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SO, thin films deposited by r.f. magnetron reactive
sputtering: structural propertiesdesigned by deposition
conditions

N. TOMOZEIU
R&D Department, Océ Technologies B.V., P.O. Box 101, 5900 MA Venlo, The Netherlands

The main subjects studied on this paper are the influence of the rf power, deposition pressure and oxygen partial pressure
on the sputtering rate of silicon and on the oxidation process during the a-SiOx deposition by magnetron reactive sputtering.
It was found that the r.f. power influences drastically both: the sputtering and the oxidation processes, while the deposition
pressure determines the sputtering rate but, for the investigated range, does not influence the oxidation process. No
influence on the sputtering rate has been seen for the oxygen partial pressure within metallic mode of plasma, but it
determines the composition of the deposited SiOyx layer. The sputtering deposition conditions determine both the layer
composition and the internal SiOx structure. Infrared spectroscopy performed on samples with the same composition but
deposited under different input parameters revealed different shape of the spectra. Spinodal decomposition of the deposited
SiOx material induced by the particles’ bombardment (ions, fast neutrals and UV photons) on the surface deposition seems

to happen during the deposition process.
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1. Introduction

Silicon suboxide (a-SiOy) films have been the subject
of intensive research in the past decade. These films,
because of their properties and a very good cohabitation
with  crystaline silicon, have found important
technological applications as gate insulator in the MIS
devices, passivation layers in microeectronics, optica
transparent parts in optoelectronic devices [1-3]. Many
such applications require low deposition temperatures and
high deposition rates. Much attention is therefore being
devoted to plasma assisted thin film deposition, whereby
the properties of the films can be controlled through the
plasma input parameters. Radio-frequent (rf) magnetron
sputtering is a very common and versatile technique for
low temperature amorphous materials deposition. Working
with a sdilicon target, in a well-controlled oxygen
environment, the argon plasma can be successfully used in
aSiO, deposition. The oxygen incorporation in the silicon
matrix has a great influence on the physicd properties of
the obtained material.

The amorphous silicon deposition via sputtering using
argon plasmas has been studied and theoretically modelled
[4,5]. When the oxygen is added in the deposition
chamber, the plasma related processes. sputtering,
particles transport, deposition and oxidation become very
complicated since the plasma chemistry and the dynamics
of the processes are changed. This is why, nowadays the
scientific community makes severa efforts to completely
understand the mechanisms that governs the deposition
process using the reactive sputtering technique. In this

paper, experimental and theoretica results on a-SiOy
deposition are reported. Specia attention is paid to
phenomena such as target and surface substrate oxidation.
The silicon deposition rate is estimated from experimenta
data and compared with data theoretically calculated
within a simple model. The influence of the deposition
input parameters on the plasma properties and on
deposition rate is underlined.
Specid dtention is pad to aSO, structura
properties. Many physical properties of a certain materid
are determined by its structure. The structural properties of
SiO thin films deposited by various techniques have been
studied during last decade and two models have been
devel oped:
e the random bonding model (RBM) where the Si-
S and S-O bonds are considered as being
randomly spread in the volume of the material,
defining its amorphous structure [6];

e therandom mixing model (RMM), where clusters
of silicon rich and oxygen rich silicon suboxide
are considered [7,8].

We note that in literature both these structural modds
are used and choosing one or another is not depended on
the deposition technique. It seems that the oxygen content
from the film plays a very important role in designing the
SiO structure. It has been previoudy shown [9] that for
samples deposited by reactive magnetron sputtering, the
RBM describes well the atomic arrangements for x<1.2,
while the RMM is more rdiable for samples with x>1.2.
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This x value is a kink point in opticadl and electrica
properties as afunction of oxygen content [10].

More recently it was shown that the SIOy structure is
the result of spinodal decomposition, process enhanced by
bombardment with neutrals and ions during deposition
[11]. From this point of view, the present paper offers
some interesting experimental evidences.

2. Experimental

Layers of amorphous silicon suboxide SIO, (0<x<2)
were deposited in a sputtering system equipped with a
13.56 MHz rf magnetron source. Argon plasma was
devel oped in the space between cathode (target) and anode
(sample holder), which amounts to 6 cm, under various rf
power vaues. In this way, silicon atoms were sputtered
from a circular polycrystalline silicon target with 10 cm
radius. In order to obtain SO, O, was added to the
sputtering gas. The cathode is charecterised by an
unbal anced magnetic configuration with a magnetic field
a the target surface of about 500 Gauss. The deposition
chamber has a volume of 10° cm® and was pumped down
to a base pressure of less than 5x10° Pa before the plasma
gas (Ar) was introduced. To avoid the contamination of
the plasma by spurious oxygen, the polycrystaline Si
target was “clean-sputtered” prior to each new deposition.
This cleaning involved exposure to an oxygen-free Ar
plasma for at least 2 min before the substrate was moved,
from a load lock chamber, to its deposition locetion.
Before entering the deposition chamber, the c-S substrates
samples were HF dipped in order to remove the native
oxide layer.

