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Abstract:

The relationship between the composition of the internal defect states, spectral properties, and 

correlated electronic structures of wurtzite ZnO crystals under 645 MeV Xe35+ irradiation is 

systematically investigated, employing experimental characterizations combined with first-

principle calculations. Based on the ion irradiation-induced thermal expansion and relaxation 

processes, the high concentration of vacancy/interstitial defects produced from the transient 

disordered phase in molten track states trigger photoelectric changes, as follows: (i) the 

generation of internal defect states effectively reduces the intrinsic bandgap (3.25 eV → 2.66 

eV); (ii) a large number of defective active sites inhibits the recombination between electron-

hole pairs, causing dark conductance and photoconductance to increase with increasing damage 

levels until optimal fluence is achieved. Based on the density functional theory (DFT) with the 

GGA+U (GGA = generalized gradient approximation) method, the defective models associated 

with the different electronic structures, density of states, formation energy, and the nature of 

the chemical bonding are established. The narrowing of the bandgap observed experimentally 

and the enhancement of carrier concentration originating from the internal electron defect states 

are qualitatively verified, therefore laying the foundation for designing future nanoscale 

photoelectronic devices and microelectronics applications.

1. Introduction

Among oxide/nitride semiconductors,[1-3] zinc oxide (ZnO), which has a large direct energy 

bandgap (~ 3.25 eV) and large electromechanical coupling,[4] belongs to a prototypical n-type 

(II-VI) system, presenting several fascinating electrical and optical properties. Therefore, it has 

been widely investigated for potential application as catalysts,[5,6] light-emitting diodes,[7,8] 

transparent conductive electrodes,[9,10] lasers and solar cells,[11,12] gas sensors and varistors,[13,14] 

biological fluorescence imaging, and targeted drug delivery.[15] Owing to its close-packed unit 

cell volume and relatively high thermal conductivity, excellent resistance to radiation damage 

is realized in radiative environments. In addition, the control and design of various defect 

structures, as well as the release of stress/strain and order/disorder levels in the surface and 

interfacial region, are key to optimizing the performance of novel devices.[16,17] Therefore, the 

identification of defects that critically affect the photoelectric and ferromagnetic properties, and 

their effect on these properties in a ZnO system is essential in the field of semiconductor 

spintronics.[18-22]

Currently, the development of nanosystems for advanced applications relies on techniques to 

modify systems with near-atomic precision. Particle beam irradiation can be effective for 

tailoring nanosystems with high precision. The physical and chemical properties of materials 
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can be manipulated by modifying their crystallinity, morphology, and electronic structure. The 

most common radiation types, including ions,[23,24] electrons,[25] neutrons, and high-energy 

photons (laser and gamma-ray),[26] can displace an atom or molecule to reorient the 

morphological phase of nanomaterials in a tractable manner.[27,28] This leads to the formation 

of a variety of nanostructures such as quantum dots, nanoparticles, and nanowires/nanotubes.[29-

31] Understanding and controlling these nanostructures is essential for tailoring photoelectric 

properties and developing high-performance devices.[32] Based on several reports,[33-36] the 

GGA+U (generalized gradient approximation) method is relatively accurate when applied to 

calculate the structural defects, energy bandgap, and electronic localization of orbitals in ZnO 

crystals, which provides useful information on the microscopic details to supplement 

experimental characteristics.

This study aims to systematically understand the effect of irradiation defects on the optical 

properties and electronic structure of 645 MeV Xe35+-irradiated ZnO crystals. Experimentally, 

the relationship between specific types of structural defects, related photoluminescence, and 

photoconduction performance of ZnO crystals is evaluated, which reveals the narrowing 

bandgap and rectification characteristics with increasing damage levels. Based on the first-

principle calculation using the GGA+U approach, the distributions of both valence and 

conduction bands are presented through an optimized electronic structure of the Brillouin zone, 

and the valence and conduction bands near the Fermi level are mainly attributed to the 2p states 

of O and the 3d states of Zn atoms, respectively. The experimental results are qualitatively 

verified by analyzing the defective models associated with the varying electronic structure, 

density of states, formation energy, and magnetism, which offers further guidelines for the 

development of ZnO-based devices for optimized optoelectronic applications.

