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ARTICLE INFO ABSTRACT

Porous silicon oxide thin films were deposited by combustion chemical vapour deposition (CCVD). Depending on
the process parameters applied, the layer thickness ranged from 18 to 165 nm, as obtained by profilometry and
spectral ellipsometry (SE). The layer morphology was investigated by scanning electron microscopy (STEM) and
atomic force microscopy (AFM) revealing roughnesses of the respective films between 0.1 and 42.4 nm. The
porosity of the films was determined using weighing, SE, and Rutherford backscattering spectrometry (RBS) with
all methods giving similar values. The porosity varied between 21 and 93%. These high porosities can be an
effect of voids resulting from pores and roughness. The investigations revealed an open porosity. The received
porosities were correlated with FTIR signal. The FTIR signal strength per unit volume W correlates linearly with
the porosity. This result can be used as a calibration curve. Thus, the porosity of an unknown silicon oxide layer
can be deduced from the measured FTIR signal and the layer thickness. All methods applied here yield a con-
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sistent description of the layer properties.

1. Introduction

The investigation of structural properties of deposited thin films for
surface modification is one of the main research areas in material sci-
ence. In the past decades, the material silicon oxide, prepared as porous
SiO, thin film, was often used as insulation and passivation material
[1]. Silicon oxide thin films have also gained great interest due to their
application as antireflection coating, e.g. for photovoltaic modules [2]
or as basic material for the growth of nanowires [3]. Different deposi-
tion techniques such as reactive high power impulse magnetron sput-
tering (HIPIMS) [4], electrospinning [5], liquid-phase-deposition [1],
Sol-Gel [6,7] and remote plasma-enhanced chemical vapour deposition
(RPECVD) [2] have been established to produce porous silicon oxide.
Within these deposition processes different precursors, such as mono-
silane (SiH4) [2], hydrofluorosilicic acid (H,SiF¢) [1] or tetra-
ethoxysilane (TEOS) [5], were used. Especially, the HIPIMS and
RPECVD techniques are here cost-intensive vacuum-based methods.

The non-vacuum-based combustion chemical vapour deposition
(CCVD) process is a very cost effective deposition technique [8]. In
contrast to the vacuum-based methods, physical vapour deposition
(PVD) and atomic layer deposition (ALD), it is an advantageous method
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for metal and/or metal oxide deposition. The CCVD process allows
changing the deposition parameters, such as substrate temperature,
burner passes and substrate velocity for creating ultrathin dense SiOy
layers on glass substrates building an anticorrosive film against
leaching [8]. Furthermore this method permits the deposition of thin
ZnO layers using zinc nitrate as precursor [9,10]. “Smart Windows”
change their colour from colourless to blue in an electrochromic cell.
For this application WOy thin films are another example [10] as well as
morphology investigations of Al,O3 by varying the temperature of the
substrate during CCVD process [11]. As an example, the use of man-
ganese(Il)- and cobalt(Il) carboxylates as precursors for thin film de-
position of Mn,O03/Mn304 and Co304 show that not only changing
controllable parameters have an effect on structure and morphology of
the deposited thin films but also the construction of the precursor itself
[12]. In addition to metal oxides, also noble metal layers like silver can
be deposited by CCVD [13,14].

Porous materials provide the option of filling with a functional
material. Some functionalities are, for example, gold nanoparticles for
catalysis or thin layers of SnO, for gas sensors, where the SiO, matrix
serves to increase the surface area. The porosity is the ratio of the void
volume and the bulk volume. Thus, this measure determines the
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density, which can be e.g. measured by weighing of a known volume, as
demonstrated by Cobianu and Pavelescu [15]. The density can be also
determined from X-ray reflectivity (XRR) measurements, as demon-
strated by M. Wormington and C. Russell [16] or Windover and Lu [17]
for interlayer dielectric applications. However, for XRR measurements
the roughness of the thin films should not be higher than about 5 nm.
With Rutherford backscattering spectrometry (RBS) the number of
atoms per unit area can be determined and by knowing the layer
thickness, the porosity of the layer can be extracted [17-19]. A non-
destructive technique for the determination of the porosity is the laser-
generated surface acoustic wave characterisation (LASW), which was
performed by Murray et al. for low-k SiO, xerogel films [20]. Further-
more, the porosity correlates with the refractive index [21] and thus
could be easily detected from optical measurements [22,23].

