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ABSTRACT

Thermal transport across the interface between metals and semiconductors is ubiquitous in micro- and
nano-manufacturing devices. The direct simulation of thermal transport in such multilayers is rarely stud-
ied due to different main carriers involved, such as electrons in metals and phonons in semiconduc-
tors. This study investigates thermal transport in metal/semiconductor multilayer films using the cou-
pled electron and phonon Boltzmann transport equations combined with the phonon diffuse mismatch
model. The calculated overall thermal conductivity demonstrates the importance of electron-phonon cou-
pling transport and then the present work gives a critical thickness of the metal layer for considering
electron-phonon coupling transport. If only one side of the metal layer is in contact with the semicon-
ductor, the electron-phonon coupling transport in metal layer should be considered when the metal layer
thickness is larger than 12.5 nm, 7.5 nm and 2 nm for Au/Si, Cu/Si and Al/Si bilayer films, respectively.
This critical thickness will be approximately double if two sides of the metal layer are both in contact
with the semiconductor due to the non-equilibrium between electrons and phonons at both sides, such
as the super-lattice with infinity periods. Additionally, there exist a minimum thermal conductivity in
metal/semiconductor multilayers when changing the thickness of the metal layer. This work will promote
a deeper understanding of the thermal transport in metal/semiconductor multilayers at the micro and
nanoscale and provide the insightful indication for the manipulation of thermal conductivity in multilay-

ers.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Interfaces between metals and semiconductors widely exist in
electronic devices and thermoelectric conversion facilities, such
as the mutual contact of metallic interconnects and semiconduc-
tor parts [1-5]. Introduction of metallic films into thermoelectric
super-lattices has improved the figure of merit [6,7]. The thermal
transport mechanism across such interfaces between metals and
semiconductors becomes increasingly important with the contin-
ued miniaturization of devices and facilities [8]. As metals and
semiconductors are involved with different main carriers, elec-
trons in metals, and phonons in semiconductors, the energy trans-
fer near the interface introduces an additional thermal resistance,
as demonstrated by Majumdar and Reddy [9]. Since the classical
Fourier law may not be valid at the micro and nanoscale [8,10,11],
a further understanding of heat transport across such interfaces
between metals and semiconductors is necessary.
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Two transfer channels exist at the interface between metals and
semiconductors: (i) electrons in metals coupling with phonons in
semiconductors; and (ii) phonons in metals coupling with phonons
in semiconductors [12,13]. The contribution of the former is still
not clear although quite a few efforts have been paid to give a the-
oretical modeling of the process [14-20]. The latter contains elas-
tic scattering at the interfaces described by the acoustic mismatch
model (AMM) [21] or the diffuse mismatch model (DMM) [22],
and the inelastic scattering for which there is no any valid the-
ory yet [23-25]. The AMM, based on the wave picture of phonons,
is usually valid at very low temperature [21]. The DMM treats
phonons as particles and give an overall good prediction of the
thermal boundary conductance at elevated temperature, such as
around the room temperature mostly concerned [22]. For inter-
faces with similar phonon spectra, such as the Al(Co, Ru)/Al,03
and TiSi,(NiSi)/Si interfaces, the measured thermal boundary con-
ductance generally agrees with that predicted by DMM [26-28].
In contrast, DMM underestimates the measured thermal bound-
ary conductance for the Au(Pb)/diamond interfaces between highly
dissimilar materials [14,15]. Most literature focuses on the interface
conductance by experimental measurement or theoretical analy-
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sis, while the temperature distribution and heat flux in multilayer
films is rarely discussed [12,26,29,30]. As a first step in investigat-
ing the thermal transport in metal/semiconductor multilayer films,
material pairs with similar spectra for which the phonon DMM
gave a good explanation are selected for this study [27]. In the pre-
vious work, phonon conduction was simulated for hybrid organic-
inorganic super-lattices or most heterojunctions such as Si/Ge or
GaN/AIN constituted by both semiconductors [31-34]. Yet, it is not
available directly to the present cases. As electrons are the main
heat carriers in metals, the inclusion of electrons is indispensable
for the thermal transport in the metal/semiconductor multilay-
ers. Electrons, carrying heat in metals, transfer energy to phonons
through electron-phonon (e-ph) coupling near the interface, fol-
lowed by the phonon transmission or reflection at the interface
and phonon transport in semiconductors, actuating thermal trans-
port in multilayers. Thus, simulations of e-ph coupling transport in
metal are essential in metal/semiconductor multilayers. This study
investigates the thermal transport in such multilayer films and cal-
culates its overall thermal conductivity based on the direct simu-
lation of electron and phonon thermal transport simultaneously.

