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ELECTRICAL PROPERTIES OF PLASMA-ASSISTED CVD DEPOSITED THIN
SILICON OXYNITRIDE FILMS
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The electrical properties of MIS structures with silicon oxynitride films, deposited at 200 °C
in a RF-plasma CVD reactor using Si(OC,Hs), (TEOS) as a precursor and nitrogen as the
gas ambient have been studied. The anaysis of the capacitance-voltage and current—voltage
characteristics has shown that a larger DC bias yields larger densities of dielectric charge
and interface traps in the growing films, and therefore, a lower specific resistivity of the
SIONy films.
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1. Introduction

Silicon oxynitride (SIOxNy) thin films have found wide aress of application due to important
properties, such as a high die ectric constant, resistance to oxidation, low mechanica stress and the
possihility of tailoring the film compositions and properties according to industrial needs. In MOS
device technology, it is wdl known that the introduction of a small amount of nitrogen into the SiO,
gate oxide improves the SiO,/Si interface properties [1], athough the exact role of nitrogen is till
not clear. For future miniaturization of MOS devices, SiO, has become questionable and SiOxN, (or,
more accuratdy, nitrogen doped silicon oxide) is apromising solution [2]. An advantage of itsuseis
that nitrogen is already present at different levels at the interface.

This paper reports the study of the eectrical properties of thin silicon oxynitride films
deposited by a RF plasmarassisted CVD process through the detailed analysis of capacitance-voltage
(C-V) and current —voltage (1-V) characteristics.

2. Experimental details

The plasmarassisted CVD process was performed in a downstream reactor. The plasma
source was mounted above the substrate, driven by a 13.54 MHz RF generator with a power of 80 W
and nitrogen gas with a flow rate of 4 sccm. The TEOS precursor was introduced into the reactor
through a nozzle near the substrate The totd pressure was about 1 Pa during deposition. Double-
sided polished wafers of p-type silicon were used as substrates, which were kept at a temperature of
200 °C and biased with a DC voltage of -120 or -600 V.

For the electrical measurements, metal-SiOxN,-silicon (MIS) capacitors were formed by the
vacuum evaporation of Al dots through a metal mask on the oxide surface and of a continuous Al
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film on the Si rear side. Room temperature high frequency (1 MHz) capacitance-voltage (C-V) and
current-voltage (I-V) characteristics were measured, and analysed by the standard high frequency
approximation method [3].

3. Results and discussion

Typical C-V characteristics of the MIS structures with silicon oxynitride films are plotted in
Fig. 1, in which the arrows show the sweep voltage direction.
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Fig. 1 High frequency (1 MHz) C-V characteristics of a MIS structure with SO;Ny films
deposited at different DC biases applied to the S substrate. The arrows show the voltage
sweep directions.

As can be seen, the structures are in an unstable state, which is manifested by hysteresisin
the C-V curves. By repetition of the sweep cycle, the hysteresis curve moves toward more negative
voltages, but its magnitude remains the same. The gppearance of such hysteresis indicaes that
localized spatialy distributed interface traps are present further insde the oxide The stable
magnitude of the hysteresis suggests that their distance from the film/substrate interface is
approximatdy the same. The first C-V sweep from the positive to negative voltage direction is
shifted less dong the voltage axis than all subsequent sweeps, which indicates that these interface
traps are donor type. Because the response of the traps depends not only on the voltage but also on
the time, it is accepted to identify them as slow interface traps, noted as Qg:. The value of Qg
gradually decreases with increasing DC bias applied to the substrate, as is evident from the
decreasing magnitude of the hysteresis. The density of these traps can be estimated from
Qst = (Co/Q)AV hys, Where AV« is the magnitude of the hysteresis in the flatband condition. The Qg;
valuesaregivenin Table 1.

Table 1. Charge densities (Qs-fixed oxide charge; Qg -9 ow interface traps under flatband conditions;
Dimg - averaged interface traps in Si midgap) and the specific resistivity p of films deposited at
different DC biases applied to the Si substrate.

DC bias Vig o} Qs Ditmg. P
(V) V) | (cm?) (em?) | (eviem?) (Qcm)
0 -0.74 | 1.42x10™ | 1.46x10™ | 1.08 x10™ 1.83x10°
-120 -1.28 | 2.41x10™ | 6.78x10™ | 1.02x10™ 2.60x10"
-600 -259 | 4.31x10™ | 5.08x10™ | 2.17x10™ 3.08x10°

The shift of the flatband voltage from the position for theideal C-V curve is caused by the
generation of oxide defects close to the interface region. These are positivdy charged, as indicated
by the negative shift direction [3]. The density of this co-cdled fixed oxide charge, Qy, is estimated
from the expression Qr = (Co/Q)AV s, Where AV is the difference between the experimental and
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theoretical flatband voltages. The ca culated Q; values are also given in Table 1. It is observed that
dthough the Q: density increases with increasing DC bias, it remains considerably low in
comparison to that for a standard SiO,/Si structure before any annealing steps [4,5].

