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We investigate the effects of Al doping on the thermal conductivity and thermal boundary resistance of a-Si

thin films. Au/Al-doped a-Si/Si structures were prepared by depositing Al-doped amorphous Si films of

different Al doping concentrations and thickness on Si substrates by magnetron sputtering. The thermal

resistances of the structures were measured to calculate the thermal conductivities of the films. The

thermal conductivities of the 150 nm-thick films were higher than those of 100 nm-thick films, and a sharp

increase in thermal conductivity with increasing Al doping concentration was observed in the 150 nm-thick

films but not in the 100 nm-thick films. Furthermore, the thermal boundary resistances at the two

interfaces in the structures also increased with increasing Al doping concentration. Our findings could be

used to tailor the thermal resistance of materials for thermal management in semiconductor devices as

well as for development of thermal barrier coatings and thermoelectric materials with good performance.
Introduction

Amorphous Si (a-Si) has previously been difficult to dope due to
its high defect density, which has prevented the application of
a-Si in semiconductor devices.1 Since the discovery of hydro-
genated amorphous Si and the ability to efficiently dope this
material, a-Si has become widely used in various semiconductor
devices such as photovoltaic solar cells, thin-lm transistors,
image sensors, and data memories.2 For example, the use of a-Si
thin lms has enabled low-cost mass production of photovol-
taic solar cells, because a-Si can be deposited at very low
temperatures on inexpensive large-area substrates such as
glasses and plastics.3 In addition to semiconductor device
applications, a-Si also shows great potential in thermoelectric
applications due to its low thermal conductivity. Although the
electrical and optical properties of amorphous semiconductors
have been studied extensively, the thermal properties have not
been thoroughly investigated.4–7 Thermal transport in amor-
phous solids is quite different from crystalline materials, and
the phonon-gas model is no longer valid in amorphous solids.
Various theoretical models such as the Einstein model,8 the
minimum thermal conductivity model,9 the fraction model,10

and the diffusion model11,12 have been proposed to describe
thermal transport in amorphous solids. Despite these theoret-
ical models, experimental studies on the thermal conductivities
of amorphous solids are still limited. Furthermore, thermal
-2-1 Sengen, Tsukuba 305-0047, Japan.

Susono-city, Shizuoka 410-1195, Japan

hemistry 2017
boundary resistance, which plays an important role in nano-
structured materials that have many interfaces,13–15 is even less
explored than thermal conductivity. Investigation of the
thermal conductivity and thermal boundary resistance of a-Si-
based materials is crucial for thermal management in semi-
conductor devices and for the development of efficient thermal
barrier coatings and thermoelectric materials.

In this study, we investigate the effects of Al doping on the
thermal conductivity and thermal boundary resistance of a-Si
thin lms. We deposited Al-doped a-Si thin lms of different Al
doping concentrations and thickness on Si substrate by
magnetron sputtering and then deposited an Au lm on top of
the lms. We then measured the thermal resistances of the Au/
Al-doped a-Si/Si structures to calculate the thermal conductivi-
ties of the Al-doped a-Si thin lms. We found that the thermal
conductivities of 150 nm-thick lms are higher than those of
the corresponding 100 nm-thick lms at the same Al doping
concentration. Furthermore, as the Al doping concentration
increases, a sharp increase in thermal conductivity is observed
in the 150 nm-thick lms, but not in the 100 nm-thick lms.
Furthermore, the thermal boundary resistances at the two
interfaces in the structures also increase with increasing Al
doping concentration. We discuss the underlying mechanisms
of the results.
Experimental

Al-doped a-Si thin lms were deposited on intrinsic single
crystalline Si substrate (0.5 mm thick) by RF magnetron sput-
tering using a laboratory-built combinatorial sputtering system
RSC Adv., 2017, 7, 7901–7905 | 7901

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra27437d&domain=pdf&date_stamp=2017-01-21
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra27437d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007013