Firstly, the deposition conditions have been
determined in order to deposit SIO, with x ranged between
0 and 2. The input parameters in the plasma formation (rf
power, pressure, gases flows and their nature) have been
modified and the target voltage (Uyy) has been monitored.
It iswell known that Uy, determines the energy value of
the ions that arrive at the target surface and, consequently
it plays a crucid role in the sputtering process. Secondly,
SiOx thin films have been deposited and ther
compositional, structural and optical properties were
investigated. During depositions, the temperature of the
substrate was not controlled, but previous temperature
measurements in our setup have shown that the substrate
temperature remains below 80 °C.

During deposition, the gas pressure was 0.56 Pa, not
significantly influenced by the maximal 1 sccm O, flow.

3. Results

The target voltage measured for different argon
plasmas as a function of rf power is shown in Fig. 1. The

rf power was varied between 25 W and 250 W for
different values of the argon flow. During depositions, the
pressure was varied between 0.4 and 8 pbar. From Fig. 1 it
is clear that the higher the rf power, the larger the target
bias value. Except for the first two pressure values, the
target voltage does not depend significantly on pressure.
Contrarily, the very low-pressure (0.4 pbar) provides a
target voltage larger with 30-50 V than the higher-pressure
values correspondent. All the plasmas, except the one
produced with 250 W rf power, have been stable.
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Fig. 1. Target voltage versus rf power for argon plasmas
produced under various pressure values.

Adding oxygen to the plasma gas, the target voltageis
changed. Fig. 2 shows the target valtage versus the oxygen
partia pressure (OPP) for various plasmas powered with
140 W. Independently on the total pressure value, an OPP
of 0.08 pbar means a steep decrease of the target voltage.
This valueis specific to 140 W rf power and represents the
amount of oxygen that makes the plasma acting in so-
caled oxidic mode. In this sputtering regime, the silicon
from the target surface is completely oxidised and both,
the silicon and oxygen atoms are sputtered. In these
conditions, the amount of oxygen that will participate in
the deposited silicon atoms oxidation process has the two
components. one directly from the oxygen supplier and the
second one from sputtering process. The efficiency of
silicon atoms sputtering diminishes in the oxidic mode.
The OPP value that defines the plasma transition to an
oxidic mode can be changed by rf power: increasing the
applied power, the argon ions' bombardment on the target
surface increases. In this way for a certain amount of
oxygen in the vessel, the target oxidation process could be
stopped. These are speculaions, supposing that the
sputtered entities are particles and not molecules. Under
this assumption, Fig. 3 supports the modd.
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Fig. 2. Target voltage versus the oxygen partial pressure

when plasmas have been produced under a rf power of

140 W. The steep diminishing shows the plasma
transition to the oxidic mode.

1.004 oy By gy
$F—=—=x \:\kz Vv—y vy
Ne \,
0.95 \ \
> ° A v
P,=6 Hbar \
:‘)3 0.90 A
— [ )
Ce— P=100W N
a— 140 ., A
v~ 200 NN
0.85- d
0.00 0.05 0.10 0.15 0.20

Oxygen partial pressure (ubar)

Fig. 3. The oxidic mode of the plasmas can be shifted to
higher values of the OPP by increasing the rf power.

More important in SiOx deposition is the sputtering
with smaler OPP vaues (under the steeply decrease in
Fig. 2) that defines the so-called metallic mode. The
results of such depositions, varying OPP, are thin films of
silicon suboxides (SiO,, with 0<x<2). The effect of the
plasma conditions on the compositional properties of the
SiOx thin films is presented in Fig. 4. For comparison
series of samples deposited with the same rf power
(240 W) and two different values of the total pressure:

0.61 pbar and 6.1 pbar are shown.
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Fig. 4. Compositional properties of SO thin layers
deposited under various plasmas conditions.

The figure a so presents results of two series deposited
using plasmas obtained under 6.1 pbar and different r.f.
power: 100 W and 140 W.