The steep slopes of the C-V curves suggest a rather low concentration of traps localized a
the film/substrate interface. A rough estimation of the density of theinterface traps, Di;, energetically
situated between the Fermi levd, Er, and the Si midgap energy levd, E;, can be made from the
reation of Diimg = (Co/Q)(Ves-Vmg)/(Ee-Ei), where, Ding is the averaged density of these traps and
Vmgis the voltage at midgap position. The Dy values, presented in Table 1, are of order of 10* eV
'em?, being typical for a conventional SiO,/Si structure only after some annealing steps [4,5]. The
MIS structures with a SIONy, film deposited on the Si under a bias of 120 V even show an order of
magnitude lower interface trap density (see Table 1).

More precise information about the interface traps D;; i s obtai ned from the comparison of the
experimenta and corresponding ideal C-V curves, as the interface trap density is cal culated from the
expression Dy = dQi/dVs = d[(Cod/qQ)(Vexp-Vi)]/dVs, Where Vs is the surface potential [3]. The
energetic distribution of Dy, is shownin Fig. 2. The curves are characterized by a wide U-shape with
densities well beow 10” eV™'cm? in dmost the whole studied region, and with a monotonic
increase on agpproaching the bandgap edges. Around midgap, the D; densities for films grown
without or under a small applied bias, are an order of magnitude smaller (below 10™ eV 'cm?) than
those (4-5 x 10™ eV-*cm™) for films grown under a bias of 600 V. Apparently, a higher dectric field
causes a more disordered oxide structure and distorted chemical bonds, these being the precursors of
carrier traps. The evidence for this suggestion is the uniformly enhanced and featurd ess distribution
of the interface traps throughout in Si gap (seethe 600 V curvein Fig. 2).
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Fig. 2. Energy distribution of the density of interface traps D;; in the Si bandgap. The films
were deposited at different DC biases applied to the Si substrate, as in the insertion.

The low densities of interface traps, together with the low density of fixed oxide charges,
indicate a more perfect interface region. It is known that the SiO./Si interface region is structurally
imperfect, due to the distorted Si-O, tetrahedron network resulting from high stress/strain associated
with the volume expansion of SiO,. However, in SION, the nitrogen is substitutional for oxygen.
The replacement of strained and weak Si-O bonds by strong and rigid Si-N bonds [6] results in the
release of structural strains and leads to areduction of the defect concentration. In addition, N atoms
at the interface can be bonded to substrate Si atoms or can replace the weak Si-H bonds. This may
remove interface state defects, leading to a significant reduction of the interface trap density. As a
result of all these mechanisms, low charge densities are observed.

The conductivity through the SION, films can be registered by measuring the [-V
characteristics in the accumulation regime. In this case, the capacitance of the MIS structure is
maximal and constant, and the applied voltage drops entirdly across the deposited film. The forward
|-V characteristics of the MIS structures with films deposited under different DC biases applied to
the Si substrate are plotted in Fig. 3. As seen, the minimal current density occurs in the casein which
no bias is applied to the substrate. Increasing the applied bias leads to a strong enhancement of the
current, by severd orders of magnitude. Obviously the resistivity of the films deteriorates, indicating
the generation of defects inside the did ectric during its growth.



556 A.Szekeres, S. Simeonov, T. Nikolova, A. Gushterov, F. Hamel mann, U. Heinzmann

J (Acm?)

10°k 1- 0V
2-120V
10°F 3-600V

14 12 10 8 6 4 2 0
Voltage (V)
Fig. 3. Current density vs. voltage for films grown with different DC biases applied to the S substrate.

The spexific resistivities, p, of the didectric fil ms were evaluated from the linear parts of the
I-V curves, inthe voltagerange—12 V to—9 V, and the results are given in Table 1.

In comparison to pure SiO, films, the spedfic resistivity of which is of the order of
10" Qcm [7], silicon oxynitride films have much smaller didectric resistivities. This indicates that
SiONy films deposited under a given plasma condition possess more defective structures. Our
dlipsometric study [8] of these films has shown that a film deposited without applying a bias voltage
has the highest nitride volume fraction (17 % SisN4 and 83 % SiO,), while in the other two kinds of
film the nitride fraction drastically decreases at the expense of the oxide fraction. Applying a DC
bias to the substrate |eads to the introduction of a small amount of unsaturated Si atomsin the oxide,
detected as the volume fraction of amorphous Si. In the case of 120 V DC bias, the volume fraction
of Si is 0.42 %, while for 600 V it decreases to 0.4 %. The unoxidized and/or unnitridized silicon
atoms are eectrically active defects in the did ectric network. Hence, they can contribute to the high
leve of current through the film. Since the concentration of Si atoms in the film decreases with
increasing DC bias, asmaller current is observed in the MIS structure with the film deposited at 600
V DC bias (seecurve 3inFig. 3).

4. Conclusions

From this dectrical characterization, we have found that the defect densities in the silicon
oxynitride films, deposited by a plasma-assisted CVD process, are comparable to those of a
conventional SiO, gate didectric. The low densities of the fixed oxide charge and interface traps, of
the order of 10™ cm?, are suggested to be achieved by the replacement of strained Si-O and weak Si-
H bonds by strong and rigid Si-N bonds. Applying a DC bias to the Si substrate during film
deposition leads to an increase of the leakage current in the oxide. This can be rdated to the
existence of unsaturated Si atoms, a source of defect states.
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