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ABSTRACT: In polymer-based electric microdevices, thermal transport across
polymer/ceramic interface is essential for heat dissipation, which limits the
improvement of the device performance and lifetime. In this work, four sets of
polystyrene (PS) thin films/sapphire samples were prepared with different
interface adhesion values, which was achieved by changing the rotation speeds
in the spin-coating process. The interfacial thermal conductance (ITC) between
the PS films and the sapphire were measured by time domain thermoreflectance
method, and the interfacial adhesion between the PS films and the sapphire, as
measured by a scratch tester, was found to increase with the rotation speed
from 2000 to 8000 rpm. The ITC shows a similar dependence on the rotation
speed, increasing up to a 3-fold from 7.0 ± 1.4 to 21.0 ± 4.2 MW/(m2 K). This
study demonstrates the role of spin-coating rotation speed in thermal transport
across the polymer/ceramic interfaces, evoking a much simpler mechanical method for tuning this type of ITC. The findings of
enhancement of the ITC of polymer/ceramic interface can shed some light on the thermal management and reliability of macro-
and microelectronics, where polymeric and hybrid organic−inorganic nano films are employed.
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1. INTRODUCTION

Organic and hybrid organic−inorganic materials are promising
candidates for next-generation electronic devices because they
are low-cost, flexible and lightweight,1,2 and research on how to
engineer the materials for excellent properties, such as thermal
conductivity,3,4 has been carried out. For example, tuning the
thermal conductivity of organic and hybrid organic−inorganic
materials is now possible by manipulating the chain orienta-
tion,5,6 the chain length,7 and the interfaces between the organic/
inorganic materials.8 As the characteristic dimension of these
structures approach the nanoscale, the role of the interfaces
becomes increasingly significant in thermal transport because the
interfacial thermal resistance approaches a magnitude similar to
that of the material itself.9,10 The low interfacial thermal
conductance (ITC) between polymer and ceramic has been
considered one of the bottlenecks for the thermally conductive
hybrid nanocomposites that are urgently needed in electronic
devices, solid-state lighting, and energy generators.11−13

Enhancing either the mechanical or chemical adhesion
between the interfaces has been carried out to improve or to
understand the nature of thermal transport across the interface.
At the metal/inorganic interface, ITC can be improved
significantly by introducing a chemically bonded layer.14,15 For
example, transitioning from van der Waals to covalent bonding
between gold (Au) and quartz (Qz) via a chemical bonding layer
increases the ITC by ∼80% for Au/Qz interfaces.14 Similarly,

using a strong-bonded molecular monolayer at the metal/
dielectric interfaces achieves a 4-fold increase of the ITC in the
copper−silica system.15
At polymer/ceramic interfaces, however, the role of interfacial

adhesion on ITC is not clear and only few studies have been
carried out to understand the mechanism therein.16,17 For
example, Liu et al.16 have investigated the ITC between spin-
coated polystyrene (PS) films and silicon and found that the ITC
increases when the thickness of the PS film is comparable to or
smaller than the radius of gyration of bulk PS, which may affect
the interfacial adhesion between PS and silicon. However, there
have been no experimental data supporting this assumption.
Losego et al.17 have measured the effective thermal conductivity
of 1 to 10 nm thick spin-coated poly(methyl methacrylate)
(PMMA) films and showed that the effective thermal
conductivity is dominated by the bulk thermal conductivity of
PMMA when the film thickness is larger than 3 nm, whereas the
effective thermal conductivity begins to decrease when the film
thickness is below 3 nm because the interfacial thermal resistance
between PMMA and its neighboring materials is of the same
order of the PMMA thermal resistance itself. Our previous work
found that the ITC between spin-coated high density poly-
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ethylene (HDPE) films and sapphire decreases with increasing
thickness of the HDPE films.18

Spin-coating has received great attention over the past two
decades for the fabrication of ultrathin functional materials with
nanometer level control for various applications, such as low
leakage dielectric films, diffusion barrier coatings, transparent
conducting coatings, and organic photovoltaic device.19−21 The
spin-coating parameters, such as the environmental temperature
and relative humidity, rotation speed, and type of solvents,
dominate the interfacial structure between the spin-coated thin
film and the substrate.22,23 Therefore, in addition to the radius of
gyration and the thickness of polymer films, the spin-coating
parameters should also affect the ITC between polymer films and
the substrate in a controllable way.
In this study, we demonstrate a very efficient mechanical

method to manipulate and understand thermal transport across
the interface between a spin-coated polymer (PS) film and a
ceramic (sapphire) substrate, by altering the rotation speed
during the spin-coating process. A 3-fold increase of ITC from
7.0 ± 1.4 to 21.0 ± 2.8 MW/(m2 K) is achieved. Results show
that the improvement of the interfacial adhesion is the
underlying mechanism for the ITC increase, which can be
employed to effectively tune the ITC between the polymer and
the ceramic in a mechanical way.

