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a b s t r a c t
Thickness dependency and interfacial structure effects on thermal properties of AlN thin ﬁlms were systematically investigated by characterizing cross-plane and in-plane thermal conductivities, crystal structures, chemical
compositions, surface morphologies and interfacial structures using an extended differential 3ω method, X-ray
diffraction (XRD) analysis, X-ray photoelectron spectroscopy, atomic force microscopy (AFM) and transmission
electron microscopy. AlN thin ﬁlms with various thicknesses from 100 to 1000 nm were deposited on p-type
doped silicon substrates using a radio frequency reactive magnetron sputtering process. Results revealed that
both the cross- and in-plane thermal conductivities of the AlN thin ﬁlms were signiﬁcantly smaller than those
of the AlN in a bulk form. The thermal conductivities of the AlN thin ﬁlms were strongly dependent on the ﬁlm
thickness, in both the cross- and in-plane directions. Both the XRD and AFM results indicated that the grain
size signiﬁcantly affected the thermal conductivity of the ﬁlms due to the scattering effects from the grain
boundary.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction
Aluminum nitride (AlN) thin ﬁlms have been widely used in surface
acoustic wave devices [1,2], light emitting diodes [3], and micro-electromechanical systems because of their outstanding properties, such as
high piezoelectric coupling factor, excellent dielectric properties, wide
band-gap, and high thermal conductivity. With the decrease of structural dimensions and simultaneous increase of power density for many microelectronic devices, it is urgent to use high thermally conductive and
insulating thin ﬁlms or coatings, such as AlN, to replace some traditional
dielectric layers such as SiO2. Single crystalline AlN is one of the promising candidates for effective heat conductors in microelectronic devices
due to its high thermal conductivity (320 Wm−1 K−1) at room temperature [4], which makes it an ideal material to solve the thermal management problem. The bulk thermal conductivity of the AlN is signiﬁcantly
higher than those of standard dielectric materials such as silicon dioxide
(SiO2) and silicon nitride (Si3N4) [5,6]. However, thermal conductivities
of thin ﬁlm and coating materials could be substantially different from
those of their bulk counterparts [5,7–11], which are generally attributed
to two main reasons. Firstly, compared to the bulk crystalline materials,
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many thin ﬁlms prepared using deposition technologies have many impurities, dislocations, and grain boundaries, all of which tend to reduce
the thermal conductivity of the ﬁlms [6,8,11]. Secondly, even though the
ﬁlm with less defects can be prepared, it is still expected to have reduced thermal conductivity due to grain boundary scattering and phonon leakage in the thin ﬁlm materials. These two effects affect crossplane and in-plane heat transport differently, so that the thermal conductivities of the thin ﬁlms are generally anisotropic in these two directions, even though their bulk counterparts have the isotropic properties.
Therefore, precise measurement of the cross-plane (λx) and in-plane
(λz) thermal conductivities of polycrystalline thin ﬁlms such as AlN is
critical for designing or analysing the microelectronic devices. Besides
crystalline quality and compositions of AlN thin ﬁlms, the interfacial
structure between the ﬁlm and substrate is another important factor
in determining the thermal conductivity of the whole device, and is critical for the reliability and efﬁciency of the AlN based devices operated at
high powers [11]. To ensure the best thermal performance of AlN thin
ﬁlms and coatings, it is necessary to systematically study the relationships among the process parameters, microstructures such as crystallinity and interfacial properties and thermal conductivity of the ﬁlms.
This work reports a new approach to measure both cross- and inplane thermal conductivities λ of thin ﬁlms prepared on silicon substrates using magnetron reactive sputtering, in order to characterize
the thickness dependency of the ﬁlm's thermal conductivity. Experimental work and theoretical analysis have been conducted to understand the effects of crystallinity, grain sizes, and interfacial structures
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of the AlN ﬁlms on their thermal conductivities. It is for the ﬁrst time
that both the cross- and in-plane thermal conductivities of the thin
ﬁlms were measured using an improved differential 3ω method. In contrast to the commonly used thermal conductivity measurement
methods, such as laser ablation [10], AC calorimetric [12] method or
photothermal reﬂectance [5], the improved differential 3ω method is
insensitive to errors from black-body radiation because the effective
thickness of the sample is extremely small [13]. Therefore, higher accuracy and better reproducibility of the ﬁlm's thermal conductivity data
can be obtained.