The same x value can be obtained with a small
amount of oxygen in the vessdl if low rf power is used or
depositions at higher pressure values are performed.

As long as the plasma is maintained in the metallic
mode, the sputtering efficiency of silicon atoms is defined
by the values of the input parameters as rf power and
pressure. Keeping constant these parameters, the influence
of the OPP is practically negligible. This explains the
cvasi-linear dependency of the x value with the OPP (see
Fig. 4). Another proof is shown in Fig. 5 where the
deposition rate versus the x valuesis given. Lesssilicon is
sputtered with plasmadeveloped at low rf power. Thisisa
direct conseguence of the argon ion energy involved in the
sputtering process. But, the amount of sputtered silicon is
a function of Ar ions density that bombard the target
surface. Thus, a higher deposition rate is obtained for
higher pressure in the vessd, when the rf power is
constant.
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Fig. 5. The plasma parameters influence the deposition
rate values of various SO layers.

The structural properties of the layers are determined
by the composition of the layer and the conditions during
the deposition. The pesk position of the Si-O-Si stretching
vibration mode in the IR spectrais related to the structure
of the materid. In Fig. 6 is shown the IR peak position
versus the x values for SIO, samples deposited under
various plasma conditions. This picture shows clearly that
samples with the same composition (x vaue) are
characterised by different peak position values in the IR
spectrum. The structural changes influence the density of
states distribution and implicitly the optical and electrica
characteristics of the layer.
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shows the SO, structural properties depending on the

layer composition. It has to be underlined that for the

same composition, the structural properties varies with
the deposition conditions.

o
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4. Discussions

4.1 The sputtering mechanism

By applying rf power to the deposition system
electrodes, a large dc electrode voltage develops in
addition to the applied voltage. This effect is known in the
literature as self-biasing and in this paper it is referred to
as target voltege, the silicon target being part of the
powered electrode. It is caused by the difference in the
mobility between eectrons and ions. The eectrons are
able to follow the electrical field that is oscillating at rf
frequency and thereby oscillate in energy. lons are to
heavy to respond to the electrica field oscillations. This
difference in velocity of the charged particles causes an
excess of negative charge on the eectrode surface
determining a negative dc offset voltage. The positive ions
are accelerated towards the electrode (target) by this
negative self-bias, while electrons are repelled. In thisway
the plasma sheath is generated. It is generally considered
that the sheath thickness is constant in time and no ions
collisions are present into this region: the ion mean free
path is larger that the shegth thickness.

The target voltage determines the ions' energy in the
plasma sheath region. For rf plasmas, Kuypers and
Hopman [12] have cdculated the ion energy at the cathode
surface;

An _[2eU . .
Ezeuef{l—md Me‘f[ﬂsnmtl—snmto)} D

where e isthe electron charge, U 4 =|Uta,|+Vp isthe

bias over the cathode plasma sheath. The parameter A
describes the relative magnitude of the rf and dc
components of the eectric field and it was estimated as

A=-1 for reactor where the grounded electrode has larger
capacitance (the largest area). According to Ref. [12] the
constant n determines the dependence of sheath potentid
on the distance to the electrode surface, w is the angular
frequency of the rf field, while ty and t; are the times the
ions enter the sheath and reach the target surface,
respectively.

The sputtering yield is a function of ions energy that
reaches the target surface. According to Sigmund’'s mode
[13] the sputtering yield can be described by:

y=(3|g MM B @
4r) (M, +M,)? E,

where the coefficient y depends linearly on the (M;/M )

ratio, M; is the incident ion mass, while M, and E; are the
target atoms' mass and bonding energy respectively.
Combining (1) and (2) it results that a larger
target voltage increases the sputtering efficiency. The
extreme values of the time-dependent factor from Rel. (1)
are: -2 and 2. Mathematicaly, this means that the ions

energy will vary between a minimum vaue of
E. ::eUeﬁ[l-l-ZELr; ZeUW] and a maximum of
min ® M

E,.=eUg [1_25M ZeUde The sputtered silicon
e wd M

aoms can be easily expressed in terms of argon ions
bombardment and sputtering yield:

Ng =YIN, OY T, (3)

where the number of argon ions, N;, is determining the
ionic current a the cathode, J.

Using a ssimple model to describe the current-voltage
characteristics in the plasma sheath, (noions' collisionsin
the sheath region), the ionic current is expressed by the
Child-Langmuir law [14]:

Ui
d2

J 0 4

The plasma sheath thickness, d, has been found large
in comparison with the Larmor radius and quasi-constant
for plasmas produced under the input parameters
(pressure, rf power, gas flows) here used [5]. The plasma
voltage, V,, is30+38 V.

