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Plasma polymerization by RF excited low pressure plasmas is a powerful technique for
synthesizing thin films for a wide range of applications such in microelectronics,
biomaterials and aeronautical industries. Among these applications plasma polymerized
hexamethyldisilazane (HMDSN here in) is a promising material due its biocompatibility,
optical and electrical properties. In the present paper, we reported the thermal diffusivity
measurements of plasma polymerized HMDSN thin films using the probe beam deflection
technique (PBD). The samples are thermally thin and optically transparent, with
thicknesses ranging from 170 to 600 nm, difficulting their thermal characterization by
other photo-thermal techniques (photoacoustic and pyroelectric). PBD measurements
were carried out with a diode (20 mW, λ¼640 nm) and a HeNe (0.9 mW, λ¼632 nm)
laser, used as pump source and probe beam, respectively. The probe beam was focused
close to the sample surface and its direction was perpendicular to the pump beam. The
transverse PBD in skimming configuration is employed and the deflection signal is
analyzed using the phase method for the determination of thermal diffusivity. The results
show the decreasing of thermal diffusivity with the decreasing of film thickness. HMDSN
film's thermal diffusivity values are reported in this paper for the first time being in the
range of typical polymeric samples.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The glow discharge generated in low pressure atmo-
spheres, excited by radio-frequency (usually 13.56 MHz),
have been widely used in different processes of scientific
and technological interest involving the synthesis of new
iménez-Pérez).
materials and surface treatment [1–15]. The reason why
glow discharges have been widely employed in the techno-
logical process is due to the fact that they allow the synthesis
of newmaterials with high quality, attractive prices, allowing
the emergence of viable alternatives for making and/or
synthesis of materials that already exist [1–5]. The impor-
tance of plasma processes can be evaluated when consider-
ing the amount of resource applied in so-called advanced
processes of synthesis and processing of materials. These
amounts of resources reach the tens of billions of dollars per
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Fig. 1. Photodeflection scheme: normal and lateral components asso-
ciated to the liquid's refractive index.
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year worldwide [3,4]. The resources are concentrated mainly
in the processes oriented for the synthesis of new and more
efficient materials [2–5]. The plasma assisted manufacturing
includes a wide range of applications, among which we can
mention [4–16]: production of biocompatible materials for
surgical implants, ophthalmic implants and drug packaging
materials and foods, plasma sterilization of materials sensi-
tive to high temperatures, treatment of polymers and plastics
in order to via changes in plasma properties of permo-
selectivity, coating surfaces with corrosion-resistant materi-
als and synthesis of nano-structured materials and so on.
Although the optical and dielectric properties of various
plasma-polymerized films are reported from time to time,
the thermal properties remain relatively unexplored. This
can be attributed to the low magnitude of the thermal
conduction parameters of polymers, which makes the mea-
surement difficult [17–28]. The present paper reports the
thermal diffusivity of polymeric thin films of hexamethyldi-
silazane (HMDSN) prepared by low pressure RF-excited
plasmas [15,16], using the transverse probe beam deflection
(PBD) technique or mirage technique, which is based on the
periodical heating of a sample by a modulated pump laser
beam. The heat diffusion in the sample produces a tempora-
rily varying gradient of the refractive index of the surround-
ing medium, which can be detected by the deflection of a
probe laser beam traveling in the air layer or liquid medium
very near to the sample surface (transverse PBD configura-
tion). The deflection angle, which has amplitude and a phase,
provides information about the thermal diffusivity of the
sample [17–22].
:

2. Theory

In this case the probe beam is moved with respect to
the pump beam axis by a given offset y and the phase of
the deflection angle in the parallel plane to the surface of
the sample (transverse component) is measured as a
function of y. In this study, we use a probe beam traveling
through the liquid nearly at the top of the sample, while a
time modulated pump beam impinges on the sample,
perpendicular to its surface (Fig. 1). The probe beam is
deflected from its trajectory by an angle Φ given by [17]:

Φ¼ 1
n
dn
dT

Z
path

∇tT r; tð Þds ð1Þ

n being the surrounding medium gas refractive index, s the
optical path length, and ∇t is the gradient transverse to the
propagation direction and T is the temperature field
distribution. The probe beam has a transverse offset y,
with respect to the pump beam axis, and a vertical offset z,
with respect to the sample surface. Because of the vertical
nature of the deflection one can estimate its lateral or
transversal (Φt) and normal (ΦN) component as [17]

Φt ¼ 1
n
dn
dT

Z þ1

�1

∂T
∂y

dx

and

ΦN ¼ 1
n
dn
dT

Z þ1

�1

∂T
∂z
dx
The normal and transversal components of the beam
deflection show a strong dependence on the air and the
sample thermal parameters. The temperature T, due to the
pump beam absorption is determined solving the heat
equation for each medium, i.e., air or fluid (liquid paraffin),
thin film, substrate. In this case we take the model
developed by Jackson et al. [18]. Jackson developed a
model for three layer system studied with transverse
PDS. For this case we have a three layer system which
takes into account the glass substrate, the thin film and the
liquid paraffin, considering the substrate (Region 2) and
liquid (liquid paraffin, Region 0) as thermally thick, i.e. T0
|Z¼�1¼T2 |Z¼ þ1¼0, where the expression for the angular
deviation (Φt) of the prove beam in the liquid-film is [18]