2. Experimental
In this work the cross- and in-plane thermal conductivities of the
AlN thin ﬁlms were determined using the differential 3ω method,
which was originally developed by Cahill [13]. The 3ω measurement
technique was evolved from the conventional hot-wire techniques
and is currently widely used to measure the cross-plane thermal conductivity of dielectric thin ﬁlms [9,14]. As shown in Fig. 1, a thin metal
strip, with a width of 2b and a resistance Rh, is deposited on top of the
thin ﬁlm sample for simultaneous operations as both a heater and thermometer. An alternating current with an angular modulation frequency
ω is driven through the metal strip causing Joule heating and induces a
temperature oscillation ΔT(ω) at a frequency of 2ω. This results in a
voltage oscillation ΔV(ω) along the heating resistor with a third harmonic which depends on the temperature oscillation of the heater.
The temperature and voltage oscillations are the key parameters of
the differential 3ω method. Using the differential 3ω method, thermal
conductivity of a thin ﬁlm can be obtained by comparing the temperature oscillation in a ﬁlm-on-substrate structure with the corresponding
value of the substrate. The temperature variation of the ﬁlm-on-substrate structure can be experimentally measured by detecting the voltage oscillation across the metal heater, which is proportional to the
oscillating resistance value. The substrate temperature oscillation can
be determined by [14]:

ΔT ¼



P
1
4D
1
iπ
ln 2 þ ln 2−0:5772− ln ð2ωÞ−
πlλs 2
2
4
b

ð1Þ

where λs is the thermal conductivity of the substrate, D the thermal diffusivity of the substrate, P the power supplied to the metal strip, l the
length of the metal strip and i the imaginary unit, respectively.
If the thermal conductivity λf of the thin ﬁlm is much smaller than
that of the substrate material and also the width 2b of the metal strip
is much larger than the thickness df of the investigated ﬁlm, the

Fig. 1. Schematic layout of the four-pad test structure used to determine the cross-plane
thermal conductivity of a thin ﬁlm by the differential 3ω method. A metal strip serves as
both the heater and the thermometer. The four pads are the connections for current
leads (I1, I2) and voltage leads (V1, V2). l is the distance between the current leads and
2b is the strip width.

temperature shift induced by the thin ﬁlm ΔTf is given by [9]:
ΔT f ¼

P df
lλ f 2b

ð2Þ

Measurements of the in-plane thermal conductivity are less common than those of the cross-plane direction, while the methods used
are more diverse. In-plane measurements can be divided into those
for the suspended and supported ﬁlms. In general, methods for the
suspended ﬁlms are only sensitive for the in-plane thermal conductivity
and cannot properly detect the heat ﬂow in the cross-plane direction
[15]. Furthermore, the microfabrication to obtain a suspended thin
ﬁlm is sometimes a serious challenge. Therefore, the suspended ﬁlm
method is not widely used for thermal measurements in the crossplane direction of thin ﬁlms.
In this study, we used our extended variable line width 3ω method
for the supported ﬁlms because of two main reasons. Firstly, we want
to focus on simultaneously measuring the cross- and in-plane thermal
conductivities of the thin ﬁlms without changing the sample during
the measurement, which allows a precise comparison of cross- and inplane conductivities. Secondly, compared to the other methods, the variable line width technique works better for thin ﬁlms with a small to
moderate λz value [15]. The measurement principle for the in-plane
measurement is the same as that for the cross-plane 3ω measurement.
As for the cross-plane technique, the surface of the thin ﬁlm is heated
over a ﬁnite region by a metal strip, and the lateral spreading of the
heat inside the ﬁlm modiﬁes the temperature distribution, which is different from the one for a strictly one-dimensional case. The lateral heat
spreading is governed by the thickness and thermal conductivity of the
ﬁlm and also by the dimensions of the metal heater. By comparing the
temperature rises in the metal heaters with different widths, the
cross- and in- plane thermal conductivities can be obtained.
The cross-plane 3ω method requires the usages of wide metal
heaters such that the heat ﬂow is perfectly one-dimensional in the z direction, making the measurement sensitive only to the ﬁlm's crossplane thermal conductivity λz. However, it is also possible to exploit
the opposite extreme situation in which a large in-plane heat can be
generated and then spread in order to determine the value of λx [15,
16]. The narrow-heater regime can be deﬁned as (b/df)(λz/λx)1/2 of
about 0.1 or less. In this case, the thermal resistance of the ﬁlm Rf is sensitive to both λx and λz, so it is a standard practice to prepare a second
heater with a much larger width to independently obtain the in-plane
thermal conductivity λz of the thin ﬁlm. A better accuracy could be
achieved by measuring a series of multiple heater widths and ﬁtting
the observed Rf data using the following equation [16]:
"    #
  1=2 ∞
Rf
2 b
λz
b
λz 1=2
¼
∫ u−3 sin2 ðuÞ tanh u
du
df
d f =2λz bl π d f
λx
λx
0

