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This paper is a study on long-lifetime excited electron state of inner-core electron of zinc atoms
generated by surface ion-recombination processes. We measured this excited electron states by
X-ray Photoelectron Spectroscopy (XPS) and analyzed the results utilizing the Charge Transfer
(CT) theory that was proposed by Kotani-Okada. We revealed that the ground state of excited zinc
is 3d°. It was confirmed that the ground state of excited zinc, 3d® exist, after the sample is
generated one year.

In previous materials science, the modification reaction like binding reaction and decomposition
reaction between elements, physical surface modification and so on, all of these reactions are
controlling the outer electrons of constituent atoms. As an expandable direction of new material
science, this study focused on the operation of the core electrons that have not been utilized in
material technology. The lifetime of excited state is very short, 10™°s. The electron configuration of
transition mental compounds, with the increase of atomic number, electrons is filled to the inner shell

of d-orbital, gradually, but not the outer shell. In other words, transition mental compounds with 3d"
(n<10) inner hole is stable. Even zinc (*°Zn : [Ar]3d'%4s?) that next to copper(*°Cu:[Ar]3d'%4s) is

ionized, the d-orbital is full filled. If we can sufficient to find any ligand to receive the 3d electrons, it
is possible to present a stable state of Zn 3d9. For this reason, we determined the research object to
zinc. The crystal growth process is an ion-recombination process, what utilized the vapor deposition
with ionizing zinc. It’s possible to control the energy by ion that in the gas phase to selectively
excited the M shell electrons (3s, 3p, 3d).

The theory, about polarization configuration interaction, as related to the excited state, is
described. In this theory, the excited state of Zn4s4p with a long lifetime is important was showed. It

showed that, to create the 4s4p state, ion-recombination process is valid. The 4s4p was created by
binding reaction process of Zn™ (3d*4s!) and Zn (3d'%4s*4p?). The selection rule as a theory what

related to inner shell excitation is showed. Different to inner core excited by electron and X-ray, in



this research, excitation occurred through the collision recombination process between Zn*and Zn™.

Through the collision ion-recombination process, translational momentum at Zn* and Zn~ was

converted into the angular momentum of inner shell electrons of the collided zincs. Furthermore, the
basic principle of main analyzer (XPS) of the present experiment, and the analytical theory, Charge
Transfer (CT) theory that is created by Kotani-Okada is presented. The charge transfer can explain
the satellite of transition metal of XPS spectra, that similar to our measurement results of XPS.

The experiment apparatus which was developed just by our research group is an integral
evaporation system with transmission electron spectroscopy evaluation (Electron-assisted PVD).
The substrate is 6.5¢ mm sapphire enclosed by gold electrode. Thermal electrons emitted from the
electron gun be accelerated by the bias voltage (Vg = 0 ~ 240V), what applied to the substrate
electrode, and thermal electrons irradiate a wide range to the substrate surface. We analyzed the

reaction field of ion-recombination condensation process, what with Zn" in the gas phase and the
surface of the substrate Zn . There are four important characteristics of the electron-assisted PVD

system.

1) Energy control is possible. We can control the energy of incident electron, the number and
distribution of electrons in the substrate surface, the quantity and distribution of Zn— that is

deposited on the substrate through the bias voltage.
2) The potential at the substrate surface becomes uniform.
3) The reaction process is an ion-recombination process.

4) The quantity of Zn~is circularly symmetric, and in the peripheral portion of substrate is

more than in the center.
In order to examine the crystalline state, stated measurement results of X-ray diffraction. Discussion
about diffuse scattering and Bragg diffraction of XRD was described.
1) Discrete dependence between diffuse scattering intensity to electron energy corresponded to
inner shell binding energy of zinc atom 3d (10eV), 3p (90eV), 3s (140eV), 3d+3p
(10+90=100eV), 3p+3s (90+140=230eV).

2) By the quantum selection rule Al==1, 3s and 3d is excitable to 4p of Zn—, 3p is excitable to 4s
of Zn™.
3) 140eV and 90eV showed the different nature of excitation. Excitation of 3p (90eV) from Zn*

showed a very strong diffuse scattering. Excitation of 3s (140eV) from Zn~ showed a very



strong Bragg diffraction.

4) Zn~ and Zn™ were double excitable energy, 230eV, with the fastest generation efficiency.

5) The sample showed strong diffuse scattering and Bragg diffraction, what conformed with
stable and unstable structures, and the soft, mobility physical properties can be expected,

In order to determine the electronic state of the constituent atoms of the thin film,
measurement of XPS is described. To the XPS analysis results of 9 points of section 5-2,
utilized the charge-transfer theory by Kotani-Okada, the hybrid energy T and the
charge transfer energy A were calculated.

1) Satellite of Zn 2p state corresponded to Zn 2p°3d®, main peak of Zn 2p corresponded to Zn
2p°3d'°L. While the strength of Zn2p®3d® became stronger, T and A becomes smaller,
respectively. A was in the range of 2.7¢V <A<1.2eV, and T was in the range of 0.1eV<T<0.9eV.

2) The ground state of excited zinc is 3d°.

3) From the fact that, there was similar odd function distribution between bonded carbons to the
satellite of zinc, we can consider that the carbon is bonded with excited zinc.

4) As the crystal growth conditions, the electric field is circularly symmetric at the substrate surface,
but Zn2p°3d° showed an odd function distribution. From this, we estimated the effect of the
magnetic field was present at the excited zinc.

In order to examine changes over time and the correlation of the binding state between thin film
constituent elements, we described results of XPS that measured two months after the same sample
was measured. We discussed the correlation between constituent elements.

1) The spatial density distribution of binding carbon and Zn2p°3d°® showed a positive correlation,
that the ligand of zinc excited state is carbon.

2) The spatial density distribution of aluminum and Zn2p°3d°® showed an inverse correlation, there
was a displacement reaction between excited state zinc atoms to aluminum atoms.

3) The excited state of zinc atoms was discovered after the film was generated 357 days ago.

This paper showed that the zinc excited state 3d° was generated through surface
ion-recombination processes. The excited states of zinc bound to carbon, on the other hand, the
excited states of zinc displaced with aluminum. The parameter what represented the excited state of
zinc accompanied by charge transfer were calculated out by theoretical analysis. The charge transfer
energy was in the range of 1.2eV < A <2.7eV. The hybrid energy was in the range of 0.1eV <T of
<0.9eV. The lifetime of excited zinc was extremely long. The lifetime was about one year is

confirmed.



