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1. Introduction 

 
Ion beam irradiation is known as one of the novel 

doping methods for semiconductors, where dopants, 

irradiation dose, and the position of ions can be 

controlled as our demands. In particular, the beam 

irradiation for ZnO can be widely used for achieving p-

type semiconductors.   

Electron spin resonance (ESR) spectroscopy is one of 

the most sensitive methods for probing the local 

electronic structure, providing information about defects 

introduced in matter, because ESR can probe even the 

interaction between electron and nuclear spins. 

Especially, ESR is a bulk probe method, thus they detect 

the electronic structure of not only the films of interest 

but also the substrate. 

In this work, we find the ESR spectra from the ZnO 

thin films as well as the Al2O3 substrates before and after 

beam irradiation. Unexpectedly, the ESR signal from the 

substrate turns out to be the Cr3+(S=3/2) defect, which 

may be introduced in the process of synthesis. 

 

2. Methods and Results 

 

ZnO thin films were prepared by the magnetron 

sputtering method on the Al2O3 substrate which can be 

commercially obtained. The films obtained are ~100 nm-

thick layer on the substrate. Beam irradiation is 

performed with the condition of N+ beam with doses of 

1×1014, 1×1015, and 3×1015 ions/cm2 with the thermal 

annealing of 500°C during the beam irradiation. 

We employed an ESR spectrometer for performing an 

angle-dependent measurements at 4 K with the 

resonance frequency of 9.38 GHz . The sample was 

placed in the center of the microwave cavity which 

resonates in the TE011 mode, where an alternating-current 

(ac) field is maximized. The ESR spectrum was 

measured by sweeping the magnitude of the external 

direct-current (dc) magnetic field H. The field H is 

rotated from the [11̅0] direction (in the film plane) to the 

[1̅10] direction (in the film plane), passing through the 

[001] direction (perpendicular to the film plane). 

 

2.1 Theory 

 

The Cr3+ cation with an electron configuration of 3d3 

has the ground level 4F3/2 with effective spin S =3/2. 

When the cation is introduced in a crystal, the spin states 

are under the influence of the crystal field created by the 

neighboring ions. The experimental ESR resonance field 

data can be analyzed with the spin Hamiltonian in the 

conventional notation [1].  

 

ℋ = ℋZeeman + ℋZFS = 𝜇𝐵𝐁 ∙ 𝐠 ∙ 𝐒 + 𝐒 ∙ 𝐃 ∙ 𝐒, (1) 

 

where 𝜇𝐵  denotes the Bohr magneton,  𝐁  the applied 

magnetic field, 𝐠 the spectroscopic splitting “tensor”, 𝐒  

the electron spin operator, and 𝐃 the zero-field splitting 

(ZFS) tensor. 

The conventional ZFS D and E parameters, also 

represented as Dij, are given as follows, 

 

D =
3

2
D𝑍𝑍,    E =

1

2
(𝐷𝑋𝑋 − 𝐷𝑌𝑌)    (2) 

 

 

2.2 Angle-dependent ESR spectra 

 

Figure 1 shows the angle-dependent ESR spectra for 

pristine ZnO. The resonance peak at g=2.004 which 

shows no angle dependence may come from a zinc 

vacancy in ZnO films [2,3]. Before and after beam 

irradiation, the resonance peak remains unchanged, 

reflecting the defect intrinsically formed in the film. We 

confirmed the peak is from the ZnO layer by performing 

the ESR measurement for the Al2O3 substrate which 

shows no peak at g=2.004. For Al2O3 substrate, on the 

other hand, we find the angle-dependent ESR spectra 

whose resonance field spreads from low to high fields.  

In Fig. 1, the solid lines exhibit the resonance fields 

obtained by EasySpin simulation code. The spin 

Hamiltonian as denoted by Eq. (1) with S=3/2  may well 

correspond to the experimental resonance lines. The 

simulation may give us the parameters of g∥ =
2.1115, g⊥ = 2.8285 , D = 2355 MHz,  and E =
−3233 MHz.  

A Cr3+(S=3/2) ion with the electron configuration 3d3 

has 3 resonance lines from the allowed transitions. 

However, we observed more than 3 resonance lines of 

Cr3+ impurity ion using a X-band ESR spectrometer as 

can be seen in Fig. 1. The 6 resonance lines of Cr3+ center 



 

 

obtained in our X-band experiments as shown in the 

crystallographic ab plane (Fig. 4) and bc-plane (Fig. 5) 

are composed of 3 resonance lines from the allowed 

transitions and another 3 from the forbidden transitions. 

The energy levels of Cr3+ impurity ion in Al2O3 crystal 

depending on the magnetic field applied along the major 

crystallographic axis are calculated with optimized spin 

Hamiltonian parameters (gij and Dij) and are shown in 

Figs. 2. The arrows between the levels indicate the 

observed resonance transition at 9.38 GHz. 

 

 
 

Fig. 1 ESR spectra of the pristine ZnO film on Al2O3 substrate. 

Stack plot for rotation of the magnetic field (5o step width) from 

B∥ c axis to B⊥c axis. 

  

 
Fig. 2 Energy level diagram of Cr3+-center in Al2O3 substrate 

depending on field B applied along the a-axis. 

 

 

3. Conclusions 

 

We have investigated N+ beam-irradiated ZnO thin films 

on the Al2O3 substrate using ESR spectroscopy. 

Unexpectedly, the ESR signal from the substrate is found 

to be associated with the Cr3+(S=3/2) defect. 

Furthermore, before and after beam irradiation, the 

resonance peak at g=2.004 remains unchanged, 

indicating that the defect is intrinsically formed in the 

ZnO layer and possibly assigned to a zinc vacancy. 

Consequently, ESR spectroscopy gives information on 

the thin film as well as the substrate. 
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