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Methods of modification of gate dielectrics of the MOS structures by high-field electron injection and arc
plasma jet treatment were studied. It is possible to use them for correction of parameters, decreasing defects
number and increasing reliability of MOS devices. It was found that the negative charge accumulated in the film of
the phosphorus-silicate glass of the MOS structures with the two-layer gate dielectric SiO2—phosphorus-silicate glass
under the high-field electron injection can be used for modification of devices with the same structures. It is shown
that the injection-thermal treatment allows to find and exclude MOS structures with defects of isolation and charge
defects. Arc plasma jet treatment was found to improve characteristics of the MOS devices. These treatments
increase injection and radiation resistance of the gate dielectric by creating the needed density of electron traps in

the bulk of SiO» film.
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1. Introduction

A perspective way for solving a task of creating semi-
conductor devices with the parameters which can be
modified after their production is the development of
dielectric films which are able to be changed in their
charge state and maintain the accumulated charge for
a long time during the process of exploitation [1-5]. An-
other perspective way is development of new methods
of modification of MOS structures characteristics [4, 5].
At the present time a significant part of the research is
devoted to the problem of the MOS structure character-
istics improvement using special treatment like plasma
treatment, irradiation, thermal treatment and so on. In
view of development of new methods of plasma treatment
(one of these is arc plasma jet treatment) it is possible
to change the features of MOS structures [4].

In this work research of change of the charge state
of the MOS devices as a result of the high-field injec-
tion treatment and following annealing as well as plasma
treatment was carried out. The ways to improve gate di-
electric characteristics of the MOS structures were found.

2. Experimental techniques and samples

Test MOS capacitors fabricated on Si n-type wafers
having resistivity of 4.5 €2 cm with thermal silicon diox-
ide and with SiOy passivated by a phosphorus silicate
glass (PSG) film were used. Silicon dioxide of a 10-50 nm
thickness was thermally grown, using dry and wet oxida-
tion at 850 <1000 °C. PSG film was produced by doping
phosphorus from POCl3—-05 vapour at 900 °C. In order to
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obtain experimental samples of different PSG thickness,
the phosphorus doping time ranged from 3 to 6 min. As
gates with square dimensions of 1074=-1072 cm?, polysili-
con (Si*) film, doped with phosphorous up to 20 /o and
aluminium film was used.

For injection modification of the MOS structures
the Fowler-Nordheim (FN) tunnel injection of electrons
from the silicon substrate was used [4, 6]. In the injec-
tion process voltage on the MOS structure was monitored
that allowed us to obtain information about the change in
the charge state of the dielectric film directly in the pro-
cess of modification. For determining the amount of ther-
mostable components with accumulated negative charge
in the dielectric after the injection, the MOS structures
were annealed at a temperature of 200 °C for a time from
3 to 30 min.

Changes of the charge state of the MOS structures were
monitored using the C'—V and multilevel current stress
techniques [6, 7]. During FN injection at constant current
the shift in voltage on the MOS structure, AV}, charac-
terizing the change in MOS structure charge state [7] was
measured.

In this paper there was applied a new technology
of surface treatment of semiconductor wafers, i.e. arc
plasma jet treatment (APJT) [4], using Ar-plasma flow,
which is formed with a multi-generator electric arc at
the atmospheric pressure. Hydrodynamically contin-
uous high enthalpy (10* J/deg) and low temperature
(2 x 10* K) plasma jet was used during APJT. Trans-
port of charged and neutral excited particles to the sur-
face was carried out by diffusion through a thin bound-
ary layer of the plasma. Thus a very high flux den-
sity (about 10%° cm=2 s71) of the active particles with
the kinetic energies < 0.1 eV was reacted with the sur-
face. In this case the energy flux density was very high
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(about 103> W/ecm?), too. The flux of photons was above
107 ¢cm™2 5! in the range of long-wave ultraviolet.
The change in surface temperature during the treatment
was controlled by a speed of crossing the wafer by plasma
jet and usually it did not exceed 200 K.