Fig. 1 Schematic illustration of the Au/Al-doped a-Si/Si structure and
thermal conductivity measurement technique.
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with a oating potential during the coating process.16 The
vacuum chamber of the sputtering system was evacuated to
under a base pressure of 5.0 � 10�5 Pa. The thin lms were
deposited at a low substrate temperature (25 �C) in order to
obtain amorphous lms. The thin lms were deposited using
two magnetron sputter cathodes in the system. Sputtering
targets of Si and Al (diameter: 50 mm, thickness: 6 mm,
99.999% (Si) 99.9999% (Al) purity, High Purity Chemical Co.)
with argon gas (over 99.999% purity) were used for sputtering.
The low base pressure and high purity argon gas help prevent
incorporation of impurities into the growing lm. The working
pressure of the gas was xed at 0.4 Pa during the process, which
was automatically controlled by a control gate valve combined
with a capacitance manometer. The RF power for the sputter
cathode of Si was xed at 100 W and the power for Al was varied
for changing the Al doping concentration. The sputter rate of Si
and Al was precisely controlled by a crystal membrane micro-
balance monitor. The distance between the sample and the
targets of Si and Al were xed at 173 mm and 200 mm,
respectively. The 2–3 nm thick native oxide layers on the Si
substrates were not removed prior to deposition of the Al-doped
a-Si thin lms. The Al doping concentrations of the lms were
1.75%, 5%, and 10%. The Al doping concentration was varied to
alter the microstructure of the amorphous thin lms and the
interfacial properties of the two interfaces. The lm thicknesses
were 50, 100, and 150 nm at each Al doping concentration. A 150
nm thick Au lm was then deposited on the Al-doped a-Si lms
at 25 �C by magnetron sputtering to act as a laser absorber and
temperature sensor.

The thermal resistances of the Au/Al-doped a-Si/Si structures
were measured by using the frequency domain thermore-
ectance method (u method) under vacuum (<0.02 Pa). The
sample is set horizontally on the sample stage. The thermo-
electric cooler system keeps the sample stage at a constant
temperature (25 �C). The Au lm was heated by a pump laser
with angular frequency u; the pump laser is a multimode diode
laser with a wavelength of 405 nm and an output power of 360
mW. The pump laser is modulated by the TTL signal from the
function generator built in the digital signal processor lock-in
amplier (Stanford SR8300). The amplitude of the ac-tempera-
ture response is about 1 K. The temperature response at the
surface of the Au lm was measured by a probe laser by the
thermoreectance technique. The probe laser is a single mode
diode laser with a wavelength of 635 nm and an output power of
5 mW. The probe laser beams are detected by the photodiode
sensor. Fig. 1 shows a schematic of the fabricated structure and
the measurement technique. The temperature at the surface of
the Au lm T(0) can be obtained using the one-dimensional
heat conduction model by the following equation:17–19

Tð0Þ
qd0

¼ e�i
p
4ffiffiffiffiffiffiffiffiffiffiffiffi

2l2C2

p u�1
2 þ R01 þ R12 þ

�
1� l1C1

l2C2

�
d1

l1

þ
�
1� l0C0

l2C2

�
d0

l0
:

(1)
7902 | RSC Adv., 2017, 7, 7901–7905
Here, d is the lm thickness, q is the heat ux, l is the
thermal conductivity, C is the volumetric heat capacity.
Subscripts 0, 1, and 2 denote the Au lm, the Al-doped a-Si thin
lm, and the substrate, respectively, and R01 and R12 are the
thermal boundary resistance at the Au/Al-doped a-Si thin lm
and Al-doped a-Si thin lm/substrate interfaces, respectively.
The fourth and h terms on the right-hand side are the
thermal resistance of the Al-doped a-Si thin lm and Au lm,
respectively. A plot of T(0)/(qd0) versus u

�1/2 gives a straight line
where the y-intercept equals the total thermal resistance R of the
Au/Al-doped a-Si/Si structure. Wemeasure R of the samples with
different Al-doped a-Si lm thicknesses d, and plot R as a func-
tion of d. The thermal conductivity of Al-doped a-Si thin lm for
various Al doping concentrations was calculated from the slope
of the straight line tted to the data points for each doping

concentration. The slope of the line equals to
1
l1

� C1

l2C2
, and

with C1, C2, and l2 known, we can calculate the thermal
conductivities of the lms. The thermophysical properties of
the materials used in this study are listed in Table 1. Although
the thermal conductivity and volumetric heat capacity of Au lm
may have some changes depending on themicrostructure of the
lm, it does not signicantly affect the result of R because the
value of h term is on the order of 10�9 m2 K W�1, which is
signicantly smaller than R. The volumetric heat capacity of Al21

and a-Si22 are 2.43 and 1.61 � 106 J m�3 K�1, respectively. The
volumetric heat capacity of Al-doped a-Si lms with Al doping
concentration of 1.75%, 5% and 10% are calculated to 1.62, 1.65
and 1.69 � 106 J m�3 K�1, respectively. Measurements were
carried out at angular frequencies of 1, 2, 4 and 8 kHz and at
three different locations on each sample, with each measure-
ment performed three times to reduce error.
Results and discussion