2. Materials and Methods

2.1. Sample Preparation and Ion Irradiation Process

In this study, optically polished single-crystal ZnO samples with dimensions of 10 × 10 × 1 

mm3 were used, and the crystal direction is along the axis of [10
_

10] surface normal zone. 

Irradiation experiments with 645 MeV 129Xe35+ at 300 K were performed at the Heavy Ion 

Research Facility in Lanzhou (HIRFL), Institute of Modern Physics, Chinese Academy of 

Sciences, at fluences varying from 5 × 1011 cm-2 to 3 × 1012 cm-2. During the Xe35+ irradiation 

process, a relatively low ion flux of 1 × 1010 cm-2 s-1 was maintained to avoid undesired ion 

beam heating or induced annealing,[37] and a continuous and defocused ion beam with a 

diameter of 15 mm ensured uniform irradiation of the ZnO samples.

2.2. Microstructure and spectral characterizations
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Microstructural Characterizations: high-resolution X-ray diffraction (HRXRD) measurements 

were performed using a Rigaku Smartlab 3 KW diffractometer with a collimated, 

monochromatic, 1.54 Å X-ray beam. Raman spectroscopy measurements of ZnO cross-sections 

were recorded using a HORIBA LabRAM HR Evolution Confocal Raman spectrometer 

equipped with a 532 nm Nd-YAG laser for excitation. X-ray photoelectron spectroscopy (XPS) 

measurements were carried out on an Escalab 250Xi multifunctional imaging electron 

spectrometer (Thermo Scientific, USA). Utilizing the focused ion beam (FIB) system to 

complete specific sample preparation, the morphological evolutions of the internal damage 

regions were characterized via high-resolution transmission electron microscopy (HRTEM) 

using an FEI Tecnai G2 F20 transmission electron microscope operated at 200 kV and high-

angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) using an 

aberration-corrected scanning transmission electron microscope (Spectra 300, Thermo Fisher) 

operated at 300 kV. The surface topographies were characterized via atomic force microscopy 

(AFM) using a Shimadzu SPM-9700HT scanning probe microscope with heavily doped silicon 

tips (resonance frequency = 70 kHz, force constant = 0.5 N m-1, and radius of curvature reported 

by the manufacturer as less than 10 nm) in non-contact (tapping) mode in the air at room 

temperature. Spectral Measurements: the intrinsic bandgaps were determined using absorption 

data recorded by an Agilent Cary 5000 UV-Visible spectrophotometer in the ultraviolet-visible 

range. Photoluminescence (PL) spectra were acquired using an Edinburgh FLS920 all-

functional fluorescence spectrometer using xenon lamps with wavelengths of 355 nm and 387 

nm as excitation light sources. Photoconductive measurements in the air were conducted using 

a Keithley 2450 source meter at a fixed bias voltage of 3 V under a UV illumination source (450 

nm) to investigate the electronic structure and excitonic behavior. The experimental techniques 

mentioned above have also been carried out several times to ensure the accuracy and 

repeatability of the data and results.

2.3. Simulation and Theory Processes

The electronic energy loss (Eele) and displacement per atom (dpa) profiles of the ZnO crystals 

induced by 645 MeV Xe35+ irradiation were determined based on the Stopping and Range of 

Ions in Matter (SRIM) 2013,[38,39] a density of 5.15 g cm-3, and displacement energies (Ed) of 

25 eV and 28 eV for Zn and O were used, respectively. Under the action of electronic energy 

losses corresponding to different ion velocities, the induced energy and temperature exchange, 

diffusion, and evolution in the electronic and atomic subsystems were numerically calculated 

using the inelastic thermal spike (i-TS) model.[40,41] The values of the electron-phonon mean 

free path λ could be deduced to 5.5 nm, according to the fitting relationship.[40] First-principle 
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calculations within the framework of spin-polarized density functional theory (DFT) under 

generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) exchange and 

correlation were performed using the Vienna ab initio simulation (VASP) code.[42,43] The size 

of the supercell was 2  2  2 unit cells and periodic boundary conditions were introduced along 

all basis vectors. The Hubbard-U approach considers the on-site Coulomb interactions, where 

on-site Coulomb corrections were applied to the Zn 3d orbitals (Ud = 10 eV) and O 2p orbitals 

