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The evolution of the electronic structure and bonding of Cu to AIN has been studied both ex-
perimentally and theoretically. Ab initio total-energy pseudofunction calculations indicate that
the Cu adsorbate initially prefers formation of Cu— Al bonds, not Cu—N bonds. This theoreti-
cal finding is supported by good agreement between the density of states (DOS) and ultraviolet
photoemission spectra (UPS) for low coverage of Cu on AIN. Cu— N bonds give a DOS in com-

plete disagreement with UPS.

Aluminum nitride (AIN) is emerging as an attractive
substrate material in microelectronic packaging applica-
tions because of its superior thermal and mechanical prop-
erties.! Metallization of this material is, therefore, an im-
portant technological concern, yet few fundamental inves-
tigations have been made in the past. Particularly, there
have been no studies of the electronic structure and bond-
ing between a metal and the AIN surface. This is partly
because the preparation of oxygen-free AIN is very
difficult, so the intrinsic properties of the interaction may
not be observable.

The electronic structure of AIN has been studied by
several workers both experimentally and theoretically.
Gabe, Le Poge, and Mair? determined the valence charge
density using x-ray diffraction and suggested that the AIN
bonding is more ionic than covalent, but some degree of
covalency is still present due to the tetrahedral coordina-
tion and wurtzite structure. A fully self-consistent elec-
tronic structure calculation of AIN has been determined
recently by Ching and Harmon? and excellent agreement
to the photoemission spectra has been observed.

Here, we report the first experimental and theoretical
results for the electronic properties of submonolayer to
thick film coverage of Cu on AIN. We find that Cu atoms
bond preferentially to the surface Al atoms to form
metal-metal bonds. This assignment was based on the
Al— Cu bonds having lower total energy than the Cu—N
bonds. Also, the computed density of states (DOS) agrees
well with our experimental ultraviolet photoemission spec-
trum (UPS) only for the Cu—Al bonds. The Cu—N
bonds give an electronic DOS in total disagreement with
the experiment.

Experiments reported in this paper concern successive
in situ deposition of copper on “as-fabricated” AIN sur-

S

faces. At each step of Cu deposition, x-ray photoemission
spectroscopy (XPS) and UPS measurements were per-
formed to probe changes in the valence and core-level
electron distributions with a Mg Ka nonmonochromatized
x-ray source and the Hell (hv=40.8 eV) ultraviolet pho-
toelectron source, respectively. Copper (LMM) Auger
signal versus deposition time was measured and used to
determine the coverage. To fabricate an AIN surface, a
high-purity polycrystalline aluminum was first cleaned by
successive argon sputtering (Ar*, 1 keV) and annealing
at 450°C and then bombarded in situ by a 3-keV N -ion
beam with a beam intensity of 18 gA/cm? for 300 sec at
room temperature. The estimated range of nitride layer is
in the order of 100 A according to the Lindhart-Scharff-
Schiott (LSS) theory.® The conditions for nitridation and
characterization of the resulting films have been previous-
ly published.® An oxygen-free stoichiometric AIN surface
is obtained and identified by Auger-electron spectroscopy
(AES), XPS, and UPS. With the thin nitride layer un-
derlying the metallic substrate, no charging effect was ob-
served during analyses.

Ab initio total-energy calculations were performed for
four-layer unrelaxed AIN(1120) films with Cu placed on
both sides of the films. The calculation technique was the
pseudofunction (PSF) method’ with a Hedin-Lundqvist®
local density potential. Computations were made with
two different Cu coverage configurations [0.5 and 1.0
monolayers (ML)]. For the 0.5 ML configuration, Cu
atoms interact with all surface Al atoms or surface N
atoms. The bond distance is varied to find the total energy
minimum. However, the bond angles are only allowed to
assume the tetrahedral value which would be produced
with further growth of the film. For the 1.0 ML coverage,
additional Cu atoms were placed at the midpoint between
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adjacent Cu atoms forming a plane of Cu parallel to the
surface. The positions were adjusted so as to give a Cu
— Cu bond length of 2.6 A, which is nearly the same dis-
tance as metallic Cu (2.54 A). This chainlike structure is
the simplest configuration of 1 ML that allows us to calcu-
late the total energy and DOS with specific bonding sites.
Comparison between experiment and theory may not be
exact since the AIN thin film is polycrystalline and the
surface structure is unknown. Therefore, the most reason-
able estimate of the surface structure for calculation
should be the most stable surface, AIN(1120). Further-
more, recent theoretical calculations® for AIN indicate
that the surface Al—N bond on the (1120) surface ro-
tates by only 2°, so that the surface reconstruction is very
small.

The UPS spectra for an AIN film with successive depo-
sitions of Cu are shown in Fig. 1. The clean AIN spec-
trum consists of two maxima at 5 and 8.5 eV below the
Fermi edge, as determined by the clean Al substrate be-
fore nitridation. It is shown that the electron density near
the Fermi edge has totally vanished and is polarized into
the nitrogen 2p level observed at 5 eV. A very similar
clean AIN spectrum* has been previously obtained with
excellent agreement to the calculated DOS.®> When Cu is
deposited onto the AIN surface, we observe the Cu(3d)-
derived peak overlapping the N(2p) peak at submono-
layer coverages (peaks a, b, ¢, d, and e). As the coverage
increases, a second Cu(3d) feature appears at approxi-
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FIG. 1. UPS spectra for AIN films with various deposition of
Cu.