ð3Þ

In this work, we improved the sensitivity and accuracy of the novel
in-plane measurement by measuring a series of multiple heaters with
different widths 2b and constant length l. Therefore, we deposited four
metal heaters on top of the AlN thin ﬁlm sample. The heater width
was varied between 1.5 and 20 μm in order to be able to obtain both
the cross- and in-plane thermal conductivities of the AlN thin ﬁlms
with a better accuracy. The improved metal heater setup for the thermal
conductivity measurement is shown in Fig. 2. Additional details about
the differential 3ω technique can be found from various references [9,
14,15] and are therefore not discussed in detail here. Furthermore, our
new 3ω method for simultaneously measuring the cross- and in-plane
thermal conductivity can be applied to study very thin and unconventional coating materials.
The AlN thin ﬁlms were deposited onto p-type doped silicon (100)
substrates using a radio frequency reactive magnetron sputtering process with an RF power of 5 kW. The ambient pressure and temperature
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Fig. 2. Cross-sectional schematic of the improved microstructure used for measuring both the cross- and the in-plane thermal conductivities in the same AlN thin ﬁlm. The metal strips of
line width 2b varying between 1.5 and 20 μm are deposited on the same thin ﬁlm sample. When the metal strip width is much larger than the thin ﬁlm thickness, the thermal conduction is
nearly one dimensional in the direction normal to the ﬁlm, and the cross-plane conductivity has a dominant inﬂuence on the temperature rise. On the other side, the sensitivity of the
measurement to the in-plane conductivity increases with decreasing values of the ratio of the strip width to the ﬁlm thickness.

in the deposition chamber were controlled to be 9.5 mTorr and 25 °C, respectively. An aluminum target (99.9995% purity) of 5 in. (12.7 cm) in
diameter was utilized for deposition of AlN ﬁlm with a gas mixture of
N2 (50 sccm) and Ar (10 sccm). The purity of nitrogen (N2) and argon
(Ar) gases was 99.995%. Before the AlN deposition, the substrates
were ultrasonically cleaned in acetone, ethanol, and de-ionized water
sequentially. Then, they were etched in 10% hydroﬂuoric acid (HF) solution to remove the native oxide layers on their surfaces. The substrates
were transferred into a high vacuum chamber right after being dried
using N2. The thicknesses of the deposited AlN ﬁlms were between
100 and 1000 nm in order to characterize the thickness dependency
of the ﬁlm thermal conductivity. After the deposition process, the ﬁlm
thickness was measured using a surface proﬁlometer (Tencor P-20H).
The metal heaters were deposited onto the thin ﬁlm sample using a
lift-off process. Gold (Au) was used as the heater material because of
its high temperature stability and high temperature coefﬁcient of resistance. The lithography mask used here was designed to yield gold
heaters of line widths varied between 1.5 and 20 μm and a length of
9 mm on the same die as shown in Fig. 2. Measured data obtained
from the metal heaters with varied widths enable one to extract both
the cross- and in-plane thermal conductivities of the same AlN thin
ﬁlm sample. The Au-heater was about 500 nm in thickness. Between
the AlN thin ﬁlm and the Au strip, a 60 nm thin platinum titanium
layer was pre-deposited to improve the adhesion strength.
The main challenge of the experimental setup is the reliable extraction of the 3ω voltage signals from the voltage oscillations of the thin
ﬁlm sample, since the amplitude of the 1ω voltage is typically 100 to
1000 times larger than that of the 3ω voltage [9]. Therefore, an appropriate electrical circuit, consisting of a differential lock-in ampliﬁer
and a bridge circuit, is needed. Fig. 3 shows a schematic diagram of
the experimental setup used to extract the 3ω component of the voltage
along the metal heater. An internal signal generator of the digital lock-in