From (2), (3) and (4), considering the extremes for the
energy values of the argon ions, the deposition rate of
silicon, which is proportional to its sputtering rate, can be
expressed as;

[Si] O UL [1+em0%2) (59

with
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This result must be verified by the experimental data
from Fig. 5. The SiO, deposition rate, d, varies linearly
with the x values according to the equations given in
Table 1. The linear fit reproduces the experimental data
with a correlation factor of 0.998.

For x=0, the silicon deposition rate can be estimated
for each case. The target voltage, Ui, has been measured
and the plasma potential has been estimated according to
the data published in ref. [15, Figs. 2 and 3]. In this way
the Ug values can be caculated (see Table 1).
Considering the Rd. (58) for silicon depositions under the
same pressure value (p=6.1 pbar) and under the same rf
power value (rf P=140 W), respectively, the power index,
a, that characterises the sputtered silicon versus the target
voltage can be ca culated from:

X (UO }
—=| = (6)
&0 Y

where i and j describe the plasma conditions given in
Table 1. The values for the a index calculated with (6) are
245 and 2.47, very closeto 2.5 from Rel. (5a).

Table 1. Thelinear fit of the deposition rate as a function
of x value, the voltage across the plasma sheath and the
a parameter for various plasmas’ conditions.

Plasma conditions o=f(x) Ueff (V) a
rf P=100W; p=6.1 pbar |3.01+1.941% [110 2.45
rf P=140W; p=6.1 pbar [5.17+3.41% (137
rf P=140W; p=0.61 pbar [7.24+3.551 (157 2.47

Therefore, the silicon sputtering rate, and as a
consequence, the silicon deposition rate is a power
function of the potential across the plasma sheath that
accelerates the argon ions and determine their energy for
the sputtering process. It has to be noted that this
relationship is specific to the deposition systems where the
plasma sheath is large in comparison with the Larmor
radius of the secondary electrons. Also, al depositions are
in the metallic mode of the plasma.

4.2 The oxidation processreflected in SiOy
deposition rate

The most used technique to determine the deposition
rate of athin filmis to measure the layer thickness and to
normalize it to the deposition time. This was the procedure
for data from Fig. 5. The previous section has shown that

the silicon sputtering depends on the plasma conditions.
On the other hand, the gas mixture is part of the input
parameters in the sputtering process. For the metalic
mode of plasma, the oxygen content in the vessel does not
affect the target voltage. Also, in a previous paper we have
shown that the silicon deposition rate does not depend on
the x values, especidly for x<1.4 [9]. For such kind of
layers, the deposition rate is proportiond to the amount of
oxygen that interacts with the sputtered silicon. If Ny is
the total number of the deposited atoms, than the
deposition rateis:
5= M _ (14,0 NS
dt dt

)

where dN g /dt isthe silicon deposition rate. As long as

dNy /dt does not depend on the amount of oxygen from

the vessel (under conditions of aplasmain metallic mode),
Fig. 5 reflectsRel. (7).

Taking into accounts the linear part from Fig. 4 where
X is given as a function of oxygen partia pressure (OPP),
the x values can be determined. For OPP= 0.03, the values
are given in Table 2. Considering the definition for the x
parameter - the ratio between the deposited oxygen and the

deposited  silicon atoms, X =[Olyy, /[S]4, . the

influence of the oxygen atoms can be estimated. The
deposited silicon contribution to the total deposition rate it
is known from Table 1. Considering the Table 2, it results:

a) for depositions under the same rf power but
various pressure values, the x value is defined by
the deposited silicon. A very small influence
(about 5%) on the x value has been found
because of the oxygen amount in the vessel and
the pressure variations. The oxidation process
does not depend on pressure vaues.

b) for depositions under the same pressure va ues,
but different rf power, the late will influence
drastically the slicon deposition and the
oxidation processes. The oxidation process
depends on the rf power.

Table 2. The influence of the deposited silicon on the
val ue of the x parameter. The calcul ations are performed
for the same oxygen partial pressurein the vessel.

S/

[Si1%, /[S1%,

rf P=140 W, pressurevaries [0.75 0.72

P=6.1 pbar; rf power varies 039  [0.58

The oxidation process is a complex one. There is no
control on the dissociation process of the molecular
oxygen when the pressure and/or the rf power are varied.
More than this, the surface oxidation can be done ether by
aomic or molecular oxygen if the locd sticking
coefficient, s, alows. Generdly, the sticking coefficient
for oxygen is considered s=1 for a silicon atom bonded to
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other three silicon atoms and s=0 if the nearest neighbors
of the considered silicon atom are only oxygen atoms.
Wheat is the svalue for intermediary situations and how the
deposition parametersinfluence it, is a subject for debate.

