
Vol. 117 (2010) ACTA PHYSICA POLONICA A No. 3

Growth Rate and Sensing Properties
of Plasma Deposited Silicon Organic Thin Films

from Hexamethyldisilazane Compound

S. Saloum∗ and B. Alkhaled
Atomic Energy Commission of Syria (AECS), Physics Department, P.O. Box 6091, Damascus, Syria

(Received December 3, 2009; in final form January 29, 2010)

Silicon organic thin films have been prepared by RF hollow cathode plasma chemical vapor deposition system,
from hexamethyldisilazane (HMDSN) as the source compound, under different plasma conditions, namely feed
gas and applied RF power. The feed gas has been changed from argon to nitrogen, and the power has been
varied between 100 W and 300 W in N2/HMDSN plasma. The plasma active species (electrons, ion flux rate, and
UV radiation) contributing to the films growth mechanisms have been identified by electrical probes and optical
emission spectroscopic analysis. The films have been investigated for their thickness and deposition rate, using
quartz crystal microbalance, and sensing properties relating to humidity and gas (NH3, CO2 and O2) sorptive
investigations, using the piezoelectric effect of quartz crystals of the quartz crystal microbalance. The effect of the
different plasma conditions on the plasma phase characteristics and deposited thin films properties, as well as the
correlations between deposition rate and plasma characteristics and between sorptive properties, water contact
angles and thin films surface morphology are reported.

PACS numbers: 52.70.Ds, 52.70.Kz, 81.15.Gh, 68.43.−h, 68.55.J−

1. Introduction

Silicon organic thin films deposited by plasma en-
hanced chemical vapor deposition (PECVD), from
organosilicon sources, such as hexamethyldisiloxane
(HMDSO) and hexamethyldisilazane (HMDSN), have at-
tracted great interest for a variety of technological and
industrial applications, like protective coatings, optical
filters, chemical barrier coatings, scratch resistance coat-
ings and humidity and chemical sensors [1, 2]. The use
of HMDSN precursor in PECVD process enables the fab-
rication of amorphous hydrogenated silicon carbonitride
(a-Si-C-N-H) films [3, 4], these films have been demon-
strated in different applications [5–10] such as surface
protection, humidity sensors, hard anti-scratch coatings
and diamond-like carbon coatings. It is of a great inter-
est to investigate the sensing properties of these films, in
particular that of humidity and ammonia gas, for the de-
velopment of chemical sensors, because on the one hand,
an accurate and reliable estimate of water vapor in dif-
ferent environments is an important pre-requisite for a
variety of processes such as agriculture, weather control,
drying technology, food processing, and textile technol-
ogy, and on the other hand, ammonia gas is commonly
used in many industries including industrial refrigeration
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systems, since ammonia is a highly toxic and an explo-
sively flammable gas, therefore proper safety monitoring
procedures using gas sensors must be in place at all times
to avoid serious accidental injury or death.

This paper is devoted to study the influence of chang-
ing plasma conditions (nature of feed gas and applied
RF power) on the properties of thin films deposited
from HMDSN precursor, such as deposition rate, sorp-
tive properties of humidity and other gases, namely NH3,
CO2 and O2. The plasma phase will be characterized us-
ing optical emission spectroscopy (OES) and electrical
probes (single cylindrical Langmuir and planar probes)
for understanding the deposition process.

2. Experimental procedure

The experimental setup of the plasma device, OES sys-
tem, single Langmuir probe and the deposition system
from liquid precursors such as HMDSN are described in
detail in our previous works [11–14]. Briefly, the plasma
source is a hollow cathode discharge (HCD) configura-
tion, which consists of two coaxial tubes of 300 mm
length. The inner tube is the hollow cathode and the
outer-grounded tube forms the anode. Both cathode
and anode are supplied with two rows of coaxial holes
aligned to each other resulting in 30 plasma jets. The
primary working gas (the feed gas) is fed into the cath-
ode from both ends in order to maintain a constant gas
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pressure over the entire cathode length. RF power at
13.56 MHz is applied to the cathode and intense pri-
mary plasma is generated, approaching plasma densities
of 1011 cm−3 [12]. The coaxial holes in the cathode al-
low plasma jets to form and create the remote plasma.
The overlap of plasma jets results in a very homogeneous
plasma density distribution. The total pressure inside
the plasma chamber has been controlled via an adaptive
pressure controller valve supplied with a stepping motor.
The HMDSN vapor is carried to the plasma chamber
(stainless steel: 50 × 50 × 50 cm3) by helium (35 sccm
flow rate), where the inlet line is positioned at a distance
of 40 mm below the source.

