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a b s t r a c t

The silicon-rich oxide (SiOx) films were deposited using the LPCVD (Low Pressure Chemical Vapour Depo-
sition) method at the temperature of 570 �C and with silane and oxygen as the reactant gasses. The films
were deposited on silicon (1 1 1) substrates. The flows of oxygen and silan in the horizontal tube reactor
were varied in order to deposit films with different values of oxygen content x. The roughness of the film
surfaces and of the substrate-film interfaces were determined by X-ray specular reflection. A homoge-
neous surface with the root-mean square (r.m.s.) surface roughness less than 3 nm has been found. Scan-
ning electron microscopy shows surface lateral structures smaller than 50 nm. Infrared absorption shows
the broad peak of the TO3 phonon mode at 1000 cm�1 which blue shifts with the increase of oxygen con-
tent x. The observed absence of the LO3 phonon mode at 1260 cm�1 is an another indication of the low
surface roughness. The Raman spectra show broad bands of the TA, LA, LO, and TO-like phonon bands typ-
ical of amorphous materials.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

When the LPCVD method is used to deposit silicon-rich oxide
(SiOx) films there are two distinct processes in use today, the first
being the reaction of silane and oxygen, and the second being the
reaction of silane and nitrous oxide [1,2]. In the case of the first
reaction the deposited SiOx films are quite uniform and the reac-
tion itself occurs at low temperatures (around 400 �C). On the
other hand the reaction of silane and nitrous oxide usually occurs
at high temperatures (around 800 �C) and thus obtained films
show a high degree of porosity. The porosity is caused by the fact
that at higher temperatures the excess of silicon atoms tends to
crystallize, thus reducing the surface quality of the thin film [1–
3]. The surface properties of thin semiconductor and isolator films
are of great importance for the applicability of these films in micro-
electronics. A smooth homogeneous surface is a necessary require-
ment for the films to be usable in microelectronic and
optoelectronic components. In particular for the production of pla-
nar waveguides to be used in optoelectronical components low
surface roughness is the crucial factor for the reduction of propaga-
tion losses. Also when producing planar microresonators, low sur-
face roughness is necessary to ensure a high quality factor. In this
ll rights reserved.
paper we present an investigation of surface properties of thin
silicon-rich oxide films produced by the LPCVD method.
2. Experiment

The LPCVD silicon-oxide thin films were deposited on (1 1 1)
n-type silicon and on fused silica wafers by a reaction between
silane (SiH4) and oxygen. In the deposition process 26% (samples
S1-S4) and 2% (sample S5) silane diluted in argon was used as a
source of the silicon atoms. The partial pressure of the reactant
gasses was varied in order to obtain films with different structural
composition. All the depositions were carried out at the tempera-
ture of 570 �C. The duration of the depositions was 300 min for
the samples S1–S4 and 166 min for the sample S5. The flow of
silane in the reactor was kept constant at 260 cm3/min. The values
of the flow of oxygen in the reactor are presented in Table 1 as
well as the values of oxygen content x in the samples, the
sample thicknesses and the deposition rates. The oxygen content
and the sample thicknesses were determined by a number of
methods (time of flight elastic recoil detection analysis, energy dis-
persive X-ray scattering and indirectly form the measurements of
the refractive index both by ellipsometry and by m-line spectros-
copy), the details of which will be given elsewhere [4]. IR spectros-
copy was performed by a Perkin–Elmer GX spectrometer. SEM
images were taken with a FE-SEM Jeol 7000F scanning electron
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Table 1
The flow of oxygen into the reactor, the oxygen content in the samples, the sample
thicknesses and the deposition rates.

S1 S2 S3 S4 S5

v(O2)/(cm3/min) 9 13.5 18 27 27
d/nm 480 160 170 70 70
Deposition rate/(nm/h) 96 32 34 14 25.3
x 0.13 0.33 0.62 0.86 2
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microscope. The Raman spectra were taken with a Horiba Yobin
Yvon T 64000 Raman spectrometer. Specular X-ray reflection was
measured using a standard laboratory setup using a CuKa X-ray
tube (line focus), a parabolic multilayer collimator and a secondary
graphite monochromator.
3. X-ray reflection theory