Fig. 2 shows the measured thermal resistances of the Au/Al-
doped a-Si/Si structures of different Al doping concentrations as
a function of lm thickness. For a xed Al doping concentra-
tion, the three data points are expected to lie on a straight line if
the lms of different thicknesses have the same thermal
conductivity. However, the data points for the 150 nm-thick
lms deviate from the linear ts (dashed lines). This indicates
that the 100 and 150 nm-thick lms have different thermal
This journal is © The Royal Society of Chemistry 2017
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Table 1 Thermophysical properties of the materials used in this study

Thermal conductivity (W m�1 K�1) Volumetric heat capacity (106 J m�3 K�1) Thickness

Au lm 178 (ref. 20) 2.47 (ref. 21) 150 nm
Si substrate 148 (ref. 21) 1.66 (ref. 21) 0.5 mm
Al-doped a-Si lm To be calculated 1.62, 1.65, 1.69 50, 100, 150 nm

Fig. 2 Measured thermal resistance of Au/doped a-Si/Si structures
with different Al doping concentration as a function of film thickness.
Thermal resistances of the Au/a-Si/Si structures measured in our
previous work are also included for comparison.

Fig. 3 Thermal conductivities of the 100 and 150 nm-thick Al-doped
a-Si films as a function of Al doping concentration.
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conductivities. This result is similar to the results for a-Si and a-
Ge from previous reports.23–29 Previous work shows that the
thermal conductivity of a-Si lms with thicknesses less than 100
nm do not show observable lm size dependence.24 If we
assume this remains true for our Al-doped a-Si lms, by tting
the two data points (50 and 100 nm, 50 and 150 nm) for each Al
doping concentration, we can calculate the thermal conductiv-
ities of the 100 and 150 nm-thick lms. Fig. 3 shows the thermal
conductivities of the 100 and 150 nm-thick lms as a function of
Al doping concentration. It is evident that the thermal
conductivities of the 150 nm-thick lms are higher than those
of the corresponding 100 nm-thick lms at the same Al doping
concentration. The 150 nm-thick lms also exhibit thermal
conductivity that is more strongly dependent on Al doping
concentration. The thermal conductivity in the 150 nm-thick
lms increased sharply as the Al doping concentration
increased, whereas the thermal conductivity in the 100 nm-
thick lms increased only slightly. For comparison, the thermal
conductivity of the 100 nm-thick undoped a-Si thin lm
measured in our previous work26 was 0.93 W m�1 K�1, which is
similar to the conductivity of the 100 nm-thick Al-doped a-Si
thin lms.

We next discuss the underlyingmechanisms of change in the
thermal conductivity by doping with Al. In semiconductors and
insulators, heat is transported predominantly by phonons.
However, doping with Al may modify the electrical conductivity
of the a-Si thin lms, and thus heat transport by electrons also
This journal is © The Royal Society of Chemistry 2017
needs to be considered. Although we did not measure the
electrical conductivity of the Al-doped a-Si thin lms, previous
work30 has reported that hydrogenated a-Si lms with an Al
doping concentration of 15% have an electrical conductivity of
approximately 10�5 U�1 m�1. This value is about two orders of
magnitude higher than that of the undoped hydrogenated a-Si
lm, but still two orders of magnitude lower than that of crys-
talline Si (approximately 10�3 U�1 m�1). The contribution of
electrons to the heat transport in Al-doped a-Si can thus be
ignored. For heat transport by phonons, thermal conductivity
depends on how far phonons travel between scattering events,
that is, on the mean free path (MFP) of the phonons.21 Thus,
changes in the thermal conductivity of a-Si thin lms may be
induced by changes in the phonon MFP due to doping with Al.
Previous works have shown that phonons with MFPs longer
than 100 nm contribute to the thermal conductivity in a-Si.23–26

