,
specular boundary conditions are used for left and right sur-
faces because phonons can be specularly reflected at these
boundaries. It can be seen from Figs. 2 and 3 that the ana-
lytical results show good agreement with the GiftBTE results,
which can further validate the correctness of our data.

3.2. Semiconductor data

For semiconductors, only phonons contribute to the to-
tal thermal conductivity. From Figs. 2(a) and 2(b), we can
find that BAs and AIN have very high in-plane and cross-
plane effective thermal conductivity at 50 nm. It is necessary
to clarify that four-phonon scattering process was considered
for BAs due to the strong fourth-order anharmonicity.[4’#]
For other materials, only three-phonon scattering process was
considered. From Fig. S1, we can see that BAs has the high-
est bulk thermal conductivity, which can be explained by the
large acoustic-optical energy gap!#®3°11 and small scattering
rates. It is notable that BAs shows a sharper decreasing trend
in effective thermal conductivity than other materials when
the characteristic length decreases. At 5 nm, AIN shows the
highest effective thermal conductivity for both in-plane and
cross-plane cases. It can be found that materials with high
bulk thermal conductivity do not necessarily have a high ef-

fective thermal conductivity at small scales. The difference
between BAs and AIN can be explained by the large acoustic
velocities of bulk AIN.?! The shrinking of characteristic size
mainly affects the phonon scattering rates instead of acoustic
group velocities.

3.3. Metal data

For metals, both electrons and phonons have a significant
contribution to total thermal conductivity. Figures 3(a) and
3(b) show the in-plane and cross-plane effective thermal con-
ductivity of four metallic materials. Since electrons have a
significant contribution to the total thermal conductivity, con-
sidering third-order anharmonicity is enough to describe the
phonon—phonon scattering processes in phonon contribution.
It can be seen from Figs. 3 that Al shows the highest ther-
mal conductivity over all the length range. Tungsten (W) has
lower thermal conductivity than Al because it has fewer free
electrons and has a larger contribution from phonons.>3 Ti
has the lowest in-plane and cross-plane effective thermal con-
ductivity over all the length range.

When computing cross-plane effective thermal conduc-
tivity, directional discretization?*! with Ng =4 and Ny = 4
and spatial discretization with 100 x 100 mesh were used af-
ter convergence test, as shown in the supplementary material.
For in-plane effective thermal conductivity, denser directional

046501-4
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discretization?! with Ny = 16 and Ny = 16 was used for L
from 5 nm to 50 nm and spatial discretization with 10 x 10
mesh was used after convergence test. In Figs. 2 and 3, we
can see that cross-plane thermal conductivity is smaller than
in-plane thermal conductivity. Similar phenomenon is also
observed for GaN.[!" Since the suppression mechanism for
cross-plane thermal conductivity is mainly phonon ballistic
transport leading to boundary temperature jump and the mech-
anism for in-plane thermal conductivity is mainly phonon
boundary scattering resulting in boundary heat flow slip,!
this indicates that ballistic transport has a relatively stronger
suppression effect than boundary scattering at the same length

scale.

(a) 60 pr T —————————
50 -
e 40 C
X AIN
X / Berhiatettnl i
5 30 ST T 7 GaN
3 Sai
€ 20 /"A,IV = / ©Hsic
10 /’./_'./
0
0 10 20 30 40 50 60
L (nm)
() 100 prorrrrprrrrrrrrgrererre i satas
— ] “oteHITIN
/ A
- T W
80 : o =
— /. am b
= il
< // R s
2 60 ;
£ s
g L
< 40 i

0 10 20 30 40 50 60

L (nm)

3.4. Normalized effective thermal conductivity

In case the bulk thermal conductivity needs to be updated
in the future, we have also provided the normalized effective
thermal conductivity and illustrated the data in Fig. 4. Fig-
ures 4(a) and 4(b) show the normalized in-plane and cross-
plane effective thermal conductivity for semiconductors and
Figs. 4(c) and 4(d) show the normalized thermal conductiv-
ity for metals. Grid lines are plotted in these figures to help
in finding the data. Our intended users can find the nor-
malized thermal conductivity according to the characteristic
length from Fig. 4 and the bulk thermal conductivity from Ta-
ble 1. We have also uploaded our data to Science Data Bank.
The multiplication of these two values yields the effective in-
plane/cross-plane thermal conductivity.

I e
GaAs
25
X 20 s
‘; LePlS
% L7 AIN
E 15 b il _.-r@ax
é 10 ,’/ i So-dH-SIC
!Q //’/ =88] - ik
5
ot
0 10 20 30 40 50 60
L (nm)
(d) 100 prerrrrermrrrrrrrr e
L ————Ti
//_ TN
80 -
S et SR
\; 60 / : = i iEee W
< et
i 40 e
zu Vsues
7
20 S
/

0 10 20 30 40 50 60
L (nm)

Fig. 4. Size-dependent (a) normalized in-plane effective thermal conductivity for semiconductors, (b) normalized cross-plane effective thermal
conductivity for semiconductors, (c) normalized in-plane effective thermal conductivity for metals, (d) normalized cross-plane effective thermal

conductivity for metals.

4. Conclusion

In summary, we have calculated the size-dependent in-
plane and cross-plane effective thermal conductivity from
ab initio computations. Eight semiconducting materials (Si,
Ge, GaN, AIN, 4H-SiC, GaAs, InAs, BAs) and four metal-
lic materials (Al, W, TiN, Ti) were chosen to present the
data. The accuracy and correctness of our data are proved by
comparing calculated bulk thermal conductivity with experi-
mental data and comparing effective size-dependent thermal
conductivity computed from analytical method with GiftBTE

result. A dataset containing the absolute value for effec-
tive thermal conductivity as well as the normalized value is
provided. The data for characteristic length ranging from
5 nm to 50 nm is given in Figs. 2—4 and in csv format at
https://doi.org/10.57760/sciencedb.j00113.00154. Within the
isotropic assumption, these data can be used directly as in-
put for finite element methods (FEM) in thermal simulation.
Please cite our paper when you use our data. This work may
shed some light on the thermal management of advanced tech-

nology transistor design.
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