ampliﬁer (Anfatec Instruments eLockIn204/2) produces the alternating
heating current. The generated heating current contains a low harmonic
distortion, because any third harmonic content in the signal generator
can induce interfering signals during the thermal conductivity measurement. Due to the ﬁnite dynamic reserve of the lock-in ampliﬁer (24 dB),
the suppression of the 1ω voltage from the 3ω signal is accomplished by
a bridge circuit balanced by adjusting the series reference resistance Rref.
The reference resistance Rref needs a low temperature coefﬁcient of resistance and also a low thermal resistance to the environment to minimize any spurious 3ω artifacts, which could inﬂuence the
measurement of the third harmonic voltage. To properly detect the 1ω
and 3ω voltage signals, a differential lock-in ampliﬁer with a bandwidth
of 0.1 Hz up to 2 MHz was used. In order to reduce radiation and convection losses, the measurement was performed inside a vacuum chamber
with a pressure less than 3.1 Pa.
The crystal structures of the AlN ﬁlms were studied by X-ray diffraction (XRD). The surface morphologies and surface nodule sizes of the
AlN ﬁlms were investigated by a Bruker Dimension 3100 atomic force
microscope (AFM). The AlN/Si interface region, which is considered as
an important factor for thermal performance, was examined by crosssectional transmission electron microscopy (TEM). The structures of
the AlN/Si interface were investigated by Tecnai G2 F20 TEM with an accelerating voltage of 200 kV. Additionally, the grain sizes of AlN ﬁlms
were investigated by the TEM and then compared with those estimated
by the Scherrer equation from the XRD analysis. As a semi-quantitative
method, X-ray photoelectron spectroscopy (XPS) was also employed to
analyze the chemical compositions of the deposited AlN ﬁlms.
3. Results and discussion
In this study, the differential 3ω technique was used to analyze the
thickness dependency of the cross- and in-plane thermal conductivities

Fig. 3. Schematic circuit diagram used to extract the 3ω voltage component from the voltage signal across the metal strip deposited on the sample.
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of the AlN thin ﬁlms. Firstly, the thermal conductivity λs of the Si substrate must be determined in order to set the ΔT reference for the differential 3ω method. The thermal conductivity of the Si substrate
determined by Eq. (1) is 141 Wm−1 K−1, which is approximately 5%
smaller than the literature value of pure Si 148 Wm−1 K−1 [9,13,14]
and about 6% higher than the literature value of p-doped Si
134 Wm−1 K−1 [17]. It is evident that this discrepancy is mainly due
to the impurity scattering by the doped boron in the silicon substrate
[11]. The random error of the measurement for a given AlN or Si sample,
based on ten or more measurements, was found to be better than 3% in
all cases.
Table 1 lists the experimental results of the cross- and in-plane thermal conductivities of the AlN ﬁlms as a function of the ﬁlm thickness.
The thermal conductivity values of the AlN ﬁlm samples with thicknesses varied from 100 to 1000 nm are between 3.2 and
14.9 Wm− 1 K− 1 for the cross-plane cases and between 10.2 and
18.6 Wm−1 K−1 for the in-plane cases. Table 1 indicates that the inplane thermal conductivities of the AlN thin ﬁlms are signiﬁcantly
higher than the cross-plane ones. The main reason to explain this result
is that along the in-plane direction, phonons traveling along directions
parallel to the interface are not disturbed, whereas those along the
cross-plane direction have a limited mean free path due to the ﬁlm
thickness and boundary scattering at the interfacial structures between
the thin ﬁlm and substrate [15]. The experimental values for both the
cross- and in-plane directions are substantially lower than those of the
corresponding bulk material which is around 320 Wm−1 K−1 [4]. Furthermore, the ﬁlm thermal conductivity values of both the cross- and
in-plane directions increase with the ﬁlm thickness, but the increase
rate of the cross-plane conductivity gradually decreases with increasing
the ﬁlm thickness as shown in Fig. 4.
In order to correlate the measured thermal conductivity values with
the microstructures of the ﬁlm, XRD patterns of AlN (220) peaks have
been obtained and the results are summarized in Fig. 5. XRD analysis reveals that the AlN thin ﬁlms are of crystalline structure regardless of the
thickness. It was reported that the grain size signiﬁcantly affected the
thermal conductivity due to the grain boundary scattering effect and
larger grain size enhanced the thermal conductivity because of the longer phonon mean free path [6,8]. According to this ﬁnding, the results of
the XRD analysis in this study were used to determine the grain sizes of
the AlN thin ﬁlms. The average grain size of the thin ﬁlm can be calculated using the Scherrer equation:
DP ¼