Fig. 1. A view of the plasma source inside the process-
ing chamber with the operations positions.

The thicknesses and deposition rates of the deposited
thin films have been monitored in situ using a quartz
crystal microbalance located at a distance of 45 mm be-
low the HCD source. Figure 1 shows a view of the HCD
source and the positions of the electrical probes and the
QCM head inside the process chamber. The humidity
and gas (NH3, CO2 and O2) sorptive properties have
been studied using the QCM, where the same plasma vac-
uum chamber was used as a test chamber. The morpho-
logical properties have been investigated using a scanning
electron microscope (SEM). Deposition has been carried
out on four Au-coated quartz crystal resonators (about
6.0 MHz frequency), under conditions of overall pres-
sure of about 50 Pa and time of deposition of 20 min,
at constant flow rate of HMDSN (QHMDSN = 12 sccm
(0.09 g/min)) and at four different plasma conditions as
follows: S1 (feed gas: argon, RF power = 100 W), S2
(feed gas: nitrogen, RF power = 100 W), S3 (feed gas:
nitrogen, RF power = 200 W), S4 (feed gas: nitrogen,
RF power = 300 W). Commercial argon, nitrogen and
helium gases with 99.999% purity and HMDSN (from
Sigma-Aldrich) with 97% purity grade have been used.
Basic plasma parameters (electron density, electron tem-
perature, ion flux rate and UV radiation) have been de-
rived using a cylindrical Langmuir probe, a planar probe,

and the OES technique. In addition, the substrate tem-
perature during the deposition process was monitored by
a microprocessor-based thermocouple thermometer.

A quartz crystal microbalance can be used as a sen-
sor due to the piezoelectric effect of the quartz material.
Quartz crystal microbalances (QCMs) derive their sensor
responses by changes in the oscillation frequency (∆f) of
a quartz crystal when exposed to a gas [15]. This change
in frequency due to the addition of gas mass can be mon-
itored and converted to a change in mass (∆m) by the
Sauerbrey relationship [16]:

∆f = (f2
0 ∆m)/(ρNA) , (1)

where f0 is the resonant frequency of the quartz crystal
(about 6.0 MHz), ρ is the density of quartz (2.65 g cm−3),
N is the frequency constant of quartz (1.67×105 Hz cm)
and A is the area of the thin film coated crystal. An im-
portant point to note is that the Sauerbrey equation is
only applicable to uniform, rigid, thin-film deposits [17].
Thus, for soft and viscoelastic materials, the linear rela-
tionship between frequency and mass is not necessarily
valid, because the materials do not fully couple to the
crystal oscillations. Due to this, the QCM was for many
years just regarded as a gas-phase mass detector, which
is the case in the present work.

The ability of plasma polymer films, obtained from
hexamethyldisilazane to absorb humidity (water vapor
in air) and other gases such as NH3, CO2 and O2 in gas
phase is studied by monitoring the changes in oscillating
frequency of the quartz crystals coated with plasma thin
films under the different plasma conditions mentioned
above. Each of the studied gases NH3, CO2 and O2 was
introduced to the evacuated test chamber at a constant
pressure of 1 mbar, which corresponds to a gas volume
ratio in air of about 900 ppmv. The humidity sorptive
property has been studied in a different way. The humid-
ity (RH %) of atmospheric air inside the laboratory room
is measured by a hygrometer to be 50% at room temper-
ature (25 ◦C), which corresponds to 15 mbar water vapor
partial pressure in atmospheric air (1000 mbar). To have
1 mbar of water vapor pressure in the test chamber, the
humid air room was introduced to the vacuum test cham-
ber at a pressure of about 65 mbar. The change of crystal
frequency was recorded after 5 min of crystals exposure
to each of the studied gases.