The aim of this study was to analyse the porosity of silicon oxide
thin films deposited via the CCVD process by different experimental
techniques. The reliable determination of porosity of such films was
necessary before executing further experiments to investigate the de-
pendence of morphological properties on the deposition parameters.
Therefore, we deposited silica films by varying selected parameters only
in order to create different grades of porosity. The morphology of the
deposited layers was investigated by atomic force microscopy (AFM)
and scanning transmission electron microscopy (STEM). The porosity
was determined by applying weighing, spectral ellipsometry (SE) and
RBS measurements. Most of the methods depend on deducing porosity
from known properties of an ideal structure like bulk density or re-
fractive index. The precision of a direct method like weighing is limited
if film thickness is too low and mass differences are smaller than the
accuracy of the balance used. To have another opportunity for de-
termination, the observed porosity was compared with data from
Fourier transformed infrared spectroscopy (FTIR).

2. Experimental
2.1. Deposition of silicon oxide thin films by the CCVD process

The deposition of the porous silicon oxide layers was carried out
using a home built CCVD system, which is schematically depicted in
Fig. 1. The main parts of the system are the gas supply unit for gen-
erating a propane-air-mixture (white), the aerosol generator (yellow), a
burner and a movable and heatable sample holder. The burner was fed
with the gaseous fuel-air mixture (propane and air) doped with the li-
quid precursor hexamethyldisiloxane (HMDSO). The propane air ratio
was controlled by a gas supply unit (50 MD-1B) from Sura Instruments
GmbH and can be varied between 1:16 and 1: 24, while the tempera-
ture of the propane-air flame ranged from 1400 to 2300 °C. HMDSO was
sprayed directly into the fuel-air-mixture as aerosol droplets by using an
aerosol generator (ATM 220 from Topas GmbH). To produce particles
with the atomizer, different nozzle sizes (0.3, 0.5 and 1.1 mm; not
shown in Fig. 1) and different system pressures, adjusted by the com-
pressed air (0.2 to 6 bar), can be used.

The maximum speed of the sample holder is 600 mms~'. The
working distance (burner to substrate) can be chosen between 10 and
100 mm. The sample holder is equipped with a heating system and the
temperature can be adjusted up to a maximum value of 600 °C.

For deposition a burner of 100 mm width was used. The sample
holder was moved through the flame of the burner to create the thin
layer. During the deposition process, no additional heating of the
sample holder was applied and the sample is only heated by the flame
itself. After cooling to ambient temperature, the coated substrates were
cleaned in an isopropyl alcohol ultrasonic bath for 10 min. The samples
were then rinsed with distilled water and dried with oil-free com-
pressed air. Upon thin film deposition we varied the system pressure,
burner to substrate distance, velocity of the substrate holder and the
number of burner passes; while all other parameters were set to fixed
values, as summarized in Table 1.
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2.2. Morphology and chemical composition

The surface roughness R, of the deposited layers was determined by
AFM using an MFP 3D Classic from Asylum Research in tapping mode
with the tip type AC160TS-R3. The measured area was 20 X 20 um?.

The preparation and investigation of cross-section lamellas were
done with a Helios Nanolab 600i from FEI (now Thermo Fisher
Scientific). The DualBeam microscope is combined with a SEM using a
field emitter and a liquid Ga ion source for focused ion beam (FIB)
preparation. The samples were covered with Pt to create a stable top
layer, otherwise the structure could be destroyed during preparation.
The cross section was prepared by lift out technique using the Ga ion
beam with 30, 16, 8, 5 and 2 keV under use of the micro manipulator.

The chemical composition was obtained by X-ray photoelectron
spectroscopy (XPS) depth profiling using a XPS spectrometer AXIS
ULTRAP' (Kratos Analytical Ltd.). The measurements were done using
a monochromatic Al K, X-ray source (1486.6 €V). The spot used was
300 x 700 um?2. All photoelectron spectra were collected at take-off
angle © = 90°. The sputtering was done using monoatomic argon
(5keV) with a raster size of 1.5 x 1.5mm? The crater depth was
measured using an Alpha Step D-600 profilometer from KLA-Tencor.