When X-ray radiation is incident at the surface of a given sam-
ple, part of the radiation will be speculary reflected. If the sample is
composed of a number of layers with different indices of refraction,
a part of the incident radiation will be transmitted and a part will
be reflected at each interface between the layers. The amount of
light reflected at each interface is given by the Fresnel coefficients
of reflection [5]:

ri;iþ1 ¼ Qi;iþ1
ki � kiþ1

ki þ kiþ1
; ð1Þ

where ri,i+1 is the Fresnel coefficient of reflection on the interface be-
tween the i and the i + 1 layer, ki and ki+1 are the components of the
light wavevector perpendicular to the sample surface in the layers i
and i + 1 respectively, and Qi,i+1 is the Nevot–Croce factor (surface
roughness modeling factor) which is equal to[6]:

Q i;iþ1 ¼ e�2r2
i;iþ1kikiþ1 ; ð2Þ

where ri,i+1 is the r.m.s. vertical surface roughness of the interface
between the i and i + 1 layer (the average width of the interface
in the direction perpendicular to the interface). The wavevector
Fig. 1. SEM images of samples S1–S3 (top row, from le
components ki+1 and ki are connected by the Snells law of
refraction:

k2
iþ1 � k2

i ¼
2p
k

� �
ðn2

iþ1 � n2
i Þ; ð3Þ

where k = 1.54 Å is the wavelength of the incident radiation, and
ni+1 and ni are the indices of refraction of the layers i + 1 and i
respectively. The real part of the refractive index of a material at
wavelengths corresponding to X-rays is directly proportional to
the electron density of the material. In a multilayer structure the
radiation reflected of the interface between layers i and i � 1 will
interfere with the light reflected of the interface between the layers
i and i + 1 so that the effective coefficient of reflectivity will be given
by:

Ri;i�1 ¼
ri;i�1 þ Ri;iþ1e�2idiki

1þ ri;i�1e�2idiki
; ð4Þ

where Ri,i�1 are the effective reflection coefficients of the entire
structure between the substrate and the interface between layers
i and i ± 1, and di is the thickness of layer i. By using the recursive
formula (4) it is possible to calculate the effective reflectivity of
the entire multilayer stack [7].
4. Results

Fig. 1 shows the SEM images of the samples. The SEM images
show signs of substructure on the nanometer scale. For our sam-
ples the r.m.s. lateral surface roughness (the average size of the
surface substructure in the plane parallel to the sample surface)
is lower than 50 nm. The surface roughness for the samples S4
and S5 seems to be greatly reduced in respect to the samples S1–
S3. This could lead to the conclusion that the lateral surface rough-
ness of the deposited films decreases with the increase of the oxy-
gen content. However, since higher oxygen content leads to lower
conductivity and therefore the electrical charging of the thin films
upon contact with the electron beam is greater for the samples
with the higher oxygen content (S4 and S5), the apparent decrease
of the surface roughness with the oxygen content could be just an
ft to right), S4 and S5 (bottom row, left to right).



Fig. 3. The Raman spectra of the samples S1–S4. The full lines are the Gaussian
function fits of the experimental spectra which correspond to the TO (transversal
optical), LO (longitudinal optical), LA (longitudinal acoustical) and TA (transversal
acoustical) optical phonon modes.
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effect of the lowering of the resolution of the electron microscope
with the decrease of the conductivity of the samples.

In Fig. 2 the IR spectra of the samples are shown. In Fig. 2a and b
are presented the whole IR spectra from 0 to 10,000 cm�1 and an ex-
panded area of the spectra from 500 to 1300 cm�1 respectively. In
both Fig. 2a and b is visible the crystalline silicon absorption peak
at about 600 cm�1 which originates from the absorption of the sili-
con substrates on which the samples were deposited. In Fig. 2c the
spectrum of the bare substrate was subtracted from the measured
spectra of silicon-rich oxides to show just the spectrum of the depos-
ited thin film in the region between 900 and 1300 cm�1 where the
longitudinal (LO3) phonon mode at about 1260 cm�1 and the trans-
versal (TO3) phonon mode at about 1000–1080 cm�1 are expected
[8]. While the angle of incidence of the infrared radiation on the sam-
ple does not affect the intensity of the TO3 peak, it strongly influences
the intensity of the LO3 peak. For a perfectly smooth sample the peak
is not visible in the IR spectra if the infrared beam is perpendicular to
the sample surface, while if the beam is incident at an angle different
than 0� the LO3 phonon peak will be visible due to the Berreman ef-
fect [9]. If the sample surface is not perfectly smooth, even at normal
incidence the LO3 peak would still be visible, because the surface
roughness would effectively produce a deviation of the incidence an-
gle from the value of 0�. Since the spectra in Fig. 2 show no sign of the
LO3 peak, we conclude that the surface roughness of the samples is
much smaller than the wavelength of the incident radiation (sub-
micron roughness).