In 100 and 150 nm-thick lms, boundary scattering limits the
MFPs of these phonons to 100 nm and 150 nm, respectively.
This could explain why the 150 nm-thick lms had a higher
thermal conductivity than the 100 nm-thick lms. Furthermore,
we observed that thermal conductivity in the 150 nm-thick lms
increased sharply as the Al doping concentration increased.
This indicates that doping with Al increased the number of
phonons with MFPs longer than 100 nm. However, in the 100
nm-thick lms, the MFPs of these increased phonons are
limited to 100 nm by boundary scattering. Furthermore, we
observed that themeasured thermal conductivity in the 100 nm-
thick lms increased slightly as the Al doping concentration
increased. This indicates that the effect of Al doping on the
RSC Adv., 2017, 7, 7901–7905 | 7903
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number of phonons with MFPs shorter than 100 nm is slight.
This is in good agreement with the results of previous work,28

which found that only propagons (phonon-like propagating
modes) with MFPs greater than 100 nm contribute signicantly
to thermal conductivity in a-Si. For lms with thicknesses less
than 100 nm, the thermal conductivity is dominated by dif-
fusons (non-propagating delocalized modes). Also, previous
study showed that Ga atoms decreased the thermal conductivity
of solid-phase epitaxy Si layer by acting as phonon scatters.31

By contrast; in our study the Al atoms played a totally different
role in a-Si. Al atoms increased the thermal conductivity of a-Si
thin lms by increasing the number of phonons with long
MFPs.

The thermal boundary resistances at the two interfaces of
the structures are the intercepts of the linear ts (dashed lines
in Fig. 2). It can be clearly seen that the thermal boundary
resistances of Al-doped samples were higher than undoped
samples and increase with increasing Al doping concentra-
tion. Thermal boundary resistance is attributed to the
mismatch between the phonon spectra of the materials on
both sides of the interface. The diffuse mismatch model
(DMM) provides a quick and simple way to predict thermal
boundary resistance from the mismatch between phonon
spectra. The Debye temperature plays an important role in
determining the phonon spectra in materials. Thus, materials
on both sides of the interface with larger difference in Debye
temperature typically have larger thermal boundary resis-
tance. The Debye temperatures of a-Si and Al are 487 K (ref. 23)
and 428 K, respectively. The Debye temperature of Al-doped a-
Si lms (a-Si1�xAlx) can thus be estimated by the equation qD ¼
(487 � 59x) K.32 When the Al doping concentration is 10%, the
Debye temperature of the Al-doped a-Si lm is estimated to be
481 K, indicating that the change in Debye temperature
induced by doping with Al is extremely small. This indicates
that the DMM model fails to explain the signicant enhance-
ment of the thermal boundary resistance. It is known that, in
addition to the mismatch of phonon spectra, interfacial
properties such as interfacial roughness, interdiffusion,
bonding strength, and interface chemistry also have a consid-
erable effect on thermal boundary resistance,33–36 and these
effects are not considered in the DMM model. Thus, we
speculate that the interfacial properties at the two interfaces
were modied by doping with Al, resulting in the enhance-
ment of the thermal boundary resistance.

Conclusions

In summary, we investigated the effects of Al doping on the
thermal conductivity and thermal boundary resistance of a-Si
thin lms. We found that the thermal conductivities of 150 nm-
thick lms were higher than the corresponding 100 nm-thick
lms with the same Al doping concentration, indicating that
phonons with MFPs longer than 100 nm contribute to the
thermal conductivity in Al-doped a-Si lms. As the Al doping
concentration increased, the thermal conductivities of the 150
nm-thick lms increased sharply, a phenomenon that was not
observed in the 100 nm-thick lms. This indicates that phonons
7904 | RSC Adv., 2017, 7, 7901–7905
with MFPs shorter than 100 nm are not greatly affected by Al
doping. Furthermore, the thermal boundary resistance at the
two interfaces also increased with increasing Al doping
concentration. We speculate that the increase in the thermal
boundary resistance is caused by modication of the interfacial
properties at the two interfaces due to Al doping. The doping
with Al modied both the thermal conductivity and thermal
boundary resistance of the a-Si thin lms, and this could be
used to tailor the thermal resistance of a-Si based materials and
structures for thermal management in semiconductor devices
as well as for development of thermal barrier coatings and
thermoelectric materials with good performance.
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