(Up = 7 eV) to approach the experimental bandgap.[4] Structural optimization was based on 

reducing the magnitude of the calculated forces and stresses within the defined convergence 

tolerances by performing an iterative process. In this case, the atomic coordinates and cell 

parameters were adjusted to ensure that the total energy of the structure was minimized. All 

structures were geometrically relaxed until the maximum value of the unbalanced interatomic 

force component converged below 0.01 eV Å-1. The cutoff energy was set to 500 eV, and the 

electronic iteration convergence criterion was set to 10-6 eV. A Monkhorst–Pack k-point mesh 

of 9  9  4 was used to sample the Brillouin zones of the supercells. The lattice parameters 

after optimization in the supercell calculations are established as a = 3.28 Å and c = 5.30 Å, 

approaching the experimental lattice parameters (a = 3.25 Å, c = 5.20 Å).

3. Results and discussion

3.1 Lattice Distortion and Expansion in Irradiated Damage Regions of ZnO Crystal

Figure. 1. a) HRXRD -2 scan, b) lattice constant, and c) full-width half maximum (FWHM) of 

the (006) diffraction peak. d) Raman spectra, and e) the vibration direction of dominating atoms 
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related to first-order Raman modes in ZnO samples via 645 MeV 129Xe35+ irradiation with different 

fluences (Variation of E2 (high)/E1 (LO) in the below inset). f) The 2D, and g) 3D Raman 

cartography recorded on the cross-sectional ZnO sample irradiated at 3 × 1012 cm-2 (SRIM-

simulated Eele and displacement per atom (dpa) profiles in the 2D inset).

Using the HRXRD technique, structural analysis of 645 MeV Xe35+-irradiated ZnO crystals 

was performed for different fluences from 5  1011 cm-2 to 3  1012 cm-2, as shown in Figure 

1a-c. In the HRXRD spectra, a hexagonal wurtzite structure with a c-axis orientation is 

represented by the dominant (006) diffraction peak at 125.2° in pristine ZnO crystal, which 

matches well with the standard card (c = 5.20 Å, JCPDS 361451). Compared to the pristine 

ZnO crystal, the diffraction peak shifted to a lower angle, and the full width at half-maximum 

(FWHM) increased with increasing fluence from 5 × 1011 cm-2 to 3 × 1012 cm-2 (Figure 1a). 

Simultaneously, the corresponding lattice strain (𝜀) could be determined using the expression ε 

= (a − a0)/a0,[44] where a0 is the initial lattice constant of pristine ZnO crystal, and a is the 

measured interplanar spacing. The determined value of ε was relaxed to 0.038% ~ 0.076% along 

the c-axis (Figure 1b), and the full width at half-maximum (FWHM) resulted in the increase of 

the (006) peak from 0.34° to 0.45° (Figure 1c), indicating a link between dominant lattice 

swelling and tensile strain with the accumulated damage. During the Raman mapping 

measurements, a laser step of 100 nm is performed, which is smaller than the optical spatial 

resolution, further realizing precise measurement of the spectrum evolution, as shown in Figure 

1d,e. The structure of wurtzite crystal belongs to the 𝐶4
6𝑉 (P63mc) space group, and the Raman 

spectra at the Γ-point center of the Brillouin zone in pristine and Xe35+-irradiated ZnO samples 

included five main Raman vibration modes located at 98 cm-1, 330 cm-1, 388 cm-1, 436 cm-1, 

and 576 cm-1 corresponding to the vibrational centers of E2 (Low), E2 (low) - E2 (high), A1 (TO), 

E2 (high), A1 (LO) and E1 (LO), respectively. Based on the group-theory-predicted vibrational 