2. MATERIALS AND METHODS
2.1. Materials. The polystyrene (Mw: 65 000 g/mol and Mw/Mn =

1.06) was purchased from Alfa and the radius of gyration of the bulk
polystyrene coil (Rg) was 7.1 nm, which was calculated byRg = 0.028 M
(nm).24 The sapphires (0001) were supplied by Hefei Kejing Materials
Technology CO., LTD, with dimensions of 1 cm × 1 cm × 400 μm and
the surface roughness is less than 0.4 nm.
2.2. PS Film Preparation. Four sets of polystyrene (PS) films on

sapphire with various levels of interfacial adhesion were prepared by
spin-coating with rotation speeds of 2000, 4000, 6000, and 8000 rpm.
The PS was dissolved in toluene (>99.9%) at concentrations of 1.4, 1.6,
1.7, and 1.8 wt % to prepare films with different thicknesses at a set
rotation speed.
2.3. Characterization. 2.3.1. Surface Morphology Measurement.

The surface roughness (Ra) of the prepared PS thin films was
characterized by tapping-mode atomic force microscopy (AFM), Bruker
Nanoscope V Multimode 8.
2.3.2. Thickness of PS Film Measurement. Thickness measurements

for the PS films using a spectroscopic ellipsometer (M-2000 V, J. A.
Woollam) were conducted at an incidence angle of 70° and a wavelength
scan from 370.1−999.1 nm.25 In this study, the well-established Cauchy
dispersion model was used to fit the ellipsometry data26 because no
absorption of incident light exists for all of the samples under
investigation. By this model, the refractive index of the substances
follows the relation of r = A+(B/λ2), where r is the refractive index, λ is
the wavelength of the probing light, and A and B are two fitting
parameters related to r. For the thickness measurements, B was set at
0.01 and A was set at 1.60 for the PS films.25

2.3.3. Scratch Test. Interfacial adhesion between the PS film and the
sapphire were measured using CSMnano scratch tester in ambient air, at
the temperature of 23 °C and a humidity of 20%.27,28 At least three
identical scratches were produced on each specimen using the same test
parameters consisting of a Rockwell diamond indenter (stylus type), a 2
μm stylus radius, a 0.3 initial load mN, a 2 mN end load, a 50 μm scratch
length, and a 50 μm/min stylus velocity. Specifically, the diamond
indenter was drawn across the PS film under an increasing continuous
load until at a certain load, termed as the critical load, Lc, a well-defined
failure event occurred. If this failure event was a coating detachment, the
critical load could then be used as a qualitative measure of the coating-
substrate interfacial adhesion.29,30

2.3.4. Interfacial Thermal Conductance Measurement. The ITC
between PS thin films and sapphire was measured using the time domain

thermoreflectance (TDTR) method, which is a well-accepted optical
measurement technique for characterizing thermal properties of bulk
and thin film materials. The reader may refer to Figure S1 for more
detailed information about the experimental setup.18,31−34 Prior to ITC
measurement, an∼100 nm thick Al thin film transducer was prepared on
the spin-coated PS thin films by electron beam evaporation,15,20 which
serves as both a heater that absorbs the pump laser beam and as a
thermometer where the temperature-induced reflectivity change was
measured through the probe laser beam. The sample structure can be
found in Figure S2. The detected thermal response from the surface of
the Al thin film is then fitted with a heat transfer model to extract the
unknown thermal properties of materials, such as the ITC between PS
film and sapphire substrate (more details can be found in the Supporting
Information).

3. RESULTS AND DISCUSSION
3.1. Thickness of PS Films. Figure 1 shows that the

thickness of the PS films decreases with increased rotation speed

at all concentrations,22 where the thickness of the PS films
decreases sharply when the rotation speed increase from 2000 to
4000 rpm and then become almost stable when the rotation
speed exceeds 6000 rpm.22 This observation can be explained by
the presence of two competing mechanisms in the spin-coating
process. In the initial few seconds, the convection of fluid in the
radial direction accompanied by rapid thinning dominates the
process, whereas later in the process, the convection becomes
negligible and the process is dominated by the evaporation of the
solvent controlled by diffusion.35 When the rotation speed is less
than 4000 rpm in this process, the film thinning occurs mainly
during the initial period, which gives rise to a remarkable change
of film thickness in a range around this rotation speed.