2.3. Porosity
2.3.1. Weighing
The porosity P is often determined by the ratio of the density from

the porous material p, and the theoretical bulk material p, under the
assumption that the density of the material is constant, according to

P= (1 - &}100%.

Po (€]
The density of the porous layer is given by
o, = Migyer
P Asubstrate ‘dlayer ’ (2)

where myy., is the difference of the mass mgypstrate before and mgyp 4 fim
after deposition of the thin film on the substrate. The masses mgypstrate
and mgyp 4+ fim Were determined using a ultra-microbalance SC2 from
Sartorius with an accuracy of 0.01 mg. The value djaye is the thickness
of the thin film and Agpsirate iS the area of the substrate which is, to a
good approximation, the same area as the layer. In our study, we es-
timated Asubstrate by

Axubstrate - Msybstrate
3)

Our substrates were (100) silicon wafers cut into pieces with a size
of about 9 cm®. The density of silicon was taken to be 2.33 g/cm® and
the thickness was 525 um. Further, we used a constant value for the
density of p, = 2.2gcem ™2 for amorphous silicon oxide. The layer
thicknesses djayer Were determined using the profilometer Alpha Step D-
600. To do so, two samples were coated simultaneously with one of
them being partially covered with a piece of silicon in order to create a
clear step. The uncoated sample was used for the determination of the
mass changes.

Psubstrate” dsubstrate

2.3.2. Spectral ellipsometry

The reduction of the density of the layer due to its porosity is ac-
companied by a reduction of the refractive index, njayer, in comparison
to that of the theoretical bulk material, ny. This effect is used for cal-
culating the porosity according to [22,23]

r-[s
G

The measurements were performed using a SE 850 from Sentech
under 50°, 60° and 70° measuring angles applying a wavelength of

_ (nlayer2 - 1)'(”02 + 2)
(nlayerz + 2)'(1’102 - 1)

)-100%
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Fig. 1. Schematic CCVD setup.
(Modified from [12]).

Table 1
Deposition parameters for the formation of porous silicon oxide layers using the
CCVD process.

Parameter Value

Flow rate propane [Lmin~'] 3.6

Flow rate air [L min~ '] 70

System pressure of ATM 220 [bar] 1,3,5
Distance substrate/burner [mm] 10, 25, 40
Velocity of the substrate holder [mms~ 1] 50, 125, 200
Temperature of the substrate holder [°C] 25

Number of passes 2,4,6

600 nm. At this wavelength the refractive index of non-crystalline SiOy
is given by no = 1.458 [22,23]. The measured quantities were modeled
basing on a Cauchy model, with layer thickness and refractive index
being the fitted parameters. The layer thickness measured with profi-
lometry was taken as starting value for the fit procedure. After
achieving an optimum fit of the measured data, thickness and refractive
index of the porous layer are obtained.

2.3.3. Rutherford backscattering spectrometry

Independent measurements of the layer thickness djayer Obtained by
profilometry and SE can be used for receiving the porosity via RBS in-
vestigations directly from the relation

P= (1 - jﬂ)qoo%,

layer

)
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where dggs is the film thickness obtained by the RBS measurements
from the measured number of atoms per unit area, Ndgps, divided by
the atomic density of the theoretical bulk material, N. This assumes that
the density of the material is known and constant (as with the
weighing). The RBS measurements were performed using a 3 MV
Tandetron from High Voltage Engineering. The investigations were
done under perpendicular ion bombardment and a backscattering angle
of 170°. The energy of the He™ ions was 1.4 MeV. For the evaluation of
the RBS spectra the code NDF [24] was applied which is implemented
in the local spectra handling software [25]. To ensure random condi-
tions for the crystalline silicon substrate, the samples were tilted by 5°
with respect to the incoming beam and rotated around the axis per-
pendicular to the surface sample. Fitting the measured spectra by cal-
culated ones finally yields the areal atomic density Ndgrgs of the de-
posited layer.