3. Results and discussion

3.1. Plasma phase characterization

The plasma phase consists of a wide spectrum of very
reactive species (electrons, ions, free radicals and UV ra-
diation). Therefore, during the plasma CVD process a
competition between the film deposition process and the
film etching process exists. The plasma diagnostic pro-
vides important information on the nature of the active
species initiating the plasma CVD process. Therefore,
the plasma phase, prior to the injection of HMDSN va-
por precursor has been characterized. Because of the
dominant role of electrons in the plasma phase reactions,



486 S. Saloum, B. Alkhaled

it is important to measure both the electron density (ne)
and the electron temperature (Te), where they were mea-
sured at the position of the QCM head using cylindrical
single Langmuir probe as described in detail in a previ-
ous work [13]. The ion flux rate (ion bombardment of the
surface) is also an important parameter in plasma pro-
cessing, therefore it has been measured using a planar
probe as described in [14]. The probe has a 7 mm diame-
ter collector (area Ac) and a 16 mm diameter guard ring.
The technique of measurement is to apply a large neg-
ative bias to give a positive-ion saturation current I+

sat.
In our case we applied a bias of (−100 V) on both the
collector and the guard ring. Thus, the positive ion flux

rate Γs can be deduced from the relation
I+
sat = eAcΓs . (2)

The UV and VUV photons play an important role in
plasma CVD process [13]. Therefore the emitted light
intensity integrated over the 200–400 nm UV range was
measured using photon counting method, where the VUV
(below 200 nm) emission was not measured due to the
limitation of our OES system in wavelength and in de-
tector spectral response. Table I gives the variations of
measured electron density, electron temperature, ion flux
rate and UV radiation, as well as the substrate temper-
ature under the different plasma conditions.

TABLE I
Variations of different plasma parameters as a function of plasma thin films deposition conditions
S1, S2, S3, and S4.

Plasma
conditions

ne

[cm−3]
Te

[eV]

UV
radiation
[arb.u.]

Ion flux rate
[cm−2 s−1]

Substrate
temperature

[◦C]
S1 3.0× 109 ± 108 2.5± 0.1 1.0± 0.05 3.8× 1012 ± 1010 30± 1

S2 2.1× 109 ± 108 2.2± 0.1 1.3± 0.05 3.7× 1012 ± 1010 45± 1

S3 2.7× 109 ± 108 2.4± 0.1 1.5± 0.05 4.4× 1012 ± 1010 55± 1

S4 3.3× 109 ± 108 3.0± 0.1 1.6± 0.05 4.7× 1012 ± 1010 70± 1

3.2. Thin films properties
3.2.1. Deposition rate

The film thickness and deposition rate for the prepared
samples S1, S2, S3 and S4 were measured in situ using
the QCM, and the results are depicted in Fig. 2. The
scale of the thickness (d) and deposition rate (rd) can be
drawn as follows: S4 < S2 < S1 < S3. To explain this
behavior of film thickness, we refer to the behavior of
plasma characteristics presented in Table I. As reported
in the literature [18–22], and without the presence of re-
active molecular gas in the plasma (case S1), the elec-
tronic collisions with the precursor are mainly responsible
of its fragmentation, whereas when nitrogen is present in
the plasma phase, atomic nitrogen reacts with HMDSN
in the gas phase, increasing its conversion and fragmen-
tation, and it removes parts of the organic fraction of
the film by means of gas–surface reactions [23]. The fact
that the thickness of sample S1 is higher than sample S2
can be understood through the higher fragmentation of
the precursor due to the higher electron density and the
lower etching effect induced by UV photons. Neverthe-
less, as seen from Table I, the ions have approximately
the same bombardment effect. In addition to this, the
substrate temperature is an important factor which gov-
erns the growth rate, Blaszczyk–Lezak et al. [2] found
that the increase of substrate temperature between 30 ◦C
and 200 ◦C implies a decrease in growth rate of plasma de-