Majumdar and Reddy first combined the two-temperature
model (TTM) in metals and phonon conduction in semiconductors
to describe the heat transport across the metal/semiconductor bi-
layer in 2004 [9]. Later, the extension of TTM, such as the electron
and phonon diffusion equations solved by the discrete methods
[35] or phonon diffusion modeled by molecular dynamics [36,37],
was simulated. Yet, these models may not be suitable at the micro
and nanoscale due to either limitations of their macroscopic pic-
ture or the failure of incorporating electron thermal transport by
molecular dynamics. In comparison, the Boltzmann transport equa-
tions (BTEs) provide another avenue by simultaneously considering
electron and phonon transport. However, the coupled electron and
phonon scattering terms in integral form make the direct solution
of BTEs quite challenging [38-41]. Additionally, the drift terms, in-
dispensable for transport issues, are usually neglected for simplic-
ity [38,39,41]. Our previous work proposes a more straightforward
treatment of the coupled electron and phonon scattering terms in
the form of a relaxation time approximation [42]. Thus, the drift
terms can be solved simultaneously. Therefore, we adopt this treat-
ment in the present work. Combined with the phonon DMM de-
scription for the interface, this work studies the thermal transport
in metal/semiconductor multilayer films using the coupled electron
and phonon BTEs. The remaining of this article is organized as fol-
lows. In Section 2, a brief introduction of the coupled electron and
phonon BTEs and phonon DMM is shown. This transport frame-
work is further validated by comparing the thermal conductivity
of multilayer films with experimental measurements. In Section 3,
we firstly compare the electron and phonon Knudsen number in
metals and then calculate the temperature, heat flux distribution
and thermal conductivity in bilayer films then multilayer films. Be-
sides, through comparing the thermal conductivity between with
and without e-ph coupling transport, we give a critical thickness
of the metal layer. If the metal thickness is larger than this criti-
cal thickness, the e-ph coupling transport in metal should be con-
sidered. Furthermore, the present work also calculates the thermal
conductivity under keeping the total thickness constant and chang-
ing the metal layer thickness. The concluding remarks are finally
made in Section 4.

2. Mathematical model

The schematic of the thermal transport in bilayer films is shown
in Fig. 1. The electron, phonon coupling transport is simulated in
metal, and the phonon transport is considered in semiconductor,
with the interfacial condition described by DMM.
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Fig. 1. Schematic of thermal transport in metal/semiconductor bilayer films. The
electron, phonon coupling transport is simulated in metal, and the phonon trans-
port is considered in semiconductor, with the interfacial condition described by
DMM.

The intensity form of the coupled electron and phonon BTEs in
metal is formulated as [42]

ale I — I (Te)
W-ﬁ-ve'vr[a——m (1)
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where, Iz and ¢, are the electron and phonon intensity in metal,
respectively, € the electron energy, @ the phonon frequency and p
the different branches including the transverse acoustic (TA) and
longitudinal acoustic (LA) phonons. For simplicity, we use the ab-
breviation m to denote metal. The electron-electron interaction is
neglected in formulating the scattering term of electrons due to
both the screen effect and the Pauli exclusion principle [43]. Tph'm
and T, are the local pseudo-temperatures of phonons and elec-
trons, respectively, in the metal determined by the energy conser-
vation principle during the phonon-phonon (ph-ph) collision and
the e-ph collision processes separately.

The energy-dependent e-ph relaxation time 7,_p,(¢) in Eq. (1),
the frequency-dependent ph-e relaxation time 7,,_.(, p), and the
ph-ph Umklapp relaxation time in Eq. (2) are from reference [42].
The free electron band structure and the power law approximation
of the isotropic phonon dispersion relation along the [0 0 1] direc-
tion are used for the metal; the detailed parameters are also found
in Ref. [42].

First, we consider the intrinsic semiconductor, so phonon trans-
port is simulated without considering electron or hole transport.
Thus, the intensity form of phonon BTE in a semiconductor is

8o | \s $op = 00ty (Tons)
I T5(®, p)

where, ¢,,p denotes phonon intensity. The abbreviation s repre-
sents semiconductor, to distinguish with metal in Eq. (2). Tph,s is
the local pseudo-temperature of phonons in semiconductor deter-
mined by the energy conservation principle during the phonon
scattering process. Ts(w, p) is the phonon relaxation time in semi-
conductor including Umklapp scattering and impurity scattering;
the detailed expression can be found in Ref. [33]. The power law
approximation of the isotropic phonon dispersion relation along
the [0 O 1] direction is adopted for the semiconductor with the
detailed parameters also found in Ref. [33].