A1+2B1+E1+2E2 type:[45,46] (i) The symmetric phonon modes of B1 are Raman inactive and 

known as silent modes. (ii) The modes corresponding to E2 symmetry are non-polar and Raman 

active, including two types: low-frequency E2 (low) corresponding to vibrations of the zinc (Zn) 

sub-lattice and high-frequency E2 (high) corresponding to vibrations of the oxygen (O) sub-

lattice. According to lattice dynamics theory,[47] owing to the preferential accumulation of 

defect behaviors in the [10
_

10] planes,[48] the Raman intensities in the range of 98 cm-1 ~ 436 

cm-1 corresponding to the E2 peaks decrease rapidly with a blue shift in the Raman vibrational 

frequency with increasing damage levels, reflecting the irradiation-induced lattice distortion in 

the sublattices. (iii) The generated and increased phonon modes of A1 and E1 near 576 cm-1 are 

both polar and the infrared Raman active with transverse optical (TO) and longitudinal optical 
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(LO) components, reflecting O vacancies (Vo), Zn interstitial (Zni) defect states, or free carriers 

appeared. In particular, the significant disturbance of atomic motion in the ab plane strongly 

affected the atomic motion of E2-related modes, and the A1 symmetry with an atomic motion 

along the c axis gradually predominates in the quasi-TO and LO modes with enhanced damage 

levels.[48] Consequently, the strong suppression of the Raman non-polar modes and the 

propagation of the polar modes corresponding to Zn-O vibrations are indicative of irradiation-

induced reorganization of sublattice atoms. The depth-dependent Raman spectra of the ZnO 

sample via 645 MeV Xe35+ irradiation at 3 × 1012 cm-2 were collected below the surface at ~ 40 

μm, demonstrating the Raman intensity of the reduced E2 modes and the appearance of the A1 

(LO) and E1 (LO) modes, consistent with the SRIM-simulated electronic energy loss (Eele) depth 

profile in the range of the irradiation region (Figure 1f,g).

3.2 Chemical States and Composition of Surface Nanohillocks

Figure 2. a) AFM-measured surface topography, and b-e) corresponding XPS spectra of O 1s 

deconvoluted into three Gaussian peaks of pristine and Xe35+-irradiated ZnO crystals. The light 

purple open circles and purple solid curves represent the experimental and the fitted data, 

respectively. f,g) The concentration of O2-, Vo, and the corresponding ratio of Vo/O2-, illustrated 

with OH2O component.

During swift-heavy ion irradiation, high-density kinetic and potential energies are transferred 

to the target material, contributing to the formation of elastic tension between the molten and 

solid-state phases, which significantly induces the lattice expansion along the normal direction 

and ultimately forms nanostructures on the surface during the relaxation process. The surface 

three-dimensional morphology, related defect states, and the chemical valance composition of 

the pristine and Xe35+-irradiated ZnO crystals were determined by employing AFM in 
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combination with XPS spectroscopy, as shown in Figure 2. The asymmetric O 1s spectra can 

be deconvoluted into three Gaussian peaks: (i) the Oa peak centered at ~ 531 eV is attributed to 

O2- ions in the wurtzite structure of a hexagonal array; (ii) the Ob peak centered at ~ 532 eV is 

associated with O2- in the oxygen-deficient matrix (presence of Vo); and (iii) the Oc peak 

centered at ~ 533 eV is owing to the loosely bound adsorbed H2O/O2 on the surface region 

(OH2O/O2).[49] Compared to a relatively smooth and uniform surface in pristine ZnO crystal 

(Figure 2a), a series of randomly distributed and individual nanohillocks protruded from the 

surface and the Ob peak proportion was enhanced with enhanced Vo components after Xe35+ 

irradiation at 5 × 1011 cm-2 (Figure 2b,c). When the fluence of Xe35+ was increased from 1 × 

1012 cm-2 to 3 × 1012 cm-2, the multiple impact events caused individual nanohillocks to overlap, 

contributing to the coalescence of neighboring hillocks, and the enhanced concentration of Vo 

defect state distorted Zn-O bonding (Figure 2d,e), which can be verified based on the Raman 

spectra (Figure 1d). The sum of three fitting data related to O 1s (purple solid curves) matches 

well with the experimental values (light purple open circles), and the composition concentration 

of all three states in the O 1s level was calculated by using the area under the respective curves, 

as shown in Figure 2f,g. The results demonstrate that the increase in the Vo concentration 

accompanied by a decrease in O2- induces the enhancement of the ratio of Vo/O2-, and the 

oxygen content associated with H2O/O2 absorption is almost unchanged. Therefore, based on 

the deposition of kinetic energy and potential energy, and the induced thermal expansion 

process, a high concentration of vacancy-type defects could be produced by the diffusion of 

atoms in the surface nanohillock structure.