2.3.4. Fourier transformed infrared spectroscopy

FTIR investigations were done using an IR MB 3000 spectrometer
from ABB Automation Products GmbH. Scans were carried out with a
resolution of 2cm™! and 32 repeats. The (signal) amplification was
671.41 and the analysed area has a diameter of 2 mm. The background
of the spectra was subtracted and the peaks were fitted by Gaussian
lines applying OriginPro 8 software.

Weighing, SE and FTIR were performed on one and the same set of
samples within a narrow time interval. This ensures almost constant
conditions (relative humidity 45% and 25 °C) during measurement and
transportation of the samples as well as excludes changes in density or
structural changes due to adsorption and desorption of water. There
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were no environmental conditions allowed that could have led to phase
transitions and thus to changes in density, such as e.g. very high tem-
peratures.

3. Results and discussion
3.1. Investigations of layer thickness, morphology and chemical composition

The CCVD process for layer deposition involves complicated reac-
tions, which do not occur at the sample surface only. The propane-air-
mixture doped with the precursor gets homogenized in the burner
which facilitates a homogeneous flame. Within this flame particles al-
ready start to form growing on their way from the burner to the sample
surface. The corresponding time is called reaction time. At the start,
seed particles form and grow before reaching the surface. Therefore,
larger particles are to be expected by increasing the reaction time
leading to increased particle diameters and particle agglomerations
[26]. Thus, the reaction time t, is an important parameter, which can be
calculated by

gbg 'Aburner

= ——s 2
Qair + ans + Qprec

(6)
where gy is the burner to substrate distance, Apymer the exit area of the
gas (width times depth of the flame) and the denominator is the exit
velocity of the gas stream, which is the sum of the volume flow of air
Qair, Propane Qg,s and the precursor Qprec [26].

Another important parameter influencing the morphology and
thickness of the deposited layers is the interaction time. This interaction
time t; is given by

lb-nb

i = s
v

)

where ny, is the number of burner passes, v the velocity of the sample
holder and the burner depth I;,. The burner applied in our experiments
yields a constant depth of 10 mm.

By varying the process parameters (see Table 1), we grew in total 17
samples. Depending on the coating parameters, a layer thickness be-
tween 18 and 165 nm was achieved. As an example, Table 2 displays
coating conditions and obtained layer thicknesses for five re-
presentative samples, which are denoted by A to E. Within the experi-
mental uncertainty, profilometric and SE measurements give similar
layer thicknesses. SE measurements give a slight tendency to larger
thicknesses. This difference can be due to different layer building that
may be affected by the cover, because only the profilometry was per-
formed on the partially covered samples. With higher interaction time
of the flame with the substrate and silicon wafer cover, the temperature
of both increased. This favors the diffusion of the incoming particles on
the substrate. The result may be an accumulation and congestion of
particles at the substrate and at interface to the silicon cover. Contrary,
if the interaction time is short, the cover shadows the building of the
step. Because of these effects, the layer thicknesses obtained from SE
were used for calculating the porosity by weighing, RBS and FTIR.
Thus, all morphology and porosity investigations were performed on
the same samples.

Samples A, C and E were prepared with a similar reaction time.
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Table 2 shows that in this case an increase in the interaction time leads
to an increase in the layer thickness. However, different layer thick-
nesses are observed although the reaction and interaction times are
similar by comparing samples B and E. For these two samples a dif-
ferent system pressure was used (not shown). This pressure is set at the
aerosol generator (see Sect. 2.1 and Fig. 1) and determines the pre-
cursor volume flow Qy,. This in turn influences the processes within the
precursor gas, which finally results in the particles seed formation. That
is why the low difference in the reaction time between sample B and E
has a strong effect on the layer thickness. For coating of sample B, the
used system pressure was higher and therefore larger particles were
generated. Not all large particles were deposited as an adherent layer.
Some particles were removed in the ultrasonic bath, resulting in a re-
duced layer thickness [26]. Large particles (50-90 nm) are also to be
expected in case of sample D because of the long reaction time (see
Table 2), which was realized by a larger burner-to-substrate distance
(gbs> See Eq. (6)). All other samples in Table 2 were deposited with a gy,
which was lower than that of sample D. A similar value of g,s was
realized in the former cases (not shown). For the larger particles similar
effects occur as described for sample B. This explains the rather low
layer thickness of sample D in relation to the long reaction time com-
pared with sample E.

