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Abstract — Low temperature dielectrics are desired for
realising thin-film-transistorson glass or plastic substrates.
In the past silicon dioxide layers with stoichiometric
composition and good electrical properties were deposited
without substrate heating with an Electron Cyclotron
Resonance Plasma source. This work is focused on
determining the conduction mechanisms in the deposited
films. The temperatur e dependence of the current density -
electric field characteristics were studied and Fowler-
Nordheim was found to be the dominant conduction
mechanism in SiO, films deposited with low silane flow and
at low pressure. For higher silane flows and higher
pressures, the current travels via traps in the oxide
bandgap. Constant current stress measurements confir med
that low silane flow (5 sccm) and low pressure (4 mTorr)
are ideal deposition conditions. For aluminium-gate
capacitors with SiO, deposited at optimised parameters, a
charge to breakdown of 1 C/cm? was found, comparable
with the values obtained for thermally grown oxide.
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I. INTRODUCTION

The demand for high mobility TFTs realised on
temperature unstable substrates is increasing [1]. These
devices require thin, low-temperature, high-quality gate
didlectrics. It is known however, that a low deposition
temperature degrades the films properties. In this work,
we compare the electrical properties of SO, layers
deposited at room temperature with the ones of thermally
grown oxide obtained at 950°C.

Multipolar ECR plasma enhanced deposition [2] was
chosen for our research because it is a low process
pressure, with low electron and ion energy [3], and high
electronic density [4]. Because of the ECR plasmas
characterigtics ("soft" and "dense") [5] we believe that
the deposition temperature can be lowered, without
degrading the film quality.
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Previous results [6] have shown that ECR PECVD can
deliver high-quality SiO,, without substrate heating, at
low SiH, flow rate and low deposition pressure. In this
work, we continued the electrical characterisation of the
SO, films, focusing on their electrica conduction
mechanism and their oxide integrity.

Il. EXPERIMENTAL

The deposition system consisting of a microwave
plasma disk reactor (MPDR-300) has been described
elsewhere [7]. Electronic pure N,O and 2% SiH, diluted
in helium were used as the gas precursors. N,O was
introduced in the quartz dome and silane was injected
through a gas ring downstream of the plasma.

The SO, films were deposited a floating
temperature, without external heating. Due to the heating
caused by plasma, the temperature of the substrate was
around 60°C. During the experiments, the flow rate of
N,O was maintained at a constant value of 20 sccm and
the microwave power was adjusted at 400 Watts. The
total pressure was in the range of 4-20 mTorr and the
flow rate of 2% SiH,-in-helium varied between 5 and 15
sccm.  Silicon oxide films with thickness of 40-70 nm
were deposited.

3-inch (100)-oriented n-type Si wafers having a
resistivity of 1-10 Q-cm were used for the experiments.
The wafer preparation included a standard cleaning
procedure [8] followed by a 1% HF etch in order to
remove the native oxide. Post-deposition anneal (PDA)
in a wet N, ambient (N, bubbled through DI water at
room temperature) has been performed for 60 minutes, at
atemperature of 500°C, for all the films.

MOS capacitors with aluminium gate electrodes
were manufactured in order to measure the electrica
properties of the SIO, layers. All samples were subjected
to post-metallisation annealing (PMA) for 5 minutes, at
400°C in wet N, ambient. The CV and IV curves were



obtained with an MDC system and an HP 4156. Constant
current stress measurements were made with an HP
4156, in order to calculate the charge-to-breakdown.

1. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Conduction mechanism

In the past [6], it has been observed that the leakage
current of the deposited SiO, layers rises with increasing
the deposition pressure or the SiH, flow rate, while
keeping the other deposition parameters constant (figure
land figure 2).
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Fig. 1 Current density versus electric field for films
deposited with 5 sccm SH4/He and 20 sccm N,O, at 400 Watts
and different pressure.
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Fig. 2 Current density versus electric field for films
deposited with 20 sccm N,O, at 400 Watts, 12 mTorr and
different silane flow.

The shape of the current density-electric field (J-E)
curves presented in figure 1 and figure 2 varied
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considerably with modifying the deposition parameters.
In order to get more insight in the electrical behaviour of
the deposited films, the mechanisms of electrica
transport in the silicon oxide were investigated.
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Fig. 3 Current density versus electric field for a film
deposited with 5 sccm SHy/He and 20 sccm N,O, at 400 Watts
and 4 mrTorr; theoretical hopping current and Fowler-
Nordheim current.