3.3 Thermal Spike Response Mechanism and Microstructure Evolution

Figure 3. a) Atomic structure model and simulated diffraction pattern along the [10
_

12] zone axis 
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of hexagonal wurtzite ZnO crystal. b) The energy deposition to the electronic and atomic 

subsystems under 5.00 MeV u-1 ion irradiation in ZnO crystal (Eele = 28.4 keV nm-1). c-g) Cross-

sectional HRTEM micrographs of the final defect structure near the surface region (< 2 m), h) the 

aberration-corrected HAADF-STEM image viewed along the [10
_

12] zone axis with the inset of the 

FFT pattern corresponding to the wurtzite structure, and i) lattice spacing near the surface region of 

the ZnO crystal irradiated with 645 MeV Xe35+ at a fluence of 3 × 1012 cm-2.

An in-depth understanding of the interaction of highly ionizing ions in semiconductor oxides is 

vital for the predictive modeling of ion-solid interactions, as well as for achieving control of 

the kinetics features of structural transformations. As shown in Figure 1g, the depth-dependent 

Eele and dpa profiles in 645 MeV Xe35+-irradiated ZnO crystals were estimated using the SRIM 

2013 code.[38,39] Focusing on the kinetics of structural transformations, local melting could be 

described by the iTS model using a Gaussian energy deposition profile from the electronic to 

the atomic structure, and latent tracks are formed within tens to hundreds of picoseconds of 

subsequent quenching and restructuring process.[40,41] The criterion Em in terms of the iTS 

model for melting phase formation was calculated to be 0.47 eV atom-1 based on the expression 

𝐸𝑚 = ∫𝑇𝑚
0 𝐶𝑎(𝑇𝑎)𝑑𝑇𝑎 + 𝐸𝑙,[50] where Tm was set to 2248 K and the latent heat of fusion El was 

set to 230 J g-1.[51] For the ZnO crystal, the energy deposition from the 5.00 MeV u-1 Xe35+ ions, 

with Eele of 28.4 keV nm-1 in the surface region (circled in the SRIM), depends on the electron-

phonon mean path ( = 5.5 nm ) and the material’s thermodynamic parameters (specific heat 

and thermal conductivity[52-57]). The calculated atomic temperature reached a peak of 4939 K 

at 0.82 eV atom-1, and the calculated maximum diameter of the melting track exceeded the 

melting threshold (Em) up to 10.0 nm at approximately 100 fs, as shown in Figure 3b. 

Considering the atomic structure model and corresponding fast Fourier transform (FFT) pattern 

as a reference (Figure 3a), representative bright-field TEM images exhibited a series of 

individual discontinuous tracks with an average diameter of 7.0 nm, either along [10
_

12] or [10
_

1
_

3]. This was smaller than the iTS-predicted molten diameter of 10.0 nm, which appeared in 

dark contrast owing to the density difference between the disordered track structure and the 

crystalline matrix, reflecting the recrystallization behavior during the energy dissipation process. 

The corresponding diffraction pattern reflected a slight lattice distortion in the Xe35+-irradiated 

ZnO crystals (Figure 3c-f). A portion of the stacking faults and dislocations, as well as the 

boundaries, were displaced with different orientations in the HRTEM images, resulting in more 

blurry diffraction points in the inset (Figure 3g). As the microstructure became disordered, the 

defect-induced stress field gradually strengthened, resulting in a plane spacing stretched along 
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the [10
_

12] zone axis. Focusing on the aberration-corrected HAADF-STEM (Figure 3h,i), the 

real-space spacings were estimated based on the average of 5 parallel lattice fringes with a value 

of 0.204 nm ~ 0.228 nm, which was slightly larger than the original distance of ~ 0.195 nm 

between the interlayer atoms. Thus, the irradiation-induced disordered arrangement disrupted 

the equilibrium structure, which was consistent with the HRXRD measurements (Figure 1a), 

resulting in the possible volume expansion of the disordered phase to varying levels.