The roughness R, of the samples was investigated by AFM (see Sect.
2.2). The values of R, of the samples varied between 0.1 nm and
42.4 nm for the deposited films as displayed in Table 2 for samples A to
E. Typical AFM images are shown in Fig. 2 for a more rough surface,
sample C (a), and a smoother surface, sample D (b). For sample D
evenly distributed hillocks (resulting from particles created during de-
position) on the layer can be seen. These hillocks may influence the
determination of the layer thickness by profilometry. Thus, the dis-
crepancy of the layer thickness obtained by profilometry and SE may be
also an effect of surface roughness.

Fig. 3 shows high-resolution STEM images of the cross section of
samples A, C and E. In case of sample A and E, it reveals a compact layer
on the silicon surface and a porous structure on the compact layer.
Partially the platinum, deposited for protecting the surface, penetrated
into the layer. A compact layer could not be observed for sample C. The
porous structure consists of agglomerated particles between which
there are gaps (here filled with the platinum). This means that the layer
structure is formed by growing particle columns. These columns grow
with an increasing porosity. Finally, there is a transition from porosity
to roughness.

Fig. 4 depicts the chemical composition of sample E obtained by
XPS. Before analysis, the adventitious carbon at the surface was re-
moved by sputtering. The figure demonstrates that the composition of
the layer does not change with depth. The layer has a slight sub stoi-
chiometry which is ignored. The XPS investigations indicated that the
density within the SiO, agglomerates does not change. A significant
difference is not even detected between the porous and the dense part
of the layer seen in Fig. 3. This is an important result, because it justifies
taking the bulk refractive index of SiO, for evaluation of the SE mea-
surements. The size of the agglomerates possibly varies over the
thickness of the deposited layer. Therefore, the homogeneous compo-
sition as shown in Fig. 3 also shows that the density of the agglomerates
does not depend on their size. This is one reason why the CCVD process

Table 2
Five samples (A - E) for comparison of layer thickness, interaction time, reaction time and surface roughness of silicon oxide deposited thin films by applying the
CCVD.
A B C D E
Layer thickness (Profilometry) [nm] 27 £ 29 23 = 3.1 56 + 8.3 44 + 45 77 £ 7.0
Layer thickness (SE) [nm] 29 + 2.7 26 = 3.7 54 + 4.1 49 + 5.2 81 = 3.9
Interaction time [s] 0.4 1.2 0.3 1.2 1.2
Reaction time [ms] 8.0 7.7 8.0 32.0 8.0
Surface roughness R, [nm] 12.6 0.1 25.0 0.1 42.4
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Fig. 2. AFM surface images of silicon oxide thin films C (a) and D (b) as ex-
amples of a rough and a smooth layer deposited on a silicon substrate. The
respective insets show line scans of representative areas, including hillocks for
the case (b).

scan length [um]

is a useful technique for deposition of porous SiOy layers.

3.2. Investigation of the layer porosity

The porosity can be distinguished in open (or effective) porosity and
closed (or ineffective) porosity. An open porosity exists when the cav-
ities are connected to each other and to the environment. Conversely, if
the cavities are not connected to the environment, there exists a closed
porosity. The different methods of measuring the porosity cannot dis-
tinguish between open and closed porosity. They only identify a dif-
ference in density compared to the bulk material. The morphological
investigations performed within this work indicated that the deposited
layers have an open porosity. This can be seen, for example, from Fig. 3
which demonstrates that the platinum partially penetrated into the
deposited layer.

Fig. 5 displays the SE spectra for sample E. The ellipsometric angles
Psi and Delta were collected for three different incidence angles (50°,
60° and 70°) in a wave length range of 350 to 800 nm. To receive the
refractive index and the layer thickness, the measured data was fitted.
As can be seen from Fig. 5, the simulation is a good approximation to
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the real data. The thus obtained layer thicknesses are included in
Table 2. The obtained values of the refractive index of the layer are used
to calculate the porosity applying Eq. (4) (see below).