Φt ¼
1
2
exp iωtð Þ

n0

∂n
∂T

Z � z0= tan Ψð Þ

�1
dx

�
Z 0

1
δJ0 δ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y20þx2

q� �
β0EðδÞexp tan Ψð Þxþz0½ �β0

� �
∂δþcc

ð2Þ
with

A δð Þ ¼ � 1�gð Þ b�rð Þexpð�αlÞ�
þðgþrÞð1þbÞ � exp β1l

� 	

Γ δð Þ=H δð Þ

B δð Þ ¼ � 1þgð Þ b�rð Þexpð�αlÞ�
þðgþrÞð1�bÞ � exp β1l

� 	

Γ δð Þ=H δð Þ

D δð Þ ¼ Γ δð Þexpð�αlÞþA δð Þexp �β1l
� 	þB δð Þexp β1l

� 	
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H δð Þ ¼ 1þgð Þ 1þbð Þexp β1l
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� 	� 

where

g ¼ κ0β0=κ1β1 b¼ κ2β2=κ1β1 r¼ α=β1



Table 1
Parameters used for the simulations. The thermal and optical properties listed below are associated to characteristic values found in glass and thin film
[27,28]; for the medium, we used the liquid paraffin properties [29].

Symbol Parameter Unit Value

α1 Absorption coefficient of thin film cm�1 2.3�10�5

α2 Absorption coefficient of substrate cm�1 1.0�10�5

e1 Thermal effusivity of thin film W s1/2/(cm2 K) 0.0280
e2, Thermal effusivity of glass substrate W s1/2/(cm2 K) 0.074
D0 Thermal diffusivity of liquid paraffin (cm2/s) 0.39�10�3

D1 Thermal diffusivity of thin film (cm2/s) 2.23�10�3

D2 Thermal diffusivity of glass substrate (cm2/s) 3.68�10�3

k1 Thermal conductivity of thin film W/(cm K) 0.14�10�2

k2 Thermal conductivity of glass substrate W/(cm K) 0.45�10�2

l1 Thin film thickness cm 0.170�10�4

l2 Glass substrate thickness cm 0.09
f Light modulation frequency Hz 12.0

Table 2
The parameters of HMDSN films grown at different ion implantation
times: thickness and thermal diffusivity (D).

Thickness (nm) Heþ implantation time (s) D (�10�3 cm2/s)

260 15 2.7
257 30 2.66
238 45 2.32
170 60 2.15
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and

Γ δð Þ ¼ Pα
π2κ1

exp � δað Þ2=8
h i
β1

2�α2

β2i ¼ δ2þ iω=κi

By taking into account the thicknesses, the thermal and
optical values of all the components of the three layer
system are shown in Table 1 which were calculated by
programming the theoretical model of Eq. (2) in Wolfram
Mathematica 9.0. The deflection angle, which has ampli-
tude and a phase, provides information about the thermal
diffusivity of the sample. The thermal diffusivity D and the
thermal conductivity are relate by k¼DρCp, where ρ is the
mass density, Cp is the heat capacity of the sample and
f¼ω/2π is the modulation frequency of the pumping laser,
see also (Table 2).

3. Experimental

Low pressure RF excited HMDSN plasmas were generated
within a stainless steel cylindrical, 210 mm of internal
diameter and 225 mm long, parallel plate electrodes plasma
reactor. The chamber is provided with eight lateral
entrances, positioned at the mid plane between the electro-
des, that may be used for setting optical, electrical and mass
diagnostics and the low (mechanical pump) and high
(turbo-molecular pump) vacuum systems. The vacuum
inside the plasma chamber is monitored by pirani™ (ther-
mocouple) and penning™ (inverse magnetrom) gauges. The
turbo-molecular pump is coupled to the chamber through a
gate valve and is used for cleanness purposes. The pressure
is pumped down to 10�6 Torr, being the chamber purged
with argon several times before each running of the experi-
ment. The inner side of the plasma chamber was polished up
to the optical quality (roughness of 0.5 μm or less) in order to
minimize the retention of impurities and facilitate the
cleaning process. The plasma chamber walls were heated
with a temperature controlled belt in order to minimize the
monomer's condensation as well as the humidity. HMDSN
was placed inside a stainless steel bottle and was fed into the
plasma chamber through a needle valve. The plasma was
excited by a RF power supply operating in 13.56 MHz whose
output intensity could be varied from 0W to 300W (Tokyo
HY-Power model RF-300™). The RF power was coupled to
the plasma reactor through an appropriate matching net-
work (Tokyo HY-Power model MB-300™) that allows one to
minimize the reflected RF power. The mass spectrometry
was performed using a mass spectrometer and energy
analyzer (Hiden Analytical model EQP-300™), operating in
the mass and energy range from 1 amu to 300 amu and
from 0 eV to 100 eV respectively. Mass spectrometry allows
one to set the appropriate plasma parameters to keep the
monomer's functionalities within the film molecular struc-
ture. The block diagram of the experimental setup is
presented in Fig. 2. HMDSN films were deposited on micro-
scope glass plates at a constant pressure of 140mTorr for RF
power of 5W and 30W. The deposition time varied from 2
to 4 h. The typical film thickness varied from 1000 Å to
2000 Å. After deposition HMDSN films were submitted to a
He plasma immersion ion implantion process (PIII) in the
same plasma chamber for ion implantation time varying
from 15 to 60 min. He-PIII is performed in order to increase
the plasma polymerized thin films crosslinking at surface
that enhances its stability against ageing effects [15].