3. Experimental results and discussion

Previous studies [4-6] showed that the negative charge
accumulated in the PSG film of the MOS structures with
the two-layer gate dielectric SiO2-PSG under high-field
electron injection can be used for correcting the thresh-
old voltage of MOS devices. To fabricate devices with
high thermal-stability after FN injection modification of
charge state they must be annealed at a temperature of
about 200°C [6].

In Fig. 1 the shift of the voltage of the MOS struc-
ture during the modification vs. the density of injection
charge under the high-field electron injection from the sil-
icon substrate and followed by annealing at 200°C for
the samples with different concentrations of phosphorus
in the PSG film is shown. As can be seen in Fig. 1, the in-
crease of phosphorus concentration in the PSG film leads
to an increase of density of both negative charge captured
in the dielectric (curve 2) and the thermostable compo-
nents of negative charge (curve 2'). However, the growth
of a phosphorus concentration increases the thickness of
the PSG film [4]. At present time gate oxide thickness
decreases constantly and thick PSG films are not applied.
Therefore an increase of the threshold voltage correction
range of MOSFETs is advantageously made by control-
ling the ratio between the thickness of SiO5 and the PSG
films, shifting the centroid of negative charge to the Si-
SiO, interface.

Another way of high-field injection application for
modification of the dielectric films of MOS structures is
the usage of injection-thermal treatment (ITT), which
allows to increase the reliability of MOS devices and
identify samples containing charge defects [6]. The injec-
tion thermal treatment of MOS-structures corresponds to
the high-field injection into dielectric of the determined
charge density of electrons, followed by high temperature
(200°C) annealing of samples. ITT can replace the radi-
ation treatment of MOS devices [7].

Figure 2 shows the histograms of the MOS structures
distribution by the charge-to-breakdown for the samples
without treatment (1), after injection treatment (2) and
injection-thermal treatment (3). As can be seen from
Fig. 2, injection treatment eliminates the charge struc-
ture defects leading to breakdown (the density of charge-
to-breakdown less than 0.1 mC/cm?), and thus signifi-
cantly increases the reliability of devices and integrated
circuits. However, such treatment without annealing
slightly decreases the injection hardening of structures
and devices based on them (histogram 2, Fig. 2). The de-
crease of hardening is explained by degradation of both
the charge of the dielectric film and the Si-SiO4 interface
under FN injection [1, 6]. For elimination of the degra-
dation processes we annealed the sample after the treat-
ment at 200°C for 30 min. As can be seen from Fig. 2,
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Fig. 1. The shift of the voltage of the MOS struc-

ture during the modification vs. the density of injec-
tion charge under the high-field electron injection from
the silicon substrate (curves 1,2) and followed by an-
nealing at 200 °C (curve 1’,2') for samples with dif-
ferent concentrations of phosphorus in the film PSG:
(1,1) — 0.7%; (2,2') — 1%.
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Fig. 2. Histograms of MOS structures distribution by

the charge-to-breakdown for the samples without treat-
ment (1), after injection treatment (2) and injection-
thermal treatment (3).

histogram 3, after the annealing recovery of the injection
hardening takes place. ITT allows to detect and elimi-
nate the structure with leading to breakdown defects in
the dielectric and thus the resource injection of samples
is not practically reduced. As a result, the usage of ITT
can lead to significant increase of injection and radiation
resistance of MOS structures.

It was found that under certain modes APJT can
significantly improve stability of the MOS structure
charge and increase such an important parameter as
the amount of charge-to-breakdown for the sample. Fig-
ure 3 shows the histograms of MOS structures distribu-
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tion by the charge-to-breakdown for the samples without
(1) and after APJT treatment (2). As can be seen from
Fig. 3, after the APJT, the maximum value of the charge-
to-breakdown of the sample can be increased more than
one order of magnitude.
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Fig. 3. Histograms of MOS structures distribution by

the charge-to-breakdown for the samples without treat-
ment (1) and after arc plasma jet treatment (2).
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Fig. 4. The distribution of the charge-to-breakdown
Qsp (1,2 curves) and the relaxation time of the un-
steady capacitance (1',2" curves) of the MOS structures
by the diameter of the semiconductor wafer which is
normal to trajectory of the treatment of the wafer by
plasma (the area of the contact with plasma z/D =
0.2 +0.5). 1,1’ — the curves for the 1st wafer; 2,2’ —
the curves for the 2nd wafer.