The Raman spectra of samples S1–S4 deposited on silica wafers
are shown in Fig. 3. The sample S5 was deposited only on a silicon
wafer, so it was not possible to measure the Raman spectrum, since
the signal originating from the thin film would be greatly overshad-
owed by the much more intensive signal coming from the silicon
substrate. All the Raman spectra show no traces of the crystalline sil-
icon Raman peak, which would be around 520 cm�1. As a matter of
fact all spectra show broad bands typical of amorphous materials.
In the spectra in Fig. 3 four broad bands are clearly visible: the TO
(transversal optical) phonon band at about 475 cm�1, the LO (longi-
tudinal optical) phonon band at about 300 cm�1, the LA (longitudinal
acoustical) phonon band at about 200 cm�1 and the TA (transversal
acoustical) phonon band at about 150 cm�1. We conclude that the
temperature of 570 �C at which the samples were deposited, is below
the critical temperature above which polycrystalline silicon is
deposited.

The X-ray reflection spectra of the samples S3–S5 deposited on
silicon substrates are shown in Fig. 4. All X-ray reflection spectra
Fig. 2. IR spectra of the samples: (a) whole IR spectra from 0 to 10,000 cm�1; (b) an expa
after the subtraction of the background in the range from 900 to 1300 cm�1.
show distinctive fringes from which the electron density depth
profiles can be deduced. The reflection curves were fitted using a
standard software based on the Parratt [7] formalism using a mod-
el of N layers on a semi-infinite substrate, and 3N + 1 fitting param-
eters (thickness, relative electron density and root-mean square
roughness for each layer, and the root-mean square roughness of
the substrate surface). The statistical errors of the thicknesses,
r.m.s. roughnesses and relative densities are about 1 nm, 0.5 nm
and 0.1 nm, respectively. We performed the fit starting with
N = 1, then used the resulting parameters as starting estimates
for the next fitting step with N = 3, then we proceeded with
N = 7, 15, 31,. . .. For samples S3 and S5 we achieved a reasonably
good fit for N = 7 while for sample S4 we achieved a reasonably
good fit for N = 15. Since silicon and silicon-dioxide (and conse-
quently the silicon-rich oxides) have similar electron densities
(around 7 � 1023 el/cm�3) the difference in the indices of refraction
nded area of the spectra from 500 to 1300 cm�1; and (c) TO3 stretching mode peak



Fig. 4. (a) the X-ray reflection spectra (circles) and the theoretical fit to the experimental data (line); and (b) the electron density depth profiles obtained from the fit.
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of the film and the substrate is very low, and therefore the corre-
sponding Fresnel reflection coefficient is very small as well. This
is the reason why in Fig. 4 the interference fringes are very weak
(especially for sample S5). The depth profiles of samples S3 and
S4 show a thick interface layer between the film and the substrate.
The interface layer has a much lower electron density than the sub-
strate and the film. This is caused by the existence of a large num-
ber of cracks or voids at the interface. The cracking could be caused
either by the existence of impurities left-over on the substrate after
the cleaning process before the start of the depositions, or because
of the cracking of the film at the film-substrate interface caused
by thermal stress during the cooling of the samples after the
depositions. The sample S5 depth profile does not show an inter-
face layer but a smooth transition between the two layers. It seems
that the amount of voids at the film-substrate interface is much
lower for a silica on silicon system (sample S5) than for a non-stoi-
chiometric silicon-rich oxide on silicon system (samples S3 and
S4). For the sample S5, where the electron density profile shows
only a small shallow interface layer, the fringes on the X-ray
reflectivity spectra are barely visible. The r.m.s. vertical surface
roughness at the air-film interface was found to be bellow 3 nm
for all three samples (2.2, 3 and 2.7 nm for the samples S3–S5,
respectively).
5. Conclusion

We report that we deposited thin silicon-rich oxide films using
the LPCVD method. The films were found to have a very smooth
surface (r.m.s. vertical surface roughness bellow 3 nm, with lateral
surface structures bellow 50 nm). The X-ray reflectivity measure-
ments showed the presence of an interface layer between the film
and the substrate on which the samples were deposited with a
density much lower that the densities of the film and the substrate.
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This is an indication of the existence of cracks and voids at the film-
substrate interface.
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