Electrons in metals are assumed to be adiabatic at the interface
from metal to semiconductor and not transmitted due to the bar-
rier [9]. DMM describes the phonon interfacial condition with the

hp Vilop =— , 3)
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spectral transmission coefficient ap_s from metal to semiconduc-
tor and os_p from semiconductor to metal expressed as [33]

[ksp(C‘))]2
Um_s(w, p) = , (4)
[km.p(w)]2 + [ks,p(w)]2
2
agfm(w’ p) — [km,P(w)] (5)

[km.p(w)]2 + [ks,p(w)]2 '

km,p(w) and ksp(w) are the magnitude of phonon wave vector of
metal and semiconductor, respectively.

Once the electron and phonon intensities in metal and phonon
intensity in semiconductor are resolved, the local electron and
phonon energy density Ee(t,r),Ep, ,(t,¥) and heat flux qe(t,r),
qpn,m (€. 1) in metal, the local phonon energy density Epp, <(t, r) and
heat flux q,; (¢, r) in semiconductor are thus calculated:
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where € is the solid angle. The local temperature Te, Tpy i, Tpps are
computed by the inverse integration of the corresponding energy
density.

For the numerical solution of the thermal transport across the
interface, the discrete-ordinate-method is applied. An implicit and
first-order upwind scheme is used for temporal and spatial dis-
cretization [42,44]. Additionally, the Gauss-Legendre (G-L) quadra-
ture is adopted for the numerical integration over the phonon
frequency, the electron energy, and the angular variable due to
its high efficiency [45]. Specifically, due to the mismatch of the
phonon spectra between different materials, the discretization of
the branch with a higher cut-off frequency is segmented. Thus the
common frequency range between the material pairs is identically
discretized [45].

The thermal conductivity of the multilayers that includes the
influence of the interface and conduction resistances of the consti-
tuting films is used to verify the framework shown in Fig. 1, even
though the existing experimental data of the thermal conductivity
of multilayers is not sufficient as those of the interface conduc-
tance [46-49]. One experiment has shown that the thermal con-
ductivity of Au/Si multilayers composed of 10 periods, with Au film
5.7 nm and Si film 3.0 nm in each period is 0.33 + 0.04 Wm~1K!
at room temperature [49]. We use the method described above
to simulate the thermal transport in such Au/Si multilayers. The
calculated thermal conductivity is 0.303 Wm~1K~1, which agrees
with the experimental measurements. This agreement further val-
idates our framework for simulating the thermal transport across
the interface.

PP 19 d e, (8)
ph p
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3. Results and discussion
3.1. Comparison of Knudsen number

First of all, we calculate the electron and phonon mean free
path in metal and compare the corresponding Knudsen number.
The electron, phonon mean free path depends on the electron en-
ergy, phonon spectrum, respectively. If averaging as follows:

£ — SF)VTfseq (T)vefe—ph (&)De(e)de

Ae — fFermi window (
—&r) Vr fe(T)De(e)de

(9)
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(10)

The averaged electron and phonon mean free path in metal
is obtained. ff4(T) and ng (T) are the equilibrium distribution
function of electrons and phonons described by Fermi-Dirac dis-
tribution and Bose-Einstein distribution, respectively. D.(¢) and
Dy (w, p) are the electron and phonon density of states separately.
Fig. 2 shows electron and phonon Knudsen number under differ-
ent characteristic thickness of the metal layer in Au, Cu and Al
The Knudsen number of electrons is nearly one order of magni-
tude larger than that of phonons. It means that the scattering of
electrons by phonons is not frequent as compared to phonon in-
teraction with itself. Thus, at the interface, it also might be harder
for electrons in metal to interact with phonons in semiconduc-
tor. Therefore, we neglect this kind of interaction across the in-
terface as a first step, while adopt the phonon DMM to describe
phonons in metal coupling with phonons in semiconductor. Over-
all, based on the following two reasons: (i) For interfaces with sim-
ilar spectra, for example the ratio of Debye temperature between
constituting materials is less than 5 [50], phonon DMM can give a
good explanation of the thermal boundary conductance. Although
Debye temperature cannot fully represent the spectra, it is still a
reference information. For material pairs studied in the present
work, such as Au/Si, Cu/Si and Al/Si, the Debye temperature ra-
tio is about 3.9, 1.9 and 1.5, respectively, which satisfy the de-
mand of similar spectra. (ii) Compared to phonons in metal, elec-
trons are not frequently scattered and are harder to couple with
phonons in semiconductor. The comparison of Knudsen number
further demonstrates that neglecting the coupling between elec-
trons in metal and phonons in semiconductor is kind of proper.
Therefore, the present work adopts phonon interaction across the
interface by DMM as a first step.

3.2. Critical thickness of the metal layer for considering e-ph coupling
transport

In this sub-section, we will apply the validated framework to
study the thermal transport in bilayer films firstly, then multilayer
films, including Au/Si, Cu/Si, and Al/Si. The results of Ag/Si are sim-
ilar to that of Au/Si, and not shown in this work. Through com-
paring the thermal conductivity between with and without e-ph
coupling transport, the critical thickness of the metal layer is ob-
tained for both bilayer and superlattice. If the metal layer thickness
is larger than this critical thickness, the e-ph coupling transport in
metal should be considered.