Fig. 2. Variation of deposited thin films thickness and
deposition rate from HMDSN under the different plasma
conditions.

posited thin films from tetramethyldisilazane precursor.
In the present work the increase of substrate tempera-
ture between sample S1 and sample S2 is an additional
factor, which explains the higher growth rate of sample
S1 in comparison with sample S2. The comparison of
films thicknesses for samples S2, S3 and S4 gives an idea
about the effect of power on film growth kinetics. A non-
-linear growth of film thickness with RF plasma power
is observed, and a maximum occurs at 200 W RF power
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Fig. 3. Response of plasma thin films coated quartz
crystals and uncoated one to humidity and NH3, CO2

and O2 gases. Filling pressure = 1 mbar (concentration
≈ 900 ppmv), time exposure = 5 min.

in this case. The appearance of this maximum and the
lowest film thickness for sample S4 can be attributed to
the increase of substrate temperature, UV radiation ex-
posure, electron temperature and ion flux, as shown in
Table I.
3.2.2. Humidity and gas sorptive properties

Figure 3 shows the QCM response to the different stud-
ied gases, in term of crystal frequency shift (∆f), for
coated crystals and uncoated one. It can be seen from
the figure that the most significant response of the plasma
thin films is attributed to the humidity sportive property.
These films are able also to absorb ammonia with a sorp-
tion capability less than that of humidity, regarding the
two other gases of carbon dioxide and oxygen. One can
clearly observe the low response (about 2 Hz) to these two
gases compared to that of humidity (about 20 Hz) and
of ammonia (about 8 Hz). In addition, the responses of
plasma thin films coated crystals are comparable to that
of uncoated one. The behavior of frequency shift due to
ammonia sorption can be written as follows: ∆f(S1) =
∆f(S3) > ∆f(S4) > ∆f(S2), and the behavior of fre-
quency shift due to humidity sorption can be written as
follows: ∆f(S3) > ∆f(S2) > ∆f(S4) > ∆f(S1). To ex-
plain these behaviors of films sorption properties, an at-
tempt to correlate them with other films properties such
as thickness, water contact angle and surface roughness,
has been done. Water contact angle measurements of
deposited thin films on quartz crystals were carried out
with a contact angle system, to gain knowledge about the
wettability properties of the plasma polymer thin films
surface. The measured contact angles were found as fol-
lows: S1 (90.3◦), S2 (51.3◦), S3 (24.6◦) and S4 (31.1◦).

In Fig. 4 there are shown the images of the water
drop on the surface of films. The contact angles change
from hydrophobic to hydrophilic values when feed gas is
changed from argon to nitrogen, and with increasing ap-
plied RF power. Other authors achieved similar results,
concerning similar conditions of sample (S1) for HMDSN
plasma polymerized thin films. In Refs. [24, 25] they

Fig. 4. The water contact angle on the surface of the
samples S1, S2, S3, and S4.

found a contact angle of about 100◦. Kraus et al. [5] mea-
sured water contact angles of HMDSN thin films in the
range [81◦–95◦]. Da Silva et al. [6] found that HMDSN
plasma polymerized films show a water contact angle of
roughly 90◦. The effect of surface structure and chem-
istry on hydrophobicity was further studied by Wenzel
[26] and by Cassie and Baxter [27]. The Wenzel model
introduced the effect of surface roughness in determin-
ing the hydrophobic nature of a surface, stating that
the introduction of surface roughness causes the inter-
facial surface free energy to increase. The Cassie–Baxter
model assumes the solid–liquid interface to have air pock-
ets below the liquid droplet in surfaces having very high
asperities, where the fraction of the solid surface in con-
tact with liquid determines the degree of hydrophobicity.
Both models predict an increase of water contact angle
with increasing surface roughness.

