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Abstract The range distributions of low-energy nitrogen and oxygen (2-3 keV) ions is silicon are
measured and compared with these available in theories. The nitrogen distribution is very close to a
Gaussian distribution as predicted by theory. The oxygen profile however, indicates a surface localized
peak along with a shoulder and a long tail into the sample. The surface peak is beleived to be the result
of radiation induced segregation and the position of the shoulder corresponds to the peak of the theoretical
distribution. The peak position in both profiles is very close to those obtained from the theories.
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INTRODUCTION

Low energy ion surface interaction has many
applications in many areas of thin film technology.
These applications include sputter cleaning of
surfaces, thin film doping, and reactive ion etching,
to name a few[1]. Ion implantation also results in
significant improvement on the corrosion and the
wears behavior of several metals and alloys [2].
Further, the friction coefficient and wear rate can be
reduced using light ion implantation [3]. Finally,
withthe development of microelectronic technology,
semiconductor doping at low energy has become an

International Journal of Engineering

095 (50 st g (58S el 2 45 Sl (6 ppolie &

important technique in very large scale integrated
circuits (VLSI).

Although the implantation theory of Lindhard,
Scharff and Schiott (LSS) [4] can be used to predict the
depth profile of implanted ions, practically it is only a
starting point. The ion implantation is anohequilibrium
process and can be affected by many factors such as
the temperature and the quality of the target materials.
In other word, ion-implanted materials do not always
follow the criteria predicted by classical diffusion
theory. Phenomena like differential sputtering and
surface segregation affect the profile formation of the
implanted species, causing the deviation of the
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distribution from that of theoretical prediction.

Ion implantation theory, developed by many
authors [5-7] predicts a normal distribution for most
of the implanted ions inside the solids. These
predictions are based on the energy loss mechanisms
[8], whichbasicly are nuclear stopping and electronic
stoppoing. Nuclear stopping is a result of implanted
ions seeing the interatomic potential and energy loss
calculations involve the cross section of the impacts.
Nuclear stopping results when implanted ions lose
their energies to the electrons of the target materials
such that the electrons act as a frictional source for the
motion of the ions inside the solids.

The nuclear stopping dominates at low energies
(E = 10t0 3000 ¢V), while electronic stopping, which
is mostly responsible for the depth of the implanted
ions, is effective at high energies (E>10 keV). In both
cases, however, the shape of the distributions is
determined by the nuclear stopping. In fact, high
energy implanted ions become low energy ions when
they are about to stop in their path through the target
materials.

For each distribution, one can define the most
probable range for the implanted ions called Rp, or
the mean value of the projected range which is the
peak of the Gaussian distribution. Such distributions
areideal as predicted by theories. Practically, however,
such profiles do not form during the implantation due
to the effects of many different factors which are
active during implantation [9-12].

Despite the development of microelectronic
technology, silicon is still the major semiconductor
element. In this work we have studied the low-energy
nitrogen and oxygen ions implanted in silicon.
Experimental data are presented and the distributions
arecompared with those predicted by available theories.

RESULTS AND DISCUSSIONS

Figure 1 shows the range distributions of 2keV nitrogen
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Figure 1. Range distributions of 2keV Nitrogen and Oxygen
1ons in Silicon.

and oxygen ions in silicon. Both implantations were
performed by 5x10' ions/ cm? dose and at room
temperature. The depth profiles were obtained by
means of Auger Electron Spectroscopy (AES). The
inert-gas ion-bombardment stripping technique was
used, and a calibrated thickness of the material was
removed by bombarding the surface with the probing
ionbeam. The amountof nitrogen or oxygen remaining
in the sample was determined from the nitrogen or
oxygen AES peak-to-peak height. The oxygen profile
shows a very strong peak of implanted oxygen at the
surface together with a weakening, (up to a full
disappearance) of the Gaussian peak in the
distribution. The nitrogen profile however, follows
the theoretical distribution which is very close to a
Gaussian one. Both distributions are extended by a
long tail into the sample.