3.2.1. Bi-layer films

A one-dimensional simulation across the interface is adopted.
The temperature of T,=301 K and T,=299 K is assigned on the
left boundary of the metal and right boundary of the semicon-
ductor, respectively, and the treatment is shown in Appendix. For
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Fig. 2. Electron and phonon Knudsen number under different characteristic thickness of the metal layer.
Table 1

Number of discretization points for phonon spectra for
Au/Si, Cu/Si, and Al/Si.

Material pair ~ TA branch LA branch
(points/points) (points/points)

Au/Si 16/24 24/56

Cu/Si 32/24 40/56

Al/si 32/24 48/56

the numerical solution of Boltzmann transport equations in inten-
sity form, Eqs. (1)-(3), the present work uses implicit transient
scheme. The time step is chosen as 5 fs for Cu/Si and Al/Si, 10 fs
for Au/Si. The convergence accuracy is set as 2x10~!1. Addition-
ally, the number of abscissas of the G-L quadrature is selected as
48 and 32 points for electron energy and polar angle, respectively.
The discretization of the phonon spectra for Au/Si, Cu/Si, and Al/Si
is shown in Table 1. Although the number of discretization points
for silicon is the same among different material pairs, the detailed
discretization is different due to the mismatch of the phonon spec-
tra.

The convergence rate of phonons in metal is slow due to the
small mean free path. Correspondingly, the spatial discretization of
metal is required to be denser. Thus, the number of spatial grids is
1251 for Al with 10 nm, 2001 for Cu and Au with 10 nm, compared

to 41 for Si with 10 nm. Additionally, for the thickness of 50 nm,
Au, Cu, and Al are all discretized with 4001 points, whereas Si is
discretized with 201 points. The normalized temperature distribu-
tion ® = (T — T;)/(T, — T) for Au/Si, Cu/Si, and Al/Si is shown in
Fig. 3.

At the interface on the metal side, the electrons and phonons
display non-equilibrium with different temperatures as shown in
Fig. 3. For Au and Cu, with a lower e-ph coupling constant,
the weaker strength of energy exchange between electrons and
phonons seems more difficult to reach equilibrium. When it ap-
proaches the left boundary of the metal, non-equilibrium still ex-
ists between electrons and phonons for a metal thickness of 10 nm.
Thus, the definition of an effective interface temperature is com-
plex and inconclusive. This interception at the interface is used
as an effective interface temperature in the previous work [9,51].
It starts from the equilibrium temperature between electrons and
phonons and then linearly extends it to the interface [9,51]. How-
ever, it does not apply to the present cases that the thickness of
each layer is comparable to the carrier’s mean free path. Further,
the phonon temperature in metal gradually displays a nonlinear re-
lation due to the energy exchange between electrons and phonons.
This nonlinear tendency is more evident for the thicker metal layer,
as shown in Fig. 3 (b), (d) and (f). As demonstrated in our previ-
ous work, when the metal layer thickness decreases, the energy
exchange between electrons and phonons decreases, resulting in
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Fig. 3. Normalized temperature distribution in metal/semiconductor bilayer films: (a) Au/Si, (¢) Cu/Si, (e) Al/Si with the thickness 10 nm of each layer; (b) Au/Si, (d) Cu/Si, (f)
Al/Si with the thickness 50 nm of each layer. The red and blue lines denote the electron and phonon temperature in metal, respectively, whereas the green line represents
the phonon temperature in the semiconductor. The black dashed line is depicted for the interface.
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by keeping the total thickness equal to 100 nm. The red squares denote the overall thermal conductivity calculated by the present framework, whereas the black circles
represent that only simulating phonon transport in metal without consideration of e-ph coupling transport.

this nonlinear tendency also decreasing, as shown in Fig. 3 (a), (c)
and (e). Besides, if the e-ph coupling constant in metal is larger,
such as Al, this nonlinear tendency is also more obvious.