4.3 Theinfluence of the deposition conditions on
SiOy structural properties

The deposition techniques and, in the frame of the
same technique, the input parameters used for deposition
are “designers’” for the SiOy structure. It iswell known that
the shape of the IR absorption spectrum is a signature of
the structural properties. From Fig. 4 it is clear that
samples with the same composition (x value) provide
various peak positions of the Si-O-Si stretching vibration
mode. Table 3 shows the IR wave-number values where
the samples with x=0.5 and x=1.4 will maximum absorb.
At the same time, Table 3 reveds that, for the same
composition, the peak position is a function of the
deposition parameters:

- for the same deposition pressure value, a higher
power means a positive shift in the IR peak position;

- for the same rf power as input parameter, the IR
peak position is positively shifted when the pressure
decreases.

In order to discuss these behaviors, we have to point
out that, in the frame of the RBM modd, the IR peak
position is shifted towards high wave-number values
(positive shift) when the oxygen concentration increases.
More oxygen atoms around the Si-O-S bridge mean a
larger wave-number value (i.e. 940 cm™ when only silicon
atoms are the nearest neighbors and 1054 cm* when only
oxygen atoms are bound). But, in Table 3 we ded with the
same x vaue: the average number of silicon and oxygen
atomsisthesamein al samples.

Table 3. The | R absor ption peak position of SO, depends
on the deposition conditions.

Wave-number (cm™)
Plasma conditions x=0.5 x=1.4
rf P=100W; p=6.1 pbar 992 1038
rf P=140W; p=6.1 pbar 1005 1057
rf P=140W; p=0.61 pbar 1014 1033

The differences in the peak positions are explained by
various structures induced by the energy deposited into the
layer during the deposition process. The deposited surface
is subjected to ions (and neutral atoms) bombardment and
plasma photons irradiations. In [11,B] it was shown that
as-deposited SiO, samples, with various x vaues, have
been subject of phase separation when, deliberately, they
have been ion bombarded [11] with energetic ions or
irradiated with UV photons [B]. In [A] it was shown that
the spinodal decomposition of SO, structure is a multi-
steps process where the reduction of one Si atom must
necessarily lead to the oxidation of another one (and so,

the compoasition is* conserved”). This can explain different
structural properties (reveled by various IR peak positions)
for the same composition.

Indeed, increasing the rf power the target voltage
increases and the ions' energy is higher. So, more energy
is deposited into the layer during deposition. If the rf
power is the same, but the pressure decreases, the target
voltage increases; according to the Fig. 2, Uy =120 V for
p=0.61 pbar and U, =82 V for p=6.1 pbar. Also, the mean
free path increases when the pressure is lower, so theions
probability of loosing energy by collisions decreases.

For high x values, more oxygen is need into the
vessdl. Increasing the rf power both, the production of
sputtered silicon and the dissociation probability of the
molecular oxygen increase. At low-pressure values, the
molecular oxygen dissociation is diminished by small
probability of collison with argon and electrons. This
means less aomic oxygen ready for direct surface
oxidation and it could be an explanation for an IR peak
position at smaller wavenumber values (see Table 3).

5. Conclusions

Theinfluence of the rf power, deposition pressure and
oxygen partial pressure on the silicon sputtering process
using argon plasmas has been studied. The parameter used
in describing these influences is the target voltage.
Working in the plasma metallic mode, the oxidation
process of the sputtered silicon has been aso investigated.
The main results are:

a) the target voltage determines the amount of
sputtered silicon;

b) the r.f. power influences drasticaly both: the
sputtering and the oxidation processes (more r.f. power,
more silicon is sputtered);

c) the deposition pressure determines the sputtering
rate and no influences in the oxidation process have been
found;

d) the oxygen partid pressure smaller than the value
corresponding to oxidic mode of the plasma has no
influence on the sputtering rate, but determines the
composition of the deposited SiOy layer.

The internd structure of the SiO, thin film is a
function of the layer composition and deposition
conditions. For the first time are presented and discussed
experimental data where samples with the same
composition show different structure reflected in IR
spectra. Spinodal decomposition of the deposited SiOy
materid seemsto happen during deposition induced by the
particles bombardment (ions, fast neutrals and UV
photons) on the surface deposition.
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