R. V. KASOWSKI AND F. S. OHUCHI 35

mately 1 eV lower in binding energy (peak f,g,h,...).
While this peak grows in intensity, together with the emis-
sion observed in the early states of coverage, peak f,g,h
eventually develops into the metallic Cu(3d) band at
higher coverage (peak k and /). The chemical bonding at
submonolayer coverage is best resolved by subtracting the
contribution of the main AIN spectrum from the Cu de-
posited one. It is found that the Cu-derived peak appears
at 4.5 eV for a coverage of 7%, which is 2 eV higher in
binding energy than that of the bulk Cu(3d4) peak. Devel-
opment of this peak, however, ceases at coverage of less
than 50%, at which point the metallic Cu(3d) feature be-
comes the dominant contribution. Therefore, our data
suggest the presence of at least two types of bonding for
the interaction of Cu on AIN.

We now show that the above data can be explained by
the formation of Cu— Al metal-metal bonds. First, we
performed total-energy calculations for Cu bonding only
to Al atoms or only to N atoms. For this 0.5-ML cover-
age, the adatoms are in a tetrahedral site. The minimized
bond lengths are found to be 2.63 and 1.90 A for Cu— Al
and Cu—N bonds, respectively. The total energy of the
Cu-Al configuration is found to be 3.1 eV per surface Cu
atom more stable than that of the Cu-N configuration.
Therefore, the Cu atoms will interact with the surface Al
atoms rather than the surface N atoms, initially. This as-
signment is supported by comparison to the UPS data.
The energy bands for 0.5 ML of Cu bonded to Al atoms
or N atoms of the AIN surface are plotted in Fig. 2. The
3d bands overlay the valence band for Cu— Al bonding
[Fig. 2(a)], while the bands lie in the band gap for Cu
— N bonding. Therefore, the Cu on Al site model is more
consistent with the UPS data.

In an effort to see how the electronic structure is altered
at higher coverages of Cu, we formed a 1.0-ML Cu cover-
age on the AIN surface. Our guideline is to form a planar
Cu coverage which does not have strong Cu— N bonds,
which we previously found to drive the d bands into the
band gap. Thus, a reasonable surface structure is to place
Cu atoms between the surface Cu atoms to form a zigzag
pattern of 2.60-A Cu— Cu bonds in a direction and per-
pendicular to surface Al—N bonds. This configuration
has Cu—N bonds of 2.9 A. The resultant density of
states, with comparison to UPS spectra of the clean AIN
and 50% coverage of Cu, is shown in Fig. 3. Two 3d
bands are indicated by (a) and (b). Notice that the peak
(b) develops in the band gap, in addition to the band (a)
which overlaps the AIN valence band DOS. This band
(b) primarily consists of the contributions from Cu-Cu in-
teractions and a small contribution from Cu-N interac-
tions. These two bands are separated by approximately 1
eV, consistent with our experimental results which show
these two types of bondings.

The spectrometer Fermi energy and the theoretical Fer-
mi energy are not identical for experiment and theory in
Fig. 3. It is expected that Cu atoms do not adsorb uni-
formly on the AIN substrate, as is well documented for
metals on semiconductors such as GaAs. We can also see
this from the shape of the UPS spectrum which looks very
much like metallic Cu in the region near Fermi energy. A
monodispersed 50% coverage of Cu atoms on AIN would
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FIG. 2. Energy bands for 0.5-ML Cu coverage with (a)
d(Cu—Al)=2.6 A and (b) d(Cu—N)=1.9 A. The AIN sub-
strate has 16 filled bands.
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leave the Cu atoms too far apart to form a truly metallic
Cu Fermi edge. Thus, we have tried to match the bottom
of the UPS spectra near 10 eV with the bottom of the cal-
culated valence band stated near Fermi energy. The
features 5 to 10 eV below Fermi energy do not appear
very sensitive to Cu deposition and thus serve as a reason-
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FIG. 3. DOS for 1.0-ML Cu coverage with comparison to
UPS for clean and 50% Cu coverage. VBM denotes valence-
band maximum.

able guide to aligning the theoretical and experimental
Fermi energy.

The binding-energy shift and line shape change of the
Al core levels obtained from XPS measurement also give
information about chemical bonding. Two things are not-
ed in the observation: (1) The Al(2s) level shifts toward
higher binding energy by 0.7 eV with increasing coverage
up to 50%. The shift is related to band bending as a result
of the Fermi level shift to that of the Cu adsorbate. (2)
The Al(2s) level undergoes peak broadening with appear-
ance of a low-energy component of Al(2s), which is
presumably assigned to a metallic Al component at the
surface. Appearance of a metallic Al component is con-
sistent with the theoretical computation.

In summary, we have presented an experimental and
theoretical investigation of the electronic structure of a
Cu overlayer on AIN. It appears that metal adsorbates
prefer to form metal-metal bonds.
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