Fig. 6 shows the RBS spectra for samples C and E. Signals for en-
ergies starting at 792 keV result from backscattering of He ions on si-
licon atoms. Backscattering starting at 508 keV is caused by He ions on
oxygen atoms. Because oxygen exists only within a thin layer, the RBS
signal appears as peak on top of the silicon signal. For sample E a clear
step in the silicon signal at about 760keV is visible. This marks the
change in the relative silicon concentration from about 33% within the
deposited layer to the pure silicon substrate. In case of sample C the
layer thickness (as seen by RBS) is too thin to resolve the corresponding
step. To determine the areal density Ndggs of the deposited layer, RBS
spectra were calculated by NDF [24] and fitted to the measured one.
From the XPS analysis it was found that the deposited SiOy layers are
slightly substoichiometric (see Fig. 4). However, the existence of SiO,
was assumed for the calculation of RBS spectra. For sample C the cal-
culated spectrum fits the data very well. However, there are deviations
for sample E at the surface signal from the silicon substrate (at energies
around 750keV) and the trailing edge of the oxygen signal from the
layer (around 460keV). These deviations can be attributed to the
roughness of the deposited layer (for details see [27]). The optimum fit
of calculated to measured spectra (signal range of the deposited layer)
then yields the area density Ndggs of the deposited layer (see lines in
Fig. 6). The porosity, as given in Table 3, is obtained using Eq. (5) with
the RBS layer thickness dggs basing on the bulk atomic density N.

The porosities of the 17 samples were calculated using Eq. (1) (by
weighing), 4 (by SE) and 5 (by RBS). For the samples A to E the por-
osities are presented in Table 3 (RBS measurements were performed for
2 samples, only). The porosity of the samples varied between 21 and
93%. For samples A, B, C and E the porosity determined by the different
techniques are the same within the experimental uncertainty. For
sample D no satisfactory explanation of the different porosity values
can be given. Porosities above 90%, which were obtained for sample D
and analysis by weighing, are surprising. This would imply that the
layer is not compact, but rather consists of separated particles on the
surface only. Indications for that can be seen in the AFM measurements
displayed in Fig. 2.

Every individual investigation method is limited in precision
causing different results of the layer's real state. The weight of silicon
oxide thin films having a thickness of about 20 nm is about 0.022 mg.
This small mass change increases the error of the weighing method,
because the error increases with decreasing mass. Another problem
with weighing is the adsorption of water on the surface, especially in
porous layers. This error was minimized by constant environmental
conditions during the measurements, as described in section 2.2. El-
lipsometry measures the angles Psi and Delta. They describe the change
of the polarization state of the reflected light from the samples. The
rougher and thinner layers are (< 200 nm; as in our case), the lower the
accuracy of ellipsometry. By avoiding certain errors that can be trig-
gered even by the instrument itself, the error can be reduced [28].
Reisinger et al. showed that under certain assumptions, the measure-
ment of very thin SiO, layers (5-20 nm) with improved accuracy is
possible [29]. In their model, the refractive index was kept constant and
only the layer thickness was varied. In our model, it was ensured that
the layer thickness was varied only within the thickness determined by
profilometry and its measurement uncertainty. Since the layer thickness
has been determined within narrow limits, the error for determining the
refractive index can be reduced. The layer thickness determined by RBS
for SiOy thin films was reported earlier. It was compared to XPS, auger
electron spectroscopy (AES), secondary ion mass spectroscopy (SIMS)
and transmission electron microscopy (TEM) and showed good agree-
ment, especially for TEM [30]. In comparison to Tougaard and angle
resolved XPS (ARXPS), RBS showed a deviation of 30-35% in layer
thickness determination, but no reasons for that were given [31]. With
RBS measurements, some insecurities including scattering angle
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Fig. 3. STEM images of the cross section of silicon oxide thin films (a) A, (b) C and (c) E deposited on a silicon substrate via the CCVD process. The images show

different areas of the samples.

uncertainty, counting statistics uncertainty and tilted incidence can
occur which have led to uncertainties in determining the thickness.
These insecurities and how to minimize them were described in Ref.
[32]. Kimura and Nakajima demonstrated for SiO4 on Si an uncertainty
of the measurement of 15% using the least square method during RBS
calculation [33]. All methods determine the integral porosity of the thin
film, meaning that an average porosity was calculated. The increasing
porosity, as described in Fig. 3, cannot be recorded and calculated in
detail using these methods. By combination of these results a good
approximation to reality can be obtained.