For the investigations of APJT effect, measurement of
the time relaxation of unsteady capacity and the charge-
to-breakdown in the same MOS-structures before and af-
ter treatment were carried out. Figure 4 shows the re-
laxation time (7) profilogram of the unsteady capacity of
the MOS structure, recorded by the diameter of the wafer
perpendicular to the trajectory of the plasma jet after
APJT. The initial value of relaxation time was 2+ 3 s for

wafer 1 and 3 + 4 s for wafer 2. The area of direct con-
tact of the plasma jet with wafer ranged /D = 0.2+0.5,
where D is the wafer diameter, and z is the distance from
its edge. In accordance with the results of [2] the gener-
ated carrier lifetime is proportional to the relaxation time
of unsteady capacity. Significant reduction in the gen-
erated carrier lifetime in the region outside the plasma
jet impacts is associated with the generation of surface
states at the interface of Si-SiO, under the influence of
the plasma radiation (visible light and short-wave ultravi-
olet) and with change of their charge state. The increase
of the density of surface states in structures with internal
mechanical stresses can occur due to transport of holes
formed in the oxide to the Si-SiOs interface. Capture
of holes by localized states formed strained Si-O bonds,
causing movement of atoms from the local to the abso-
lute minimum of the free energy, which leads to trivalent
silicon forming surface states.

The most interesting fact is that the resulting distribu-
tion of 7 is correlated with the distribution of @gp, de-
tectable on the same wafers along a diameter perpendicu-
lar to the trajectory of the plasma jet (Fig. 4). The initial
value was of the Qpp = 0.2 = 0.6 C/cm?.

Thus, a new and important result is that APJT can in-
crease by several times the charge stability of MOS struc-
tures. This is a result of the ability of capture electrons
in the oxide, which prevents the growth of current under
the dielectric pre-breakdown condition. Accumulation of
negative charge as a result of capture of electron traps ox-
ide shows the time dependence of the voltage on the MOS
structure under constant current FN injection (Fig. 4).
The increase of the concentration of hydroxyl groups af-
ter APJT seems quite natural. As a result of APJT,
an increase in breakdown voltage of the gate dielectric
is also observed, which is quite natural explanation for
the formation of a negative charge in the formed oxide.
The results indicate that in the areas outside the con-
tact with the plasma jet, there was observed significant
degradation of parameters associated with the genera-
tion of surface states in local areas with a high concen-
tration of broken bonds under the action of ultraviolet
radiation from the plasma [4]. These surface states are
annealed in the direct contact with the plasma jet, due
to transport of electronic excitations to the Si—SiOs in-
terface [4]. Another important result is that for the first
time a correlation between Qgpp and 7 was found due,
apparently, to the fact that both of these quantities are
determined by the charge state of the interface. Thus
APJT leads to the significant change of the generated
currents in the surface area of silicon and an evolution of
defects at the Si—SiO5 interface.

4. Conclusions

A new method of modification of the MOS structure
with the two-layer gate dielectric SiOs—PSG using high-
field tunneling injection of electrons into the gate under
constant current stress was proposed. During modifica-
tion this method allows to monitor change of the MOS
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transistors features and taking into account the reduc-
tion of the part of the charge allows the precise correc-
tion of the threshold voltage of the MOS transistors. It
was shown that the injection-thermal treatment makes it
possible to find and exclude the MOS structures with
the leading to breakdown defects of the isolation and
the charge defects. At that reliability of the MOS de-
vices does not decrease. It was found that the ITT en-
ables the injection and radiation stability of the MOS de-
vices increase due to modification of the dielectric film.
It was found that the arc plasma jet treatment can im-
prove the characteristics of the MOS devices increasing
the injection and radiation stability of the gate dielectric
due to creation the required density of the electron traps
in the bulk of SiO films.
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