The heat flux in Fig. 4 clearly shows that electrons carrying heat
in metal transfer energy to phonons near the interface through e-
ph coupling. Then combined with the phonon transmission or re-
flection at the interface, the thermal transport across the whole

system is realized. However, the heat flux in the Au/Si bilayer with
a thickness of 50 nm each layer is slightly non-conservative due
to the high thermal resistance in the system. Therefore, a denser
spatial discretization will yield greater conservation. Limited by the
computational memory, the current result in Fig. 4 (b) is displayed,
and the denser discretization does not influence the result much.
Other cases show good convergence. For a large metal layer thick-
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The orange marks represent the relative error between each other.

ness, electrons dominating conduction in a metal carry the major-
ity of the heat and rapidly transfer it to phonons near the interface,
as shown in Fig. 4 (b), (d) and (f). In comparison, the dominant role
of electrons is weakened for 10 nm thickness due to the insuffi-
cient thermalization with the boundary. Thus, the heat carried by
phonons in metal is almost numerically equivalent to that carried

by electrons, as shown in Fig. 4 (a) and (c). This weakened role for
Al with the largest e-ph coupling constant is not as evident as that
for Au, Cu and it will occur if the thickness of Al is small enough.
However, if only the phonon conduction without e-ph coupling is
considered, the heat flux in the whole system will be significantly
underestimated. This is attributed to the notably weak ability of
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phonons to conduct heat in metal, i.e., the thermal conductivity of
phonons in metal is almost two orders of magnitude smaller than
that of electrons.

For a deeper quantitative comparison, the overall thermal con-
ductivity of bilayers is calculated by k = q x L/AT, where AT is the
temperature difference across the bilayer, and L is the total thick-
ness of the bilayer, as shown in Fig. 5. q is the heat flux denoted
by the overall one in metal or the phonon one in semiconductor. In
numerical calculation, the averaged value of both is used. The left
panel shows the results of keeping each layer the same thickness
whereas the right panel shows that of keeping the total thickness
equal to 100 nm. The Au/Si bilayers exhibit the smallest thermal
conductivity, nearly one order of magnitude smaller than the Cu/Si
and Al/Si bilayers, while the thermal conductivity of Al/Si bilayers
is the highest. The reasons are as follows. For one thing, the e-ph
coupling constant is largest for Al, while the smallest for Au [42].
The larger e-ph coupling constant means stronger energy exchange
between electrons and phonons so that more energy transfer can
be achieved in Al For another, the thermal boundary conduc-
tance predicted by phonon DMM is the highest for Al/Si interface,
while the lowest for Au/Si interface. Thus, for Al/Si, more phonons
can be transmitted from semiconductor to metal, and then couple
with electrons in metal to achieve energy transfer. Considering the
above two aspects, electrons in Al/Si bilayer can carry more heat,
thereby showing the lowest resistance. However, the resistance of
Au/Si bilayer is the largest, thus the smallest thermal conductivity.
For comparison, the results that only simulate the phonon trans-
port in metal without considering e-ph coupling transport are also
shown. Generally, these results greatly underestimate the overall
thermal conductivity or even predict a wrong trend without e-ph
coupling transport. This underestimation will increase as the metal
layer thickness increases due to the electrons dominating heat con-
duction in metal. Furthermore, this underestimation for the Al/Si
bilayers is more significant than that for the Au/Si and Cu/Si bi-
layer. It is attributed to Al having the largest e-ph coupling con-
stant: a stronger ability to exchange energy between electrons and
phonons in metal. These demonstrate that the inclusion of e-ph
coupling transport in metal is significant for a more complete de-
scription of thermal transport in such metal/semiconductor bilayer
films.

Noteworthily, if the metal layer is thin enough, the dominant
role of electron heat conduction is greatly suppressed. Thus, the
thermal conductivity, calculated by neglecting the electron con-
duction and only considering the phonon conduction in metal, is
very close to that considering the e-ph coupling transport in metal.
Therefore, there might exist a critical thickness of the metal layer
below which the electron heat conduction in metal can be ignored.
Fig. 6 demonstrates this point. It shows the obtained thermal con-
ductivity by varying the metal layer thickness when holding the
Si film thickness constant at 10 nm and 50 nm, respectively. For
comparison, the relative error between with and without e-ph cou-
pling transport is also displayed. Basically, this relative error does
not change with the Si film thickness. If we can accept this rel-
ative error within 10%, this corresponds to a critical metal layer
thickness. When the thickness of Au, Cu and Al layer is larger than
this critical thickness, i.e., 12.5 nm, 7.5 nm and 2 nm in Au/Si, Cu/Si
and Al/Si bilayer films, the e-ph coupling transport in metal layer
should be considered. On the other hand, when the metal layer
thickness is smaller than the corresponding critical thickness, the
electron heat conduction can be neglected and only phonon con-
duction can be simulated for convenience. The energy exchange
strength between electrons and phonons denoted by e-ph coupling
constant is weakest for Au so that the largest thickness is required
to show the role of electron heat conduction. Nevertheless, the
quantum size effect might be significant at the thin thickness, such
as less than 5 nm, which could lead to the change of band struc-
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(c) representative structure of super-lattice with infinity periods, periodic heat flux
boundary at both sides.

ture and dispersion relation [52,53]. For the metal thickness stud-
ied in the present work, most are larger than 5 nm and thus this
quantum size effect is not taken into account as a first step.

