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Sandwich structures of aluminum oxide, nickel, and aluminum oxide films are fabricated by atomic
layer deposition to study thermal interfacial resistance between a metal and a dielectric material
and the interfacial coupling effect across a thin metal layer. Thermal resistance of a thin nickel
layer as well as two interfaces is measured using the 3x method. Experimental results show
interfacial resistance between nickel and aluminum oxide to be 6:8  103 mm2 K=W at 300 K,
with a weak dependence on the metal thickness and temperature. A two-temperature model and a
detailed diffuse mismatch model have been used to estimate interfacial resistance theoretically, and
the results agree reasonably well with experiments. Estimations from the two temperature model
indicate that in the overall thermal interfacial resistance, the phonon-phonon interfacial resistance
dominates over the resistance due to the electron-phonon coupling effect and inside the metal layer.
Also, the phonon-phonon interfacial resistance does not vary as the metal layer thickness decreases
below the electron-phonon cooling length, indicating that the two adjacent interfaces are not thermally coupled. Published by AIP Publishing. https://doi.org/10.1063/1.5006174

As the thickness of thin films in integrated circuits
decreases, the interfacial resistance between metals and
dielectric components1 (102 mm2 K=W) becomes comparable to or even larger than the thermal resistance of thin
films (10 nm). Due to different main carriers of thermal
energy in dielectric and metals, electron-phonon non-equilibrium occurs near interfaces. However, it has been shown that
when the metal layer thickness decreases to be comparable
to the phonon mean free path, phonons can transport through
the metal layer,2 while electrons do not participate much
in thermal transport. Furthermore, in nanostructures with
a higher interface density and minimal lattice mismatch,
coherent phonons are also found to decrease the total thermal
resistance.3–6 Similarly, the cooling length is also studied as
the length where electrons and phonons reach equilibrium
for metal-dielectric interfaces.7 For a sandwich structure
with a metal layer in the middle, the metal layer is responsible for electron-phonon coupling of two interfaces. A shorter
metal thickness than the cooling length also interferes with
the electron-phonon coupling effect. Both findings indicate
that interfaces are no longer isolated but dependent on the
thickness of the thin film that separates them. The first finding is studied both theoretically and experimentally. The second one, however, needs more work.
In this work, we use the differential 3x method to measure the interfacial resistance of a thin nickel layer sandwiched between two aluminum oxide layers, with the nickel
layer thickness varying from 10 nm, 15 nm to 30 nm. The
temperature dependence of the interfacial resistance is also
studied. The two temperature model and diffuse mismatch
model (DMM) are used to calculate the theoretical interfacial
resistance, which agrees reasonably well with experimental
values. Overall, thermal resistance is dominated by phonon
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mismatch resistance. Since phonon mismatch resistance does
not vary even when the metal layer thickness decreases
around the cooling length, the two adjacent interfaces in our
sandwich structures are not thermally coupled even as the
nickel layer falls below the electron cooling length.
We have fabricated two sandwich structures in this work
to measure the interfacial resistance between nickel and aluminum oxide, illustrated in Fig. 1. Schematic views are
shown along with TEM images (Transmission Electron
Microscope). Before film depositions, silicon wafers were
cleaned using the RCA method (the Radio Corporation of
America), and any residues or silicon oxide layer on the surface were removed by dipping in HF (Hydrogen Fluoride).
Both aluminum oxide and nickel layers are deposited using
atomic layer deposition (ALD) to ensure the smooth interfaces and consistent thickness. On sample A, the reference
sample, a 40 nm aluminum oxide layer is deposited on the
silicon substrate. For samples B and C with the Ni layer, a
20 nm aluminum oxide layer is deposited followed by a thin
layer of nickel and then another 20 nm aluminum oxide
layer. The aluminum oxide layer is deposited at 250  C with
a rate of 0.12 nm/cycle, and the nickel layer at 250  C with a
rate of 0.2 A/cycle with the thickness varying from 10 nm,
15 nm, to 30 nm. A layer of Pt is deposited on the structures
during FIB (Focused Ion Beam) lift-off, only intended for
TEM images.
For thin film and interfacial resistance measurements,
the time-domain thermoreflectance (TDTR) method8 and the
differential 3x method9–11 are widely applied. Both methods
yield reliable results.12 The formal one shines a pulsed heating laser as well as a weaker probe laser on the metal surface. By monitoring the transient thermal response of these
ultrashort pulses, interfacial resistance is obtained. The differential 3x method measures the total thermal resistance
difference between the thin film sample and the reference
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FIG. 1. Sandwich structures in our work
for the thermal interfacial resistance
measurement. (a) Sample A, 40 nm alumina on silicon. (b) Sample B, 10 nm Ni
layer inserted. (c) Sample C, 30 nm Ni
layer inserted.