Figure 3 presents the current density, which passes
through the sample deposited at the lowest pressure (4
mTorr), versus the eectric fiedd. The film is
characterised by a low leakage current, high resistivity
and high critical field. As one can see, the graphic can be
divided in two regions. For electric fields lower than 6
MV/cm, the current corresponds to the electronic
hopping conduction process[9]. It can be written as:
() =CEexp(-2) ®
where Jy is the current density, E is the electric field, g
is the electron charge, k is the Boltzmann constant, T the
temperature expressed in Kelvin, ¢ the thermal
activation energy and C; is a constant,. The current is
caused by thermally excited electrons, which jump from
one isolated state to another.

From electric fields higher than 6 MV/cm, the main
conduction mechanism is Fowler-Nordheim tunnelling
[10]. The current density for this caseis given by:

2 |:| 2 1/2 |:|
8 kg [m, 0 3hE 0
where h is Planck’s constant, my the free electron mass,
me (= 0.44m,) [11] the effective mass of an eectron in
silicon and gis the barrier height for electronsin silicon.

To confirm our hypothesis, the Fowler-Nordheim plot
was drawn (figure 4), in which In (J/E?) was represented

‘] hopping



as a function of 1/E. The experimental data can be fitted

current reaches a regime, a fields around 4 MV/cm,

with a straight line and from its slope the value of @ was where the current increases very slowly with the applied

calculated as 3.11 V. Similar value is used for modelling
the current in thermally grown oxide [12].
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Fig. 4 Fowler-Nordheim plot for a film deposited with 5
sccm SH4/He and 20 sccm N,O, at 400 Watts and 4 mTorr.

Moreover, the extremely weak dependence of current
on temperature (figure 5), for electric fields higher than 6
MV/cm, verified that Fowler-Nordheim tunnelling was
correct identified as the major conduction mechanism in
the oxide layer.
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Fig. 5 Current density versus electric field for a film
deposited with 5 sccm SH,4/He and 20 sccm N,O, at 400 Watts
and 4 mTorr measured at different substrate temperatures.

Next, the behaviour of an oxide deposited at a higher
SiH, flow with higher leakage current was studied at
different temperatures (figure 6). The current that flows
through the structure depends highly on temperature at
low biases, while it is amost independent of temperature
at electric fields higher than 8MV/cm. In addition, the
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voltage. The “quasi-saturation” of the current may be
caused by the charge trapping [13]. Consequently, an
interna electric field is created, which is opposed to the
externa eectric field, limiting the carriers flow [14].
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Fig. 6 Current density versus electric field for a film
deposited with 12.5 sccm SHy/He and 20 sccm N,O, at 400
Watts and 12 mTorr measured at different temperatures.

In the first region before the saturation occurs, the
current can be fitted with a Poole-Frenkel current [15],
whose expression is:

- 1/2 3
Jor =C,Eexp( Sf)exp% =0 @
ELUN R

where ¢ denotes the barrier height of the trap, & is the
dielectric constant of the SO, and C, is a constant. The
Poole Frenkd effect is the therma emission of charge
carriers from Coulombic traps, enhanced by the trap
barrier lowering due to the electric field applied [16].
Because of its high dependence on temperature, the
Poole-Frenkel current was found to fit the measurements.
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Fig. 7 Two consecutive measurements of current density
versus electric field for the same capacitor made with a film



deposited with 10 scem SHy/He and 20 sccm N,O, at 400
Watts and 12 mTorr.

To verify the trap-charging hypothesis, we measured
the current until 8.5 MV/m, and then remeasured the
capacitor’s current (figure 7). The current islower for the
second measurement, as expected. The traps have
captured carriers and therefore cannot assist the
conduction process [17].
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Fig. 8 Current density versus electric field for a film
deposited with 10 sccm SHy/He and 20 sccm N,O, at 400
Watts and 12 mTorr, measured at 22°C; fitting theoretical
current as a sum of Poole-Frenkel current and Fowler-
Nordheim current.

The current measured after electrical stressing the
sample can be written as a sum of Poole-Frenkel current
and Fowler-Nordheim tunnelling current (figure 8).

J = JPooIe—Frenkd + JFovaer—Nordheim (4)

Poole-Frenkel effect dominates conduction at low
voltages, while Fowler-Nordheim tunnelling appears at
high voltages, where the temperature has no significant
effect upon the current. Figure 9 shows the remeasured
current through the oxide, plotted as a continuous line,
and the theoretical current written as a sum of Poole-
Frenkel current and Fowler-Nordheim current for four
different temperatures. 8°C, 22°C, 62°C and 102°C,
plotted as a dotted line. As one can see, there is a good
fitting for all the temperatures.