3.2.2. Multi-layer films

In this sub-section, if we treat metal/semiconductor bilayer as
one period, we investigate the thermal transport in multilayers
with more than one period. Fig. 7 shows the schematic of one pe-
riod, two periods and infinity periods where L denotes the thick-
ness of one period. For cases of finite periods, the isothermal
boundary conditions are applied whereas the periodic heat flux
boundary is used for multilayers with infinity periods.

As for finite periods with isothermal boundary, the temperature
of T,=301 K and T,=299 K is adopted. The isothermal boundary
in the left-most metal layer is assigned on electrons and phonons
simultaneously, as shown in Appendix. At the interface, electrons
are assumed to be adiabatic whereas phonons are transmitted or
reflected, described by DMM. For infinity periods, its representative
structure is shown in Fig. 7.(c) and the periodic heat flux boundary
is applied at two sides. This boundary condition means the heat
flux through the structure is constant. Thus, only the representa-
tive structure shown in Fig. 7.(c) needs to be simulated, then real-
izing the simulation of super-lattice with infinity periods. The for-
mulation of periodic heat flux boundary is displayed in Appendix.

The normalized temperature and heat flux distribution in mul-
tilayer films including two periods and representative structure of
super-lattice are displayed in Figs. 8 and 9, respectively. For multi-
layers with two periods, both sides of the middle metal layer are
in contact with semiconductor, compared to only one side in con-
tact with semiconductor for the left-most metal layer. Thus, non-
equilibrium between electrons and phonons exists at two sides,
as shown in Fig. 8.(a) Xe[0.5, 0.75], so that the heat flux carried
by electrons is also further suppressed, as displayed in Fig. 9.(a)
Xe[0.5, 0.75]. Due to the non-equilibrium at both sides, the energy
exchange process between electrons and phonons happens twice:
one is from phonons to electrons, the other is from electrons to
phonons. From one side of the metal layer, phonons transmitted
from semiconductors or reflected by the interface in metals trans-
fer energy to electrons through e-ph scattering. Afterwards, elec-
trons that obtain energy, transport in the metal layer, and then
transfer energy to phonons when about to reach the other side of
the metal layer. Thus, the heat flux carried by electrons first in-
creases and then decreases, as shown in Fig. 9.(a) Xe[0.5, 0.75].
In comparison, for the left-most metal layer, only one side con-
tacts with semiconductor and the energy transfer is from electrons
to phonons. When the thickness of this metal layer is compara-
ble to the mean free path of electrons by e-ph scattering, a certain
amount of energy exchange between electrons and phonons can
be realized. However, for the middle metal layer in contact with
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semiconductors at both sides, the energy transfer between elec-
trons and phonons happens twice. The length for energy exchange
from phonons to electrons or from electrons to phonons is almost
half of that of the aforementioned left-most metal layer. Therefore,
due to the constraint of thickness, the energy exchange between
electrons and phonons is weakened so that the heat flux carried
by electrons is suppressed.

For metal/semiconductor super-lattice with infinity periods, the
metal layer contacts with semiconductors at both sides. Corre-
spondingly, the heat flux carried by electrons is further suppressed
and thus the dominant role of electrons is further weakened, com-
pared to bilayer films in contact with semiconductors only one
side. Thus, the metal layer thickness that shows the role of elec-
trons significant is longer. In other words, this critical thickness
for considering e-ph coupling transport is longer. Fig. 10 exactly
demonstrates this point. It shows the obtained thermal conductiv-
ity with and without e-ph coupling transport and the relative error
between each other. These results hold the Si layer thickness con-
stant at 10 nm and 50 nm, respectively, while varying the metal
layer thickness. For metal/semiconductor super-lattice with infin-
ity periods, if we want to control the relative error between with

10

and without e-ph coupling transport within 10%, it gives a critical
thickness of the metal layer, i.e. 25 nm, 19 nm and 6 nm in Au/Si,
Cu/Si and Al/Si super-lattice, respectively, as shown in Fig. 10.
When the thickness of the metal layer is larger than the corre-
sponding critical thickness, the e-ph coupling transport in metal
layer should be considered. Otherwise, the electron heat conduc-
tion is greatly suppressed, which can be neglected for convenience,
so that only phonon conduction is simulated. Besides, this criti-
cal thickness in super-lattice is nearly double that in bilayer films.
As for super-lattice with infinity periods, the metal layer contacts
with semiconductors at both sides in which the energy exchange
between electrons and phonons happen twice. Thus, the thickness
of this metal layer should be twice, so as to achieve the amount
of energy transfer numerically equivalent to that in bilayer films.
Therefore, if we accept the same relative error for both cases, the
critical thickness of the metal layer in super-lattice is about twice
that in bilayer films. Generally, within 10% error, if only one side of
the metal layer contacts with semiconductors, the critical thickness
of this metal layer is 12.5 nm, 7.5 nm and 2 nm for Au/Si, Cu/Si and
Al/Si separately. If the metal layer contacts with semiconductors
at both sides, the critical thickness is almost double, i.e. 25 nm,
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19 nm and 6 nm for Au/Si, Cu/Si and Al/Si, respectively. Overall,
it depends on whether one side or two sides of the metal layer
is in contact with semiconductors, the critical thickness is thus
given. These results are in consistent with previous researches that
electron heat conduction is greatly suppressed when the thickness