3.2. Morphology of PS Films. Figure 2 shows the surface
morphologies of the PS films prepared with different rotation
speeds. It can be seen that the morphologies of the films appear
similar and the surfaces are very smooth with a roughness of less
than 0.5 nm,36,37 which satisfies the TDTR measurement
requirement for acquiring reliable signals. The rotation speed
seems to have a negligible effect upon on the surface morphology
of the PS film, which also reduces the uncertainty caused by the
surface roughness for thermal property measurements.38

3.3. Interfacial Adhesion. It is well-known that applying
enhanced pressure on films can increase the adhesion between
the films and their substrates. However, to change the adhesion
between a nanofilm and the substrate is challenging because
applying a force directly on the film increases the risk of film
damage. Here, we prepared samples with different interfacial
adhesion by changing the spin parameters (rotation speed)

Figure 1. Thickness of PS films as a function of rotation speeds during
spin-coating process from 2000 to 8000 rpm at four concentrations from
1.4 to 1.8 wt %.
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during coating process. The interfacial adhesion between the PS
films and the sapphire substrates was measured using a nano
scratch tester in ambient air, at a temperature of 23 °C and a
humidity of 20% (see Section 2.3.3 in Materials and
Method).27,28 In terms of the critical load, the interfacial
adhesion can be influenced bymany factors, such as the thickness
and roughness of the films.39 In this work, the roughness and
thicknesses of the PS films used for interfacial adhesion
measurements are 0.5 ± 0.1 and 70 ± 2 nm, respectively,
where the relatively small uncertainties ensure the accuracy of the
entire experiment. As shown in Figure 3, the interfacial adhesion
between PS films and sapphire increases from 0.6 ± 0.12 mN at
2000 rpm to 0.9 ± 0.18 mN at 6000 and 8000 rpm.

3.4. Interfacial Thermal Conductance between PS and
Sapphire. The ITC between PS thin films and sapphire
substrates was measured using the time domain thermore-
flectance (TDTR) method, which is a well-accepted thermal
property characterization technique for bulk and thin film
materials.18,31−34 The thermal penetration depth is greater than
200 nm, which guarantees that the thermal wave will reach the
interface, and further information about the thermal penetration
can be found in Figure S3. We calibrated our TDTR system by
measuring many standard samples, such as, silicon, silicon
dioxide and sapphire prior to measuring the unknown samples.
The refractive indices of all of the PS films fall in a narrow range
(Figure S5), which means the bulk density maintained even with

the varying thicknesses of the films. Three scans were taken and
averaged for each sample to reduce the measurement uncertainty
and relatively thicker PS samples (172 nm) were measured for
calibration, whose fitted value of the PS thermal conductivity and
Al/PS interfacial thermal conductance are 0.15 ± 0.01 W/(m K)
and 20.0 ± 4.0 MW/(m2 K), respectively, which agrees with the
results of Liu et al.16 Additionally, the ITC between Al and PS has
been reported to be independent of the PS film thickness,16

which means that the ITC between the spin-coated PS and the
sapphire is the only unknown parameter in the data fitting
process. Figure 4 shows the TDTR signals of samples prepared

with a rotation speed of 2000 and 4000 rpm and the
corresponding best fit curves to the heat transfer model (see
the Supporting Information for more information).
Figure 5 plots the measured ITC between PS films and

sapphire as a function of the rotation speed at a thickness of ∼70

nm. As shown in Figure 5, the ITC increases approximately 3-
fold, from 7.0 ± 1.4 to 21.0 ± 4.2 MW/(m2 K), with a rotation
speed increase from 2000 to 8000 rpm. Our measurement results
for the ITC between PS thin films and neighboring materials are
in reasonable agreement with previous measurements (PS/Si
interface, 8−16 MW/(m2 K);16 HDPE/sapphire, 8 MW/(m2

K)18) and with simulation (amorphous polyethylene/Si inter-
face, 20 MW/(m2 K)40).
To rule out the effects of the PS film thickness upon the ITC,

we plotted the relationship between the thickness and the ITC in
Figure 6. Here, the ITC value remains constant at the identical
rotation speeds for thicknesses changing from ∼60 to ∼100 nm.
In this scenario, the radius of gyration of PS, around 7.1 nm,24 is
much smaller than these film thicknesses exceeding 60 nm and
we postulate that the main chain conformation in our PS films is

Figure 2. AFM image of surface structure of PS films; a−d represents
rotation speed 2000, 4000, 6000, and 8000 rpm, respectively. Ra
represents the surface roughness.