3.3. Determination of the porosity using FTIR measurements

FTIR measurements are used for chemical structure analysis.
Specific peaks are representative for the respective vibration modes.
The main vibrations, which occur in SiO, layers, are listed in Table 4.
Beside the peaks located at 1200 em™ !, 1090cm ™}, 935cm ™! and
800 cm ™! there is a wagging mode of the Si-O-Si bonding appearing at
450 cm ™! [1]. This peak is out of the range of the used spectrometer
and will not be considered for the investigations.

FTIR analysis is a quick technique. Additionally such spectrometers
are commonly available in laboratories dealing with layer deposition.
That is why it would be useful, if the porosity of layers could be
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Fig. 5. SE measurements of the silicon oxide thin film E for three different
angles of incidence (70°, 60° and 50°); the compact lines are Delta, the dashed
lines are Psi and the red lines are the respective simulation. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

determined from this type of analysis. Hints for a correlation between
FTIR signal and porosity can be found in the literature already. Gallardo
et al. investigated sintered samples by FTIR and plotted the relative
absorbance (peak area of TO @ 1090 cm ™~ 1/total area of all peaks of the
spectrum in the range 1350 to 950 cm ~ ') over the sintering tempera-
ture. They found a decrease of corresponding signals with increasing
sintering temperature [36]. It is well known that sintering reduces the
porosity. Therefore, the decrease in the relative absorbance should be
related to an increase of the porosity. However, in Ref. [36] no com-
parison with the porosity of the samples is given. A further indication
for a correlation between FTIR data and porosity follows from the re-
sults in Ref. [37]. In the study, the intensity ratio of the Sh and TO
bands (see Table 4) of hybrid silica-titania films (HST) was plotted as a
function of volume fraction of porosity [37]. A systematic variation of
the FTIR signal with porosity is found. The analysed intensity ratio
increased nonlinearly with increasing porosity.

In our investigations, the observed vibration modes can only origi-
nate from the deposited layers and not from the underlying silicon
substrate. In all cases the entire deposited layer was probed, because
the absorption length of the light is much larger than the layer thick-
ness. Layers with the same thickness (measured with profilometry or
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Fig. 6. RBS spectra of different silicon oxide thin layers with different poros-
ities; (a) sample E with a porosity of about 43%j; (b) sample C with a porosity of
74%.

Table 3
Comparison of the determined porosities from CCVD deposited silicon oxide
layers using weighing, SE and RBS.

Porosity [%]

A B C D E
Weighing 64 + 15 21 + 14 69 + 10 93 + 7 36 + 12
SE 58 * 23+ 7 80 =7 66 * 6 37 £ 9
RBS - - 74 + 8 - 43 £ 9
Table 4
Vibration modes for a silicon oxide layer.
Name Location Ref.
Si-O-Si (Sh) ~1200 cm ! [34]
Si-0-Si (TO) ~1090 cm ™! [1]
Si-OH ~935¢cm ™! [35]
Si-0-Si ~800cm ™! [1]

SE) but various porosities contain a different mass/amount of SiOy. The
intensity of the FTIR signal depends on the total amount of SiO, re-
corded in the analysis. And this in turn depends on the size of the light
spot on the sample surface and the area density of SiOy. This is sche-
matically sketched on the left side of Fig. 7 showing different layer
morphologies and their influence on the signal. Compared to the
compact layer (a), a decrease in density can result from a rough and
open-pore structure (b) or a flat and closed porous structure (c). The
third layer (d) shows the volume equivalent layer to the both porous
layers. It is to be expected that the total intensity of the FTIR signal
decreases with increasing porosity, as shown on the corresponding right
side of Fig. 7.