A shown by others scholars [13], all possible
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factors, other than radiation enhanced diffusion
(RED), which could eventually lead to such
segregation of the implanted species, are not active in
the experiments. The creation of defects by implanted
ions near the surface region causes the diffusion of
the implanted ions to the near surface. The details of
these mechanisms are described elsewhere [14,15].
Vacancies normally play the most important role in
diffusion. The concentration of vacancies near the
surface regionis about N ~5x10"%cm3. With adose of
about 1x10% jons/cm?, the concentration of vacancies
per host atoms is C ~1x107. Similar experiments of
nitrogen and oxygen implanted in silver and copper
show the same surface localized peak atlow energies
[13]. In fact, to check whether the vacancies are
responsible for the radiation induced segregation,
defects were created by some inert atoms like neon
and the diffusion of implanted species were monitored.
Again, the surface peak appeared [16]. These findings
imply that radiation induced segregation is to be
responsible for the surface peak.

The long tail at the end of the distribution is
believed to be due to the knock-on effect either
during the implantation orduring the sputtering where,
the already implanted ions are pushed in deeper
inside the target by the incident ions.

The peak of the distribution in the case of nitrogen
and the position of the shoulder in the case of oxygen
correspond to the peak of the Gaussian distribution
predicted by theory. Values of Rp calculated by the

available theories are listed in Table 1. The

TABLE 1. Calculated and Experimental Values of Rp for 2
and 3 keV Nitrogen and Oxygen in Silicon.

Rp Experiment Theory
Energy .2keV | 3keV 2keV | 3keV
Nitrogen | 224 | 38.5+4 26.4. | 3961
Oxygen -.-28i4_I_37;t-4. . 225 . 33.75 |
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experimental values were taken from Figures 1 and 2
and the theoretical values were calculated from Schiott
[6]. Considering the area of the errorin the experiment,
the agreement between the calculated and the
experimental values of Rp is satisfactory.

In case of nitrogen, the distribution does not show
the surface localized peak, but follow a normal
distribution. The radiation enhanced diffusion appears
weak in this case. The combination of host atoms
with vacancies which results in the migration of
implanted species to the near surface, is true if there
is no chemical reaction between host and implanted
atoms. If the incident ions and target atoms tend to
form compounds, i.e., to attach to one another by
chemical bonds, new phases may apear which become
molecular-like complexes. These molecules are toc
large to be mobile and hence atomic diffusion is
reduced.
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Figure2.Range distribution of 3 keV Nitrogen and Oxygen
1ons in Silicon.
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The formation enthalpies for silicon oxide is
-23.8Kcal/mole and for silicon nitride is -177.7K cal/
mole. These values are related to one atom of O or N
in the respective oxide or nitride. These enthalpies
may be considered as ameasure of the tendency of the
metal to form an oxide or nitride specially at low
temperatures, where the entropy factor plays an
insignificant role.

Two oxides could form where oxygenisimplanted
insilicon; SiO and SiO,. The formation of Si0, is less
likely during ion implantation; the O, molecules
dissociatesuponimpact at the surface (the dissociation
energy is about 10eV) and practically atomic oxygens
are implanted. On the other hand, due to low value of
formation enthalpy for SiO, the RIS mechanism more
likely dominates, resulting the surface localized peak
in the distribution. In the case of nitrogen the large and
negative value of formation enthalpy for silicon nitride
readily causes the formation of this compound during
ion implantation. The nitride formation reduces the
RIS effect and hence, the distribution looks more or
less simillar to a normal distribution.

CONCLUSION

We have studied the range distributions of low-
energy light ions of nitrogen and oxygen in silicon.
The radiation induced seggregation seems to play a
major role in the distribution of oxygen into the
silicon; forming a surface localized peak. In the case
of nitrogen however, siliconnitride formation during
the implantation prevents the diffusion of the
implanted species to the near surface and the profile

follows a normal distribution as predicted by theory.
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