1

of the metal layer is thin enough in metal/semiconductor multi-
layer films or polymer/metal/polymer sandwich structure [48,54].
The present work provides an indication on whether consider-
ing e-ph coupling transport in metal/semiconductor multilayer
films.
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3.3. Minimum thermal conductivity

If maintain the thickness of one period constant and change
the metal layer thickness, we calculate the thermal conductivity
in this sub-section. We consider two cases: one is for bilayer film
with one period; the other is for super-lattice with infinity periods.
The results of Cu/Si, Al/Si and Au/Si multilayer films are displayed
in Figs. 11, 12 and 13 separately. It shows that the thermal con-
ductivity of bilayer films is generally larger than that of superlat-
tice. As for superlattice, both sides of the metal layer contacts with
semiconductors so that the heat flux carried by electrons is fur-
ther suppressed due to the non-equilibrium between electrons and
phonons at both sides. Thus, the thermal conductivity of super-
lattice with infinity periods is lower. Besides, for multilayer films
with finite periods, its thermal conductivity lies in between the re-
sult of one period and infinity periods. With increasing the number
of periods, the number of metal layers that contact with semicon-
ductors at both sides increases and thus the thermal conductivity
decreases.

These figures also show that there exists a minimum thermal
conductivity in multilayers if changing the metal layer thickness.
For bilayer film of one period, the thermal conductivity reaches

12

minimum when the metal layer thickness is at 15 nm, 5 nm,
25 nm for Cu/Si, Al/Si and Au/Si, respectively. For super-lattice
with infinity periods, the minimum thermal conductivity is ob-
tained when the metal layer thickness is at 35 nm, 12 nm, 50 nm
for Cu/Si, Al/Si and Au/Si, separately. Specifically, when increas-
ing the metal layer thickness, the length for e-ph scattering in-
creases. The energy exchange between electrons and phonons en-
hances and thus the dominant role of electron heat conduction in
the metal layer is improved. In contrast, while reducing the semi-
conductor layer thickness simultaneously, keeping the total thick-
ness unchanged, the phonon heat conduction in the semiconduc-
tor layer is weakened by the boundary. These two effects are con-
strained by each other so that the thermal conductivity occurs the
minimum. Additionally, the thickness corresponding to the mini-
mum thermal conductivity for super-lattice is nearly double that
for bilayer films. This relationship is similar to that whether con-
sidering e-ph coupling transport in the metal layer in Section 3.2.
If the metal layer contacts with semiconductors at both sides, a
thicker metal layer can achieve a certain amount of energy trans-
fer due to the non-equilibrium between electrons and phonons at
both sides. Thus, this relationship in thickness exist. Besides, for
super-lattice with infinity periods, the metal layer thickness at the
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the red and black squares represent the thermal conductivity of bilayer and super-lattice, respectively.

minimum thermal conductivity might be related to the mean free
path of electrons by e-ph scattering. This mean free path calcu-
lated by Eq. (9) is about 35 nm, 18 nm and 37.5 nm for Cu, Al and
Au, respectively. Correspondingly, the metal layer thickness at the
minimum thermal conductivity in super-lattice is around 35 nm,
12 nm and 50 nm. When the thermal boundary resistance pre-
dicted by DMM is large, such as Au/Si, a thicker metal layer might
be required to show the heat transport in the layer itself. Thus, the
metal layer thickness at the minimum thermal conductivity is a lit-
tle larger for Au/Si, compared to the mean free path of electrons.
For the thickness studied in this Section, the minimum is 5 nm
so that the wave-like or coherent effect is not discussed as a first
step.