K γ
β  cosθ

ð4Þ

where K is the dimensionless shape factor, γ the X-ray wavelength, β
the line broadening at half the maximum intensity (FWHM) in radians,
θ the Bragg angle, respectively. Table 1 lists the determined average
grain size values as a function of the AlN ﬁlm thickness. The values for
the grain size are between 11 and 119 nm for the AlN ﬁlms with

Fig. 4. Cross- and in-plane thermal conductivity of AlN thin ﬁlms as a function of ﬁlm
thickness. The squares represent the experimental data of the in-plane conductivity and
the diamonds the cross-plane conductivity data obtained in this study by an advanced
differential 3ω method.

thicknesses varied from 100 to 1000 nm. The average grain size values
increase with the ﬁlm thickness. To verify the grain size estimated by
the Scherrer equation, the average grain size of the 300 nm AlN ﬁlm
was investigated using the TEM, and the obtained grain size value of
the 300 nm AlN ﬁlm is about 26 nm. This is nearly the same value
which was obtained using the Scherrer equation.
To support the grain size estimation by the Scherrer equation and
TEM analysis, the surface morphologies and average surface nodule
sizes of the AlN ﬁlms were investigated by AFM. Fig. 6 presents the
AFM images showing the surface morphologies of the 300, 500, and
700 nm AlN ﬁlms with smooth surfaces and uniform grains. With the
decrease of ﬁlm thickness, no obvious changes in surface roughness
were observed. The average surface nodule sizes for AlN ﬁlms with
ﬁlm thicknesses of 300, 500, and 700 nm are 31, 59, and 77 nm, respectively, suggesting that the surface nodule size decreases slightly with
decreasing ﬁlm thickness. Therefore, the surface nodule sizes for the
AlN thin ﬁlms measured by the AFM support the grain size results obtained by the Scherrer model. According to these results, it can be derived that the increased thermal conductivity of the AlN thin ﬁlms for
a thicker ﬁlm is primarily due to the increase in the grain size. In addition, the reduction of the thermal conductivity values in comparison
to the bulk values can be attributed to the shorter mean free path of
the phonons.
Slack et al. [6] reported that the grain size signiﬁcantly affected the
thermal conductivity due to the grain boundary scattering, because a
smaller grain size could decrease the thermal conductivity of the ﬁlm
due to the shorter phonon mean free path. Furthermore, Choi et al.
[11] and Pan et al. [8] analyzed the XRD patterns of the AlN thin ﬁlms
in order to correlate the measured thermal conductivity with the microstructure of the ﬁlms. They found that according to the XRD results, the
increased thermal conductivity of thicker AlN thin ﬁlms was primarily
due to the increase in the grain size [6,8,11]. The experimental results
obtained from our AlN thin ﬁlms support this observation.

Table 1
Experimental results of the cross- and in-plane thermal conductivity of AlN thin ﬁlms by
the differential 3ω method, the average grain size of the investigated AlN thin ﬁlms determined by the results of the XRD measurements by Eq. (4) and the calculated thermal conductivity of the polycrystalline AlN ﬁlms with different grain sizes by Eq. (5).
Film
Thermal conductivity Average grain
thickness value λf
size value DP
df
[Wm−1 K−1]
[nm]
[nm]
Cross-plane In-plane
λx
λz

Thermal conductivity values
calculated by Slacks model λp
[Wm−1 K−1]

100
300
500
700
1000

16
37
55
75
114

3.2
8.5
11.0
13.2
14.9

10.2
12.5
13.9
16.4
18.6

11
28
45
66
119

Fig. 5. The XRD 2θ scan patterns (0002) of AlN thin ﬁlms deposited on Si substrates. The
thickness of the thin ﬁlms varied between 100 and 1000 nm.
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Fig. 6. The AFM images of AlN ﬁlms deposited on Si substrates with ﬁlm thicknesses of a) 300 nm, b) 500 nm, and c) 700 nm to study the surface morphology and average surface nodule
size.