Fig. 8 shows typical FTIR spectra obtained after background
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subtraction. The localised peaks were fitted as explained in Sect. 2.3 _ Apeak _ Apeak

(see also [35]). Exemplarily for sample E (c), peaks were observed at - Aiayer-Aspor B dlaye,~1nm2’ 8

1180cm ™%, 1085cm ™%, 930cm ™! and 810 cm ™!, which are in good

agreement with data from literature (see Table 4). where Apeax is the sum of the area under all observed peaks (see Fig. 8)
In order to quantify the absorbance as measured by FTIR, the signal and djay., the layer thickness determined by SE (see Table 2). Ay, is the

strength per unit volume W is defined by spot size of light beam of the FTIR spectrometer on the sample surface.
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version of this article.)
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porosity P [%] for silicon oxide thin films by applying the CCVD process with
confidential limits (orange) and prediction limits (green). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Since Agpo: is determined by the aperture used, it is the same for all
measurements and was set to 1 nm? for the calculation of W. The thus
obtained value W is an average over the analysed area on the sample
surface. The loss of light intensity due to scattering within the porous
layers is ignored, because pores > 50 nm were not observed (see Fig. 3).

Fig. 9 shows the relation between W and measured porosity for all
17 layers produced. The used porosity is the average of the obtained
porosities using the different methods (weighing, SE and RBS; the de-
viation of the assumed values results from the maximum uncertainties
of the individual measuring methods). W depends on the calculated
peak area and the layer thickness and thus the main uncertainty results
from the error of determining the layer thickness, which should be
much higher than the uncertainty of the peak area calculation. Within
the experimental uncertainty, a linear decrease of the signal strength
per unit volume (Eq. (8)) with increasing porosity is observed. This is a
very interesting and useful result. The intersection of the line is at a
porosity of about 97%. In consideration with our uncertainties, this
confirms our correlation, at 100% porosity no signal can be obtained.
The regression line given in Fig. 9 can be applied as calibration line for
a quick estimation of the porosity of silicon oxide layers newly pro-
duced with the same system. The parameters of the regression line are
a = —0,00102cm™~'/(nm®%) and b = 0,09876 cm ™~ "/nm>.

Once such a calibration curve is established, the value of the por-
osity can be deduced for a new sample with known thickness. In our
case, there is a linear dependency, but with other materials and de-
position techniques there may be a different correlation and this should
be determined and taken into account. However, the value of the por-
osity alone does not yield complete information about the morphology
of the deposited layer. That is why usually further investigations with
other techniques are necessary.

4. Summary and conclusion

Combustion chemical vapour deposition was used to prepare silicon
oxide thin films with different grades of porosity. It is shown that by
applying appropriate conditions during the deposition, a wide variation
of layer thicknesses and porosities can be obtained while the stoichio-
metry of SiOy is kept constant. This makes this technique suitable for
future practical applications. Layer thicknesses were measured by
profilometry and SE. Deviations between the results for the two tech-
niques may be caused from the coverage used to create the step for
profilometry measurements. Morphology investigations showed a
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rough surface arising from agglomerated particles. The porosity was
determined using weighing, SE and RBS. The results are in good
agreement with each other. Surface roughness and pores influence the
measured values of the porosity, but the applied techniques cannot
distinguish these effects. We showed a way for determining the porosity
by using FTIR. To do this, the significant vibrations for silicon oxide
were analysed and an appropriate quantity, the signal strength per unit
volume, was defined. This signal strength decreases linearly with in-
creasing porosity for silicon oxide thin films deposited by CCVD. With
other materials and deposition techniques there may be a different
correlation. When sufficient data are collected, a valid calibration curve
is determined. This calibration curve can be used to determine the
porosity applying FTIR for a silicon oxide layer of known layer thick-
ness. In this way FTIR can be used as a quick and efficient method for
obtaining the porosity. However, the prerequisite for this is to have a
corresponding calibration curve. In our case of combustion-deposited
silicon oxide the combination of the various experimental techniques
gave a good approximation. All methods applied here yields a con-
sistent description of the layer properties.
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