These results indicate that the addition of thin metallic layers
into the thermoelectric multilayer materials might enhance its fig-
ure of merit by increasing the electric conductivity without influ-
encing the thermal conductivity significantly. Previous works have
demonstrated an improved thermoelectric power factor (the prod-
uct of the electric conductivity and Seebeck coefficient squared) in
metal-based super-lattice [7]. Then combined with the minimum
thermal conductivity, the figure of merit will be further improved.
These results will also provide the insightful indication for the ma-
nipulation of thermal conductivity in multilayers. Nevertheless, if
we set that the metal layer thickness can be decreased at most to
5 nm, the magnitude of variation in thermal conductivity of the
bilayer films is small. In comparison, for super-lattice, the thermal
conductivity of Cu/Si, Au/Si and Al/Si can vary by 16%, 16% and 8%,
respectively, due to the change in the metal layer thickness. If fur-
ther reducing the metal layer thickness that can be changed, such
as less than 5 nm, the magnitude of variation in thermal conduc-
tivity increases. However, there will be wave effect when the film
is thin enough [55]. These results show that we can manipulate
the thermal conductivity of multilayer films by changing the metal
layer thickness if holding the thickness of one period constant. This
manipulation strategy is more obvious for Cu/Si and Au/Si in super-
lattice. When the metal layer thickness is smaller than that cor-
responding to a minimum thermal conductivity, the thermal con-
ductivity decreases with increasing the metal layer thickness. Once
the metal layer thickness goes beyond the above value, the ther-
mal conductivity then increases as the increase of the metal layer
thickness. The magnitude of increase is smaller than that of de-
crease. For multilayer films with finite periods, its result lies in be-
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tween that of one period and infinity periods, and approaches to
that of infinity periods with increasing the number of periods. If
the two constituting materials have greatly large difference in con-
ducting heat, the minimum thermal conductivity might exist at the
thinnest or thickest metal layer. In other words, the thermal con-
ductivity varies monotonically at the focused scale.

4. Conclusions

In summary, by considering the e-ph coupling transport in
metal, the present work simulates the thermal transport in
metal/semiconductor multilayer films, including Au/Si, Cu/Si, and
Al/Si. The calculated thermal conductivity of the Au/Si multilay-
ers with 10 periods agrees with the experimental measurements,
further validating the present transport framework. The Knudsen
number of electrons is nearly one order of magnitude larger than
that of phonons in metal, which further supports that we can con-
sider the phonon interaction across the metal/semiconductor inter-
faces by DMM as a first step. Through comparing the thermal con-
ductivity between with and without e-ph coupling transport, we
give a critical thickness of the metal layer. When the metal layer
thickness is larger than this critical thickness, i.e. 12.5 nm, 7.5 nm
and 2 nm for Au/Si, Cu/Si and Al/Si bilayer films, respectively, the
e-ph coupling transport in the metal layer should be considered.
This critical thickness is nearly doubled for super-lattice due to the
non-equilibrium at both sides, as both sides of the metal layer con-
tacts with semiconductors in comparison to bilayer films with only
one side in contact with semiconductors. As for Au with the weak-
est e-ph coupling constant, the largest critical thickness is thus
required to show the role of electron heat conduction. Besides,
if maintain the thickness of one period constant and change the
metal layer thickness, we can obtain a minimum thermal conduc-
tivity in multilayer films. The present work promotes a deeper un-
derstanding of the thermal transport in metal/semiconductor mul-
tilayer films at the micro- and nanoscale and the manipulation of
thermal conductivity. If we want to reduce the thermal conduc-
tivity of multilayer films, two aspects can be considered: (i) from
material choice, material pairs with large thermal boundary resis-
tance predicted by DMM and the metal with low e-ph coupling
constant, such as Au/Si; (ii) from structural design, such as chang-
ing the metal layer thickness.
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Appendix: Boundary. conditions

In dealing with periodic heat flux boundary, we assume the left
and right side of the representative structure are in temperature of
T, and T, respectively. It is equivalent to imposing a uniform tem-
perature gradient (T, - Tc)/L on the representative structure. Thus,
the periodic heat flux boundary for electrons in the metal layer is
formulated as:

I.(x=0,c080 > 0) =l (x =L, cosd > 0) + IZ9(T,) — 4(T.) (A1)

It(x=L,cos® <0) =l (x=0,cos0 < 0) +(T,) - IZN(T,) (A2)
For phonons, it is:
Pwp(x=0,cos0 > 0)

= Qop(x =L cost > 0) + ¢, (Th) — ¢l (Te) (A3)
Pwp(x=1L,cosf <0)
= ¢up(x=0,c050 < 0) + ¢, (Te) — ¢l (Th) (A4)

where, 6 denotes the angle between electron or phonon velocity
direction and transport direction (i.e. x direction in Fig. 7.(c)). I
and qbep are the corresponding equilibrium intensities at the given
temperature.

Besides, for electrons and phonons in metal, the isothermal
boundary is formulated as:

I.(x=0,cos60 > 0) = (T); I (x=L,cosf <0)=LYT)

(A5)
@wp(x=0,cos0 > 0)
= ¢ng(Th)§ ¢w,P(X =L, cosf <0) = d’sfp(Tc) (A6)

The treatment of phonons in semiconductor is similar to that in
metal.
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