Slack et al. [6] proposed a model for the grain-size dependence of the
cross-plane thermal conductivity of the polycrystalline AlN. In this
model, the thermal conductivity λ of the polycrystalline AlN with an average grain size of Dp can be determined by:
λ−1
p ¼



C −1
Dp  v 
þ λ−1
pp
3

ð5Þ

where v is the average sound velocity (6.98 × 103 m·s−1), C is the speciﬁc heat capacity per volume, and λpp is the thermal conductivity of the
AlN single crystal. Using the average grain sizes obtained from the XRD
results, the thermal conductivity of the polycrystalline AlN ﬁlms with
the grain sizes between 11 and 119 nm can be calculated using the
Slack's model. The results are listed in Table 1. The calculated values
suggest that the difference in the grain sizes for the different ﬁlm thicknesses changes the thermal conductivity of the AlN ﬁlm. However, the
calculated thermal conductivity λ values are higher than the experimental data of our AlN ﬁlms. This is reasonable since only the grain
boundary scattering effect has been taken into account in the Slack's
model. In other words, the obtained data imply that there are other
mechanisms besides the grain boundary scattering which signiﬁcantly
affect the thermal conductivity in our study.
XPS was employed to analyze the chemical compositions of the deposited AlN ﬁlms. Table 2 shows the obtained atomic ratios of Al, N, and
O elements of each AlN ﬁlm. As a common impurity of sputtered AlN
ﬁlms, the oxygen impurity was observed in all the AlN ﬁlms in this
study. The ratios of oxygen content in ﬁlms, which were ﬂuctuant
with a poor dependence on ﬁlm thickness, are in the range between
9% and 11%. Oxygen, which is a part of air, is hard to be completely removed from the vacuum chamber. During the growth of AlN ﬁlms, the
residual oxygen atoms in the chamber can easily form Frenkel and or
Schottky-type defects in the AlN lattice. It should be noted that XPS is
a semi-quantitative characterization method, thus the atomic ratios
gained from XPS data might not be the exact concentrations of oxygen
defects in our AlN ﬁlms (generally over-estimated).
It is noticed that the calculated effective thermal conductivity by Eq.
(5) Slack's model [6] is higher than the experimental data of our AlN
ﬁlms. This difference may be caused by the phonon scattering induced
by oxygen defects as supported by XPS results, and/or other

mechanisms such as a lattice mismatch at the AlN/Si interface. For
thin ﬁlms, the interfacial region near the substrate generally has
distorted or amorphous microstructures because of the lattice mismatch and the existence of surface defects. Furthermore, the oxygen
content, which causes the phonon scattering of defects and leads to a reduction in thermal conductivity, shows a weak correlation with the ﬁlm
thickness, as indicated by the XPS data. In other words, the improvement of interface structure may be a main reason for the enhancement
of thermal conductivity of the investigated AlN ﬁlms in our study.
In Fig. 4, there is a signiﬁcant decrease in the cross-plane thermal
conductivity at around 300 nm, which is due to a lattice mismatch at
the AlN/Si interface. For thin ﬁlms, the interfacial region near the substrate generally has distorted or amorphous microstructures because
of the lattice mismatch and the existence of surface defects [8,11]. Consequently, considering the differences in the lattice constants of the AlN
(3.2 Å) and Si (5.3 Å), it is expected that the AlN thin ﬁlm might have a
graded interfacial layers, thus the thermal conductivity of the 300 nm
thick ﬁlm in Fig. 4 could be an average values of this graded layer
structure.
To support this theoretical statement, the structures of the AlN/Si interface were further investigated by TEM. Fig. 7 shows the typical TEM
bright-ﬁeld image taken at the AlN/Si interface of the 300 nm AlN
ﬁlm. A thin amorphous AlN layer with a thickness of about 5 nm can
be observed at the interface of the ﬁlm. However, the texture quality

Table 2
The atomic ratio of aluminum, nitrogen, and oxygen in the deposited AlN ﬁlms obtained
by XPS measurements.
Film thickness df
[nm]