The same conduction processes were found in al the
films deposited at high pressure and high silane flow.
Moreover, the leakage current for low electric fields
increased with both silane flow and total pressure,
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indicating an increase of trap density. It is believed that
the traps are aresult of silicon dangling bonds in the case
of oxides deposited at high silane flow [18]. For higher
deposition pressure, the efficiency of energy transfer
from the plasma toward the depositing film is lower.
Consequently, there is less energy for particles to migrate
on the film surface and for creation of strong chemical
bonds; therefore, the probability of creating defectsin the
filmisincreased [19].
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Fig. 9 Current density versus electric field for a film
deposited with 7.5 sccm SH4/He and 20 sccm N,O, at 400
Watts and 12 mTorr measured at 8°C, 22°C, 62°C and 102°C,
plotted with a continuous line; fitting theoretical current as a
sum of Poole-Frenkel current at different temperature and
Fowler-Nordheim current, plotted with dotted line.

In summary, it has been observed that ECR plasma
enhanced deposition at pressures lower than 10 mTorr
can provide silicon oxide layers with a Fowler-Nordheim
tunnelling conduction mechanism, the same as in
thermally grown oxide. With increasing either the
pressure, or the silane flow, the conduction mechanismin
the layer is modified, becoming a trap-related
mechanism. It has been established that leaky films,
which resulted from depositions with a silane flow bigger
than 5 sccm and pressures higher than 6 mTorr, exhibit
al the same type of conduction. The current can be
written as a sum of Poole-Frenkel current and Fowler-
Nordheim current.



B. Oxideintegrity

The oxide integrity was tested for further
understanding of the deposited films performance. In
picture 10, the Weibull plot for 4 different oxides and for
thermally grown oxide was presented. Each curve is the
result of 50 measurements, realised on Al-gate capacitors
with an area of 0.01 mm?. A constant current of 50107
A/cm? was forced through the oxide by applying positive
voltage on the gate. Electrons were injected from the
substrate.
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Fig. 10 Weibull plot for films deposited with 5 sccm
SH4/He and 20 sccm N, O, at 400 Watts and different pressure
and for a thermally grown oxide.

It is noticeable that the films deposited at lower
pressure (4 and 6 mTorr) have high vaues for the
charge-to-breakdown (around 1C/cm?) and only a few
structures experienced extrinsic breakdown. The Weibull
plot for the oxide deposited at 4 mTorr is similar with the
one for the 25 nm reference silicon oxide film grown at
950°C.

On the contrary, the Weibull plot for layers deposited
at higher pressure featured a smaller chargeto-
breakdown and a larger extrinsic distribution. This
indicates a higher density of defects in the bulk of
dielectrics deposited at higher pressure. It is confirmed
once again that multipolar ECR plasma is an efficient
deposition system for very low pressures.

The effect of silane flow rate upon the oxide integrity
was studied next (figure 11). Low values for the charge-
to-breakdown and large distributions of defect-related
breakdowns can be observed for the films deposited with
high silane flow. A possible cause for the oxide
reliability degradation is the increased number of silicon
unsaturated bonds.
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Fig. 11 Weibull plot for films deposited with 20 sccm N,O,
at 400 Watts and 12 mTorr and for a thermally grown oxide.

While stressing the dielectrics with a constant current,
the voltage increases. A higher voltage is required to
sustain the same current through the material, since an
electric field opposed to the one applied, is built-in by
the charges trapped in the oxide. The voltage variation
can be related to the trap density in the oxide bandgap.
For the reference sample the voltage increased for about
4 volts during stressing, while for the best ECR oxide it
increased only with 2 volts. This illustrates the similarity
between the thermal grown oxide and the low deposition
pressure film. The experiments presented in this section
demonstrate that oxides with good reliability can be
deposited at room temperature.

IV. CONCLUSIONS

We have identified the main conduction mechanisms
in the ECR PECVD silicon oxide films. For the films
with higher critical field, obtained at lower pressure and
lower silane flow, the conduction mechanism detected
was Fowler-Nordheim tunnelling. For films deposited at
higher flows or higher total pressures, the conduction
mechanism is trap related. The leakage current increases
with increasing this two deposition parameters,
indicating a higher trap density. The IV characteristics
are transient, the current after stressing can be written as
a sum of Poole-Frenkel and Fowler-Nordheim current,
for different temperatures. The constant current stress
measurements showed that decreasing the silane flow
and pressure could improve the oxide integrity. The best
films have charge-to-breakdown values comparable to
the ones for thermally grown oxide.
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