where Ri stands for interfacial resistance between nickel and
alumina, which is about half of the total thermal resistance

difference measured by the 3x method. Uncertainties evaluated as ðDT=pÞRþF  ðDT=pÞR at different frequencies are
collected regarding Eq. (2), which produce most uncertainties.
Uncertainties are valued in a similar fashion for thicknessdependent and temperature dependent thermal conductivity.
To study the potential interface coupling effect when the
thickness of the middle metal thin film is comparable to
twice the electron-phonon cooling length, the interfacial
resistance is measured as a function of different nickel layer
thicknesses. When the metal layer is thinner than or comparable to the phonon mean free path, long-wavelength coherent phonons will travel ballistically through two interfaces as
one coupled interface, rather than experiencing two interfaces separately, resulting in lower overall thermal resistance.3
This is how interfaces become coupled due to ballistic
transfer of phonons. If the nickel film is much thicker than
most of the phonons’ mean free path, most phonons will
travel across two interfaces separately. The cooling length
stands for the electron-phonon non-equilibrium distance.7 As
the metal layer connects two metal-dielectric interfaces,
electron-phonon coupling is affected once the metal layer is
thinner than twice the cooling length, resulting in thicknessdependent interfacial resistance. Considering that the mean
free path for nickel is around 5 nm and the cooling length is
around 15 nm, the nickel layer thickness is chosen as 10 nm,
15 nm, and 30 nm, and the interfacial resistance is 6:760:6
103 mm2 K=W; 6:760:8  103 mm2 K=W; and 7:060:7
103 mm2 K=W, respectively. The results from the 3x
measurement are shown in Fig. 2.

FIG. 2. Characterization of the thickness-dependent thermal interface resistance using the differential 3x method.

FIG. 3. Temperature dependence of the thermal interfacial resistance measured using the differential 3x method, compared with TTM results.

sample to obtain interfacial resistance. However, temperature control of TDTR is more difficult compared to the 3x
method, as the pulsed heating laser has the tendency to excite
electrons in the surface metal film rapidly.
In this work, we apply the differential 3x method. The
Ti/Au metal line of 3 mm long and 30 lm wide is later patterned by photolithography for the 3x measurement. An AC
current of frequency x is applied to the metal line, resulting
in a temperature oscillation amplitude DT and a voltage of
3x frequency. Three lock-in amplifiers are utilized to monitor metal line v1x ; v3x , and power consumption p. For a bulk
sample, DT can be expressed as
ð
2v3x
p 1
sin2 ðkbÞ
¼
dk; (1)
DT ¼
v1x Crt pk 0 ðkbÞ2 ðk2 þ 2ix=DÞ1=2
where p is the power consumption across the metal line, k
and D are the thermal conductivity and thermal diffusivity of
the sample, b is the half width of the metal line, and v1x and
v3x are the voltage across the metal line with frequencies x
and 3x, respectively. In this work, the samples A and B are
measured separately, leading to different temperature oscillations and total thermal resistance difference DR11 as
 
  !
DT
DT

DR ¼ 2bl
p B
p A
¼ RNi þ 2Ri  2Ri ;

(2)
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The temperature dependence of the interfacial resistance
is taken using liquid nitrogen to provide the temperature as
low as 130 K. The result is shown in Fig. 3, indicating that
the interfacial resistance does not depend much on temperature changes either.
Due to differences in main heat carriers, electrons and
phonons at different sides of the interface between the metal
and dielectric materials may have a large difference in kinetic
energy, when the electron-phonon coupling effect could be
significant.2,13 It is more reasonable to combine both the
electron-phonon coupling effects with the phonon mismatch
model than to apply either of them alone. Electron inelastic
scattering across the interface is also possible for materials
with high electron density. The two-temperature model7,13–18
is a simple approach to implement the electron-phonon coupling effect by assuming two different temperatures for phonons and electrons separately across the interface.
The overall interfacial resistance consists of a phononphonon scattering resistance Rpp , an electron-phonon coupling component Rep , electrical inelastic scattering resistance
Rei , and phonon transport channel inside the metal layer Rp ,
as shown in Fig. 4.19 Rpp is the thermal interface resistance
when phonons travel across the interface. Compared to phonons in the nickel film, electrons are more efficient in heat
transfer, and thus, most energy is transferred to nickel electrons through electron-phonon coupling component Rep . Re
is the thermal resistance for nickel electrons. For thermal
energy remained in nickel phonons, Rp is the thermal resistance for phonons across the nickel film. On the other hand,
Rei stands for the process where electrons in alumina transfer
energy directly to nickel electrons without participations of
any phonons. Because of the low density of electrons in aluminum oxide, Rei is neglected in this work.
Compared to the acoustic mismatch model (AMM)20,21
which works on ideal interfaces, the diffuse mismatch model
(DMM)21 is more suitable in this case for modeling the
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phonon scattering term Rpp as grain boundaries in the nickel
layer shown in Fig. 1 are visible. Certain modifications22 are
proposed for high temperatures, by introducing and relying on
parameters fitted with experimental data, although the use of
such fitting parameters may take the agreement coincidental.
By assuming that phonons lose their memories and randomize
directions across the interface, DMM utilizes the detailed balance as aA!B ¼ aB!A to calculate transmission coefficient
aA!B and thermal interfacial conductance hA!B as
aA!B ðx0 Þ
¼X