The experimental setup used for film's thermal diffusivity
measurements is presented in Fig. 3. HMDSN films deposited
on glass substrate are fixed in a quartz cuvette. A diode laser
operating at the wavelength of 634 nmwith 20mWof output
power is used as a pumping source. The pump beam is
intensity modulated using a lock-in-amplifier and then
focused (�19.0 μm) onto the sample surface. The probe beam,
which is focused (�4.0 μm) propagates perpendicularly to the
pump beam, grazing the sample surface. The prove laser was
mounted on a motorized stage which moves the prove beam
in the y direction without have an absolute zero position. The
deflection of the probe beam is detected using a bi-cell



Fig. 2. Schematic diagram of the experimental setup used for plasma deposition of HMDSN films.
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Fig. 3. Schematic diagram of the experimental setup for thermal diffusivity measurements.
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(Newport). The signal is amplified using a low noise home-
made pre-amplifier circuit and is fed into a lock-in-amplifier
(Stanford Research model) from which amplitude and phase
of the deflected signal is obtained. The probe laser and its
focusing lens are fixed on aluminum flat.

4. Results and discussion

The PBD setup is initially standardized by measuring the
thermal diffusivity of pure water. The value of thermal
diffusivity is obtained from the linear fitting of the signal
phase shift dependence on y offset. It is obtained the value of
D¼1.51�10�3 cm2/s, which is quite similar to the value
presented on current literature (1.4�10�3 cm2/s) [24]. One
important issue to be addressed in a PBD method is the
influence of the coupling media on photothermal signal
generation [22]. Therefore one performed the thermal diffu-
sivity measurements of liquid paraffin that was used as a
coupling media in the present experiment. The obtained
results show that thermal diffusivity is Dlp¼2.6�10�4 cm2/s.
This relatively low value of the coupling media contributes to
the photothermal signal in the present experiment [22–25].
Fig. 4 shows the signal phase as a function of the pump-probe
offset at a fixed modulation frequency of 12 Hz for HMDSN
films treated by He PIII during 60min. The obtained value for
D is 2.15�10�3 cm2/s. The solid line in Fig. 4 shows the
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numerical simulation of the phase of theoretical expression
(Eq. (2), taking into account the glass substrate and liquid
paraffin as thermally thick) and compared with the obtained
phase experimental data (solid circles). The same analysis was
carried out for He PIII treated samples during 30 and 15min.
The obtained results show that thermal diffusivity is equal to
2.66�10�3 cm2/s and 2.7�10�3 cm2/s for 30 and 15min of
He PIII treatment respectively. Table 2 presents the average
values of D taken for five measurements for samples submitted
to different Heþ implantation times. The thermal diffusivity
generally decreases with increasing of the ion implantation
time as can be shown in Fig. 5. We can also observe in Fig. 6,
the growth of the thermal diffusivity with film's thickness. The
possible explanation for this behavior is that the He PIII
processes contributed for the increasing of polymeric film
cross-linking and the decreasing of the film thickness due
surface ion sputtering process. The decreasing of film thickness
increases the role of the interface film-substrate in the heat
diffusion process due interference mechanisms on phonons
and electrons for heat transfer. Therefore the thermal impe-
dance seems to increase with the decreasing of the film
thickness. Such behavior of thermal diffusivity of thin films
was already presented in the literature for different kind of
films [28]. Thermal diffusivity of RF plasma polymerized
HMDSN thin film sample is reported for the first time and
therefore could not be compared with any reported value.
However, the measured values lie in the range of polymeric
samples [25,30,31].

5. Conclusions

In this work polymeric thin films of HMDSN with
thickness varying from 170 to 600 nm were grown by
plasma deposition and thermal diffusivity was successfully
measured using a PBD technique in spite of the sample's
low thickness and transparency. In the PBD technique
liquid paraffin was used as a coupling medium. The
substrate influences the heat diffusion in the thin film
and the experimental data have a good correspondence
with the theoretical model of Jackson et al. The thermal
diffusivity generally decreases with increasing of He ion
implantation time. This behavior of thermal diffusivity was
attributed to interference mechanisms at the interface
film-substrate. The thermal characterization of these
plasma polymerized films is important for further applica-
tions in synthesis of nano-structured plasma polymerized
films [11–13,16].
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