Aluminum
[%]

Nitrogen
[%]

Oxygen
[%]

100
300
500
700
1000

58.1
57.2
58.4
56.9
55.9

32.1
32.3
31.9
33.1
34.6

9.8
10.5
9.7
10.0
9.5

Fig. 7. The cross-sectional TEM image of the 300 nm thin AlN ﬁlm deposited on Si substrate
in order to investigate the structure of the AlN/Si interface.
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in the vicinity of the amorphous layer is much better than that of the interface region. The evolution of amorphous and disordered AlN/Si interfacial region in the AlN thin ﬁlm reveals that the interface scattering is
another important factor, which inﬂuences the thermal conductivity
of the thin ﬁlms, especially in the cross-plane direction.
This amorphous interfacial layer has also been observed by other
groups in sputtered AlN ﬁlms on Si substrates [8,18–20]. Therefore, it
is reasonable to propose that the evolution of AlN regions with poor
crystalline quality at the AlN/Si interface may have signiﬁcant inﬂuence
on the differences between the cross- and in-plane thermal conductivity values of thin ﬁlm samples.
Based on the work of Cahill [13] and Jacquot et al. [4], amorphous
AlN has a lower thermal conductivity than polycrystalline AlN since
there is no coherence in the atomic vibration of amorphous AlN. Therefore, our AlN samples can be considered as a two-layered structure with
a low thermal conductive amorphous/disordered interfacial layer and a
relatively high thermal conductive top polycrystalline AlN layer. By simply assuming that the ﬁlm is composed of two distinct layers having
thermal conductivities of λ1 and λ2 for the ﬁlms with thicknesses of d1
and d2, respectively, the relationship between effective thermal conductivity λeff with the other parameters can be expressed by:
ðd1 þ d2 Þ d1 d2
¼
þ
λeff
λ1 λ2

ð6Þ

According to Eq. (6) and the results of the cross-sectional TEM, it is
clear that the lower thermal conductivity in the interfacial region causes
the signiﬁcant decrease in the effective thermal conductivity at a ﬁlm
thickness of about 300 nm.
4. Conclusion
This work presents a modiﬁed measurement procedure to determine the cross- and in-plane thermal conductivities of the AlN thin
ﬁlms. In this study, the differential 3ω technique was used to analyze
the thickness dependency of the cross- and in-plane thermal conductivity of AlN thin ﬁlms deposited using the magnetron reactive sputtering.
The experimental results have shown that both cross- and in-plane
thermal conductivities of the AlN thin ﬁlms are signiﬁcantly reduced
compared to that of their bulk material counterparts. Furthermore, the
ﬁlm thermal conductivity values of both the cross- and in-plane ones increase with the ﬁlm thickness, but the increase rate decreases gradually
with increasing the ﬁlm thickness for the cross-plane direction case. The
XRD, AFM and TEM results indicated that the grain size of sputtered AlN
ﬁlms increases with the increase in ﬁlm thickness. According to these
results, the increased thermal conductivity of the AlN thin ﬁlms at a
large ﬁlm thickness is primarily due to the increase in the average
grain size of the ﬁlms. Theoretical analysis suggested that the difference
of thermal conductivity values contributed by grain boundary scattering
cannot fully explain the experimental data. It was considered that the
amorphous and disordered interfacial regions at the AlN/Si interfaces,
which have a much lower thermal conductivity than the polycrystalline
AlN, played another important role in the differences in the thermal
conductivity. This argument was supported by the results of the crosssectional TEM, which demonstrated that the amorphous and disordered
layer at the interface obviously inﬂuenced the heat transport in the
cross-plane direction of the AlN ﬁlm. The results indicated that improving the interfacial properties will signiﬁcantly increase the thermal conductivity and promote the applications of AlN thin ﬁlms in

microelectronic devices. Additionally, this work showed that the AlN
thin ﬁlms can be used in microelectronics and MEMS applications to replace conventional dielectric layers such as SiO2, and a heat-conducting
layer owing to their signiﬁcantly higher cross- and in-plane thermal
conductivities. Finally, it should be noted that the difference between
the experimental data and theoretical calculation also implies some
other mechanisms inﬂuencing the thermal conductivity of the investigated AlN thin ﬁlms, which is worth further investigations.
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