Figure 3. Interfacial test under optical and SEM image. The yellow
circles under optical image are where the delamination occurs, as
observed from the SEM image.

Figure 4. TDTR signals of −Vin/Vout and the corresponding best fit to
the theoretical thermal model of the PS films with thicknesses 73.6 and
73.4 nm prepared by 2000 and 4000 rpm, respectively.

Figure 5. Interfacial thermal conductance between PS film and sapphire
increases with rotation speed.
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approximately the same as that in bulk PS because the chain
structure is similar to the counterpart bulk material when the film
thickness is greater than five times the radius of gyration.41,42

According to Liu et al.,16 when the thickness of the PS film is
much greater than the radius of gyration, the ITC is not affected
by the thickness. These results, however, contradict those of
Losego et al.17 using PMMA and our previous paper using
HDPE18 and this interesting phenomenon can possibly be
attributed to the following aspects.
First, the thermal properties may depend upon a length scale

typically from several to hundreds of nanometers. In the research
of Losego et al., the effective thermal conductivity begins to
decrease when the film thickness is less than 3 nm, but in our case
the film is thicker than 60 nm, which suggests a different story.
Second, the structure of the HDPE film can change

substantially at different thicknesses because it is a polymer
possessing a high crystallinity and a complex crystal type.43

Nevertheless, the PS used in this study is amorphous, and
therefore possesses a film structure that is totally different from
HDPE films, which may also produce the different trend in the
ITC.
These differing ITC trend are an interesting issue, and the

underlying mechanism could be further studied in the future with
much more data of ITC between polymer and dielectric
materials.
In this work, therefore, it is reasonable to conclude that the

ITC is practically constant for spin-coated films of varying
thickness deposited at the same rotation speed, which confirms
that the ITC is affected by rotation speed.
It is also should be noted that the ITC increases rapidly from

7.0 ± 1.4 to 16.0 ± 3.2 MW/(m2 K) with increasing rotation
speed from 2000 to 4000 rpm, which then levels off at a value of
∼20MW/(m2 K) at higher rotation speeds. This behavior can be
explained by the possibility that the polymer chain conformation
near the interface is formed in the initial few seconds and then is
rapidly frozen because of the rapid solvent evaporation caused by
the substrate rotation,44−46 which then dominates the interfacial

adhesion. In other words, when the rotation speed exceeds a
critical speed, the interfacial adhesion can only be slightly affected
by increasing the speed further because the solvent evaporation
reaches a constant value. As shown in Figure 7, the ITC can be

tuned predominantly by rotation speed when it is lower than the
critical rotation speed (4000 rpm in our case), which shows a
trend similar to that of the interfacial adhesion. It is obvious that
the ITC increases with increasing interfacial adhesion, which is in
agreement with metal/inorganic interfaces.14,15

4. CONCLUSIONS
We have experimentally shown that the rotation speed of the
spin-coating process plays an important role in the ITC between
PS and sapphire. Specifically, the ITC gained a 3-fold increase
from 7.0± 1.4 to 21.0± 4.2 MW/(m2 K) with the rotation speed
increasing from 2000 to 8000 rpm. We also verified that under a
constant rotation speed condition, when the film thickness is
much larger than the PS gyration radius, the ITC is not affected
by the film thickness. The scratch test verified that the
enhancement of ITC was owing to the increase of the interfacial
adhesion increasing. These results show that in multilayered

Figure 6. Film thickness (left axis) and interfacial thermal conductance between PS film and sapphire substrate (right axis) as a function of the
concentration of the spin-coating process at rotation speed: (A) 2000 rpm, (B) 4000 rpm, (C) 6000 rpm, and (D) 8000 rpm; a−d represent
concentration of PS in toluene, which are 1.4, 1.6, 1.7, and 1.8 wt %, respectively.

Figure 7. Interfacial thermal conductance between PS film and sapphire
substrate as a function of interfacial adhesion.
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materials fabricated by spin-coating, the rotation speed plays an
essential role in thermal transport across the interfaces, which
provides a simple and effective way to mechanically tune the ITC
between polymer and ceramic and suggests the potential for
further studies to better understand the phenomenon. Our
method to improve ITC of polymer/ceramic interfaces can shed
some light on the thermal management and reliability of macro-
and microelectronics, where polymeric and hybrid organic−
inorganic nano films are employed.
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