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Formation processes of Aluminum nitride (AlN) in Aluminum (Al) implanted with
nitrogen were examined by in situ EELS and TEM observations during nitrogen ion implantation in
an electron microscope at room temperature and 400 ° C. AlN phase was identified both by EDP and
EELS after nitrogen ion implantation to 6 x 1020 (N+)/m2. The observed peak (20.8 eV) in EELS
spectra was identified as the plasmon loss peak of AlN formed in Al. The binding energy of N1s in Al
was found to shift by about 4 eV to the lower side with increasing nitrogen-ion fluence. Unreacted Al
was also found to remain in the AlN films after high fluence implantation both at room temperature
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and 400 °C.

1. Introduction

Aluminum nitride (AlN) is of particular interest because of its extreme hardness, high melting
point, good thermal conductivity and stability up to very high temperature. Furthermore, AlN has
a large energy gap, good dielectric properties for active and passive components in semiconductor
device and chemical inertness. AlN films can be formed by chemical vapor deposition [1], reactive
sputter deposition [2] and ion implantation [3]. In particular, ion implantation may be used as a
low temperature and well-controlled technique for changing the surface properties of materials
as well as for forming metastable alloys and chemical compounds [4].
The synthesis of AlN performed by nitrogen implantation at room temperature or above has
been reported by Pavlov et al. [3] and other various researchers [5, 6]. In contrast, Bykov et
al. [7] were unable to detect AlN after nitrogen implantation at both low (-100 °C) and high
(100 and 200 °C) temperatures. Furuno et al. [8] showed that no AlN crystallite was formed by
20 ke V nitrogen implantation below 150 °C. There are some differences among the results in the
literatures about the formation of AlN after ion implantation.
The present paper reports the results of in-situ observation and analysis by parallel-electron
energy loss spectrometer (P-EELS) about the formation of AlN during nitrogen molecule ion
implantation into aluminum.
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2.

Experimental

Polycrystalline aluminum films with a thickness of about 100 nm were made in the following way:
aluminum was deposited onto cleaved NaCI surface heated at 300 ° C under the vacuum of 1 x 10-6
Torr. They were then floated off on water and picked up on Ti grids. In-situ EELS analysis and
transmission electron microscopic (TEM) observation during ion implantations were performed
with a system consisting of a 400 kV TEM (JEM-4000FX; JEOL Ltd.) connected with two ion
accelerators (TIB-40; Origin Electric Ltd.) and P-EELS (Model-666; Gatan Inc.) [9]. In the
present experiments, ion implantations were performed with 30 keV Nt ions at a flux of 2 x 1018
(N+)/m2s at room temperature and 400 °C. The vacuum level during ion implantations was less
than 1 x 10-7 Torr. The TEM and EELS analysis were operated at 150 kV to avoid the damage
in the specimens by electrons.
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3. Results and Discussion

3.1 IMPLANTATION AT ROOM TEMPERATURE. - Figures la to d show the results of both in-situ
TEM observations and the electron diffraction patterns (EDP) in the process of formation ofAIN
in aluminum. These figures show that at the implantation fluence of about 1 x 1019 (N+ )/m2, black
spots appeared and then increased in number with the increasing fluence. Depth distribution of
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ions and damage density due to nitrogen-ion implantations into aluminum were calculated by the
TRIM computer code. The penetration depth of the implanted 30 keV N2 ions in aluminum was
estimated to be about 90 nm, and the depth of damage was calculated to be about 70 nm. The
black spots occurred within the range of implanted ions. In this experiments, as the specimens
used here were Al films with a thickness of about 100 nm, the ion implantation affected thorough
the entire samples.

Summary of the experimental interplanar spacing (dexp.-value) obtained into alumiduring nitrogen ion implantation with a flux of 2 x 1018 (N+)Im2s at RT. (hkl, Miller indices
lattice
of
planes; hkil, Miller-Bravais indices of lattice planes; dtlb theoretical interplanar spacing;
deXp,, experimental interplanar spacing).
Table 1.

-

num

It was found in EDP that additional spots and rings appeared newly during ion implantations
temperature. The dexp.-values (experimental interplanar spacing) obtained from these
and
rings are listed in Table I, where dth.-values (theoretical interplanar spacing) are quoted
spots
from Rauchenbach et al. [6]. The values agreed with those obtained in the present experiment.
From these results, the film formed newly on the specimen can be identified to be AIN of hcp type,
and the lattice parameters of this unit cell were determined as: a = 0.314 nm and c 0.506 nm.
at room
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Fig.

2.