X

DOSB;j ðxÞvB;j ðxÞdx0 ;x

j

DOSA;j ðxÞvA;j ðxÞdx0 ;x þ

j

X

DOSB;j ðxÞvB;j ðxÞdx0 ;x

;

j

(3)
hA!B ¼

1
4

Xð
j

hxDOSA;j vA;j aA!B

@f
dx;
@T

(4)

where h is the thermal interfacial conductance, 
h is reduced
Planck’s constant, DOSA;j is the phonon density of state of
mode j and material A, v is the phonon group velocity, f
is the Bose-Einstein distribution function, and d is the
Kronecker delta function. From these two equations, we are
able to calculate thermal interface resistance based on DMM
with phonon dispersions, known by lattice dynamics, shown
in Fig. 5. Only acoustic phonon branches of aluminum oxide
are considered since the frequencies of nickel phonons have
little overlap with other phonon branches in aluminum oxide
and thus a negligible transmission coefficient. It should be
noted that nickel is polycrystalline and aluminum oxide is
amorphous in experiments due to the fabrication process,
while in lattice dynamics, we assume the crystallized structure
for simplification. Regarding the electron-phonon coupling
effect, two different temperatures assigned for electrons and
phonons are coupled as
@ 2 Te
 Gep ðTe  Tp Þ ¼ 0;
@z2
@ 2 Tp
kp 2 þ Gep ðTe  Tp Þ ¼ 0;
@z
ke

(5)

where Gep is the electron-phonon coupling factor for the
metal material,15,23 ke is the electron thermal conductivity,

FIG. 4. Thermal resistance network between nickel and aluminum oxide.

FIG. 5. Detailed phonon dispersion of aluminum oxide and nickel.
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and kp is the lattice thermal conductivity of the metal, calculated using non-equilibrium molecular dynamics (NEMD).24,25
Gep is chosen as the bulk value for the electron-phonon coupling factor. It is reported to consist of the bulk and surface
electron-phonon coupling component, with the former one
varying with the thin film thickness below the mean free path
of phonons.26–28 However, quantitative estimation of Gep in
the range of 10 nm to 30 nm still needs additional work in further studies. In our work, because of the low contribution of
electron-phonon coupling to total thermal interface resistance,
only the bulk coupling factor is applied. With further mathematical deductions,7 Rep can be calculated as
Rep ¼



ke
ke þ kp

3=2 

1=2

1
Gep kp

:

(6)

Direct phonon transfer within the nickel layer Rp can be
approximated as d=kp , where d is the thickness of the nickel
layer. For nickel,25 kp is 5.5 W/mK for the 10 nm film,
6.4 W/mK for the 15 nm film, 8.9 W/mK for the 30 nm film,
and 18 W/mK for bulk nickel. On the other hand, ke remains
around 40 to 60 W/mK for 10 nm to 30 nm nickel films.29
The total thermal interfacial resistance Ri is calculated as
Ri ¼ Rpp þ Rep ==

Rp
Rp Rep
¼ Rpp þ
:
2
Rp þ 2Rep

(7)

The theoretical values together with the experimental values
are listed in Table I. First, the phonon transmission resistance
component dominates the overall thermal interfacial resistance due to the highly lattice mismatch between nickel and
aluminum oxide. On the other hand, Rp increases with the
increasing metal layer thickness, while Rep decreases. The
combination of Rp and Rep indicates the possible highest resistance between the 10 nm and 30 nm nickel layer. However, it
is still much smaller and less important than phonon mismatch
resistance to have a high impact.
With the temperature changing from 130 K to 300 K, the
electron-phonon coupling coefficient Gep decreases from
2:88  1017 W m3 K1 at 300 K to 5:62  1017 W m3 K1
at 130 K. However, interfacial resistance barely changes,
both theoretically and experimentally. Since the Debye temperature of nickel is relatively low at 450 K and aluminum
oxide at 873 K, the temperature range of 130 K to 300 K is
not sufficient to observe temperature dependent phonon
transmission resistance. Thus, as the dominant phonon mismatch resistance is not sensitive to temperature, the overall
estimated interface resistance remains almost constant even
if Gep changes significantly.
In conclusion, we fabricated sandwich structures of
nickel and Al2 O3 and used the differential 3x method to
TABLE I. Interfacial resistance with different Ni thicknesses.
Ni layer (nm)

Rp =2

Rep

10
15
30

0.91a
1.67
1.69

0.79
0.74
0.63

Rep ==

Rp
2

0.42
0.51
0.46

Interfacial resistance unit as 103 mm2 W=K.

a

Rpp

Ri;theo

Ri; exp

3.04
3.04
3.04

3.46
3.55
3.50

6.7
6.7
7.0

measure interfacial thermal resistance. Theoretical estimation
is also made using the two temperature model along with
detailed DMM. The overall interfacial resistance from experiments agrees reasonably well with theoretical prediction.
Phonon mismatch is still the dominating mechanism for the
interfaces between nickel and aluminum oxide. Interfaces
remain independent even when the thickness of the metal
layer decreases to the electron-phonon cooling length.
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