Figure 5 shows the surface morphology of deposited
thin films on quartz crystals observed by SEM. We can
see that S1 sample has a rough surface, where big grains,
whose mean size is about 290 nm, are observed on sur-
face, while the S2, S3 and S4 samples have a smoother
surface with mean grains size of 166 nm, 162 nm and
174 nm, respectively.

Table II illustrates the variations of ammonia and hu-
midity sorption properties, water contact angle and sur-
face properties (roughness root mean square (rms) and
grain size) of the deposited films under the different
plasma conditions. It can be noticed that the behavior of
ammonia sorption property can be correlated somewhat
to film thickness (Fig. 2), if sample (S1) is compared with
samples (S2) and (S4) and sample (S3) is compared to
sample (S2). Otherwise, the ammonia sorption property
is hardly correlated to thin film surface properties. In the
literature, it is found that Georgieva et al. [28] studied the
ammonia sorptive properties of plasma polymer films, ob-
tained from hexamethyldisiloxane (HMDSO), and found
that the increase of the polymer thickness in the range of
0.09–0.24 µm leads to an increase of the ammonia sorp-
tion capability of the samples. In regard of humidity
sorption property, it can be observed from Table II that
there is a good correlation between the contact angles val-
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Fig. 5. SEM images of the samples S1, S2, S3 and S4.

ues, the frequency shift and the surface roughness, while
the correlation with film thickness is observed only for
sample S2. The sample S1 is more hydrophobic than the
sample S2, which is conjunction with the lower frequency
shift due to humidity sorption and with the higher surface
roughness. This result gives the effect of changing feed
gas on thin films sorptive properties. The comparisons
between samples S2, S3 and S4 reveal the effect of applied
power. The observed minimum of surface roughness at
200 W applied power (S2) corresponds to the minimum
of contact angle, the maximum of frequency shift and the
maximum of film thickness for the same sample, which
means that the more surface of the deposited thin film
is rough the more it has a hydrophilic character and the
less it absorbs water vapor.

TABLE II
Variations of ammonia and humidity sorption, water contact angle, surface roughness
and mean grain size of the samples S1, S2, S3, and S4.

Plasma
conditions

Frequency
shift for
ammonia
sorption
[Hz]

Frequency
shift for
humidity
sorption
[Hz]

Water
contact angle

[◦]

Surface
roughness

[µm]

Mean
grain size

[nm]

S1 8± 1 18± 1 90.3± 1.0 2.31± 0.02 290± 2

S2 5± 1 21± 1 51.3± 1.0 2.25± 0.02 166± 2

S3 8± 1 27± 1 24.6± 1.0 1.75± 0.02 162± 2

S4 7± 1 20± 1 31.1± 1.0 2.10± 0.02 174± 2

4. Conclusions

Plasma-polymerized thin films are obtained from
HMDSN compound source in RF plasma system, under
different plasma conditions of feed gas and applied RF
power. The effect of changing plasma conditions on the
plasma phase characteristics, and the obtained thin films
growth rate and humidity/gas sorptive properties have
been investigated. It has been found that changing the
feed gas from a rare gas (argon) to a reactive molecular
gas (nitrogen) implies a decrease in film deposition rate
from 18 nm/min to 13 nm/min and a decrease of both
the film surface roughness and the water contact angle
(angle decreased from 90◦ to 51.3◦). Consequently, the
humidity and gas sorptive properties have been modi-
fied. The obtained films with argon as a feed gas show
higher ability to absorb ammonia and lower ability to
absorb humidity than films obtained with nitrogen as a
feed gas. In N2/HMDSN plasma deposition environment,

the applied power has been changed between 100 W and
300 W, and the obtained films showed a maximum sorp-
tion response to humidity and ammonia at 200 W ap-
plied power, corresponding to a maximum of deposition
rate, a minimum of surface roughness and a minimum
of water contact angle (24.6◦). This work shows that
plasma-polymerized HMDSN thin films have promising
characteristics for sensing humidity of ambient air, as
well as sensing ammonia gas. In addition, it shows also
that altering plasma conditions leads to the desired thin
films properties.
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