Change of plasmon loss spectra from Al during 30 kV N2 ion implantation with a flux of 2 x 1018
(N+)/m2s
a) unimplanted, b) 6 x 1020, c) 1.2 x
d) 1.8 X 1021, e) 2.4 x 1021 (N+)/m2.
-

at RT. Fluence:

Fig.
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Change of Nis edges from Al during 30 kV N2 ion implantation with a flux of 2 x 1018 (N+)/m2s
a) 6 x 1020, b) 1.2 x 1021, c) 1.8 x 1021, d) 2.4 x 1021 (N+)/m2.

at RT Fluence:
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Table 1 also indicate that A1203 phase appeared in addition to AIN by nitrogen implantation
temperature. A1203 is considered to be formed by irradiation-induced chemical reaction
of Al with oxygen absorbed in Al prior to the implantation. Figures 2a to e show the changes
of plasmon loss spectra of aluminum film with increasing nitrogen-ion fluences. Figure 2a shows
the P-EELS spectrum obtained from unimplanted aluminum film. The two peaks at 15 eV and
30 eV are the first and second plasmon loss peaks of aluminum. Figures 2b to e show P-EELS
spectra obtained after ion implantations to the fluence of 6 x 1020 to 2.4 x 1021 (N+)/m2. The
observed peak (20.8 eV) in these spectra are clearly recognized as the plasmon loss peaks ofAIN
formed in aluminum by comparing then with that of a standard AIN sample. In this experiment,
the matrix and grain boundary were found to be thinned by physical sputtering. Figure 3a to d
show the spectra of Nis measured by P-EELS as a function of the fluence of implanted nitrogen
ions. These spectra were found to shift to the lower energy side with the increasing nitrogenion fluence. The observed Nis (396.4 eV) spectrum agreed with the binding energy of AIN [10,
11], indicating that nitrogen was bound to aluminum in the form of AIN. The energy value of
about 400 eV in the Nis spectra for the low fluence case, shown in Figure 3a, was recognized to
correspond to the adsorbed nitrogen in aluminum, as proposed by Raole et al. [11]. However,
the plasmon loss peak of A1203 (about 23 eV) and Ois spectra were not found in the spectra, as
shown in Figures 2 and 3.
at room

3.2 IMPLANTATION AT 400 ° C.
Figures 4a to d show the results of both TEM observation and
EDP in the process of formation of AIN in aluminum at 400 °C. The diameter of the AIN precipitates grew with an increasing nitrogen fluence. Furthermore, the EDP clearly shows that AIN and
A12 03 are present in Al. The EDP shows that additional spots and rings appear newly during ion
implantation at 400 ° C. The dexp. -values obtained from these spots and rings are listed in Table II,
where dth. -values are quoted from Rauchenbach et al. [6] and in agreement with those obtained in
the present experiment. From these results, the film newly formed on the specimen at 400 ° C can
be identified to be AIN of hcp type, and the lattice parameters of this unit cell were determined
to be that: a = 0.310 nm and c = 0.506 nm. In Figure 4c, the strong diffraction rings appeared
at a fluence of about 1.8 x 1021 (N+)/m2 at 400 °C. The intensity of these rings increased with an
increasing ion fluence, and these rings were identified to be of A1203 by diffraction analysis. The
A1203 are considered to be formed from the stronger effects of both high temperature (400 °C)
and irradiation induced chemical reaction ofAI than these in the room-temperature implantation
experiments. Figures 5a to e show the changes of the plasmon loss spectrum of aluminum film
with the nitrogen ion fluences. The big peaks (21 eV) shown in Figures 5d and e are clearly recognized as the plasmon loss peaks of AIN, which are identical peaks with the peak shown in Figure
2e.
Although A1203 was detected by EDP during high temperature implantation, it could not be
detected by the plasmon loss spectra in EELS. The reason for this difference can be ascribed to
the experimental condition that the peaks of AIN (at 21 eV) and A1203 (at 23 eV) could not
be discriminated by our EELS. Unreacted Al was also found to remain in the AIN films at high
-

temperature.
4. Conclusions

Aluminum samples were observed by in situ EELS and TEM during Nt ion implantations.
EDP profile indicated the formation of AIN in aluminum samples both at room temperature
and 400 °C. The formation of AIN was also identified by the plasmon-loss as well as core-loss
profiles of EELS spectra after nitrogen ion implantation to 6 x 1020 (N+)/m2.
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Fig.
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changes in Al during 30 kV Nt ion implantation with a flux of 2
a) x 1020, b) 1.2 x 1021, c) 1.8 x 1021, d) 2.4 x 1021 (N+)/m2.

Structural
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Change of plasmon loss spectra from Al during 30 kV Nt
(N+)/m2s at 400 °C. Fluence: a) unimplanted, b) 6 x 1020, c)
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Summary of the experimental interplanar spacing (dexp.-value) obtained into aluminum
during nitrogen ion implantation with a flux of 2 x 1018 (N+)Im2s at 400 °C. (hkl, Miller indices of
lattice planes; hkil, Miller-Bravais indices of lattice planes; dtw theoretical interplanar spacing; dexp.,
experimental interplanar spacing).
Table II.

-
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