3.4 Optical Energy Gap and Photoluminescence of Defect Damage Regions

Figure 4. a,b) The ultraviolet-visible (UV-Vis) optical absorption spectra and the (ahν)2 vs. hν plot 

of pristine and Xe35+ irradiated ZnO crystals with fluence from 5  1011 cm-2 to 3  1012 cm-2. c-e) 

Photoluminescence spectra excited with 300 nm and 365 nm at room temperature, and f) schematic 

band diagram responsible for the emissions (potential barrier) in the UV-Vis region.

The exciton absorption in the UV-Vis waveband and the photoluminescence (PL) 

properties of the pristine and Xe35+-irradiated ZnO crystals are displayed to provide the details 

of bandgap modification and energy state distribution. Within the wavelength range of 300 nm 

~ 800 nm, the absorption was enhanced with increasing damage levels in the Xe35+-irradiated 

ZnO crystals, which could be attributed to irradiation-induced bond cleavage and reconstruction. 

Applying Tauc’s formula using linear extrapolating of (ahν)2 to the photon energy (hν) (Figure 
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4a,b),[58] the optical bandgap (Eg) was determined to decrease from 3.25 eV to 2.66 eV with the 

increase of the irradiation fluence from 5 × 1011 cm-2 to 3 × 1012 cm-2. Under laser excitation of 

300 nm and 365 nm wavelengths, four prominent emission peaks at 380 nm (3.25 eV), 466 nm 

(2.66 eV), 485 nm (2.55 eV), and 545 nm (2.27 eV) were observed in the PL spectra (Figure 

4c-e), which identified the exact positions of the localized defect states and trapping centers 

between the conduction band (CB) and the valence band (VB) (Figure 4f). The excitation 

wavelength of 380 nm (3.25 eV) is attributed to the near-band-edge absorption and the 

transition in the near-band states is attributed from Zni to VB (3.21 eV → 3.12 eV).[59] The 

enhanced emission peaks at 466 nm (2.66 eV), 485 nm (2.55 eV), and 545 nm (2.27 eV) are 

associated with the transitions of deep donor levels between the CB and Zn vacancies (VZn) (or 

the O antisites (OZn)), O vacancies (Vo) and VB, and CB and O interstitials (Oi),[60-

62]respectively. Thus, the near-surface nanostructures induced by irradiation contained various 

types of defect states, and the defects resulted in the appearance of different electronic levels 

within the bandgap and caused electronic transitions between these levels. The luminescence 

intensities associated with the concentration of defect states were effectively promoted, which 

reflected the surface defect states hinder excitons being trapped, contriving the higher 

probability of exciton radiative transitions. Thus, the bandgap and photoluminescence in ZnO 

crystals could be effectively tailored to design defect-related tunable/selective emissions for the 

development of enhanced light-emitting devices in the optoelectronics field.

Figure 5. a) Schematic diagram illustrating the photocurrent response under UV light irradiation. 

b) Current-voltage characteristics, c,d) time-dependent photoresponse under switching UV light 

illumination (λ’ = 450 nm) via a bias voltage of -3V and 3V in Xe35+ irradiated ZnO crystals with 

fluence ranging from 5  1011 cm-2 to 3  1012 cm-2.

Focusing on the schematic diagram in Figure 5a, a silver paste was applied to the ZnO sample 

surface as a conductive electrode to explore the rise and decay characteristics of the 
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photocurrent originating from the trapping of electrons and holes within the bandgap. Among 

the various types of defects, VZn and Oi create donor levels, and Vo and Zni serve as acceptor 

levels to form a distribution of intermediate levels that reduce the potential barriers. When 

illumination was performed using UV light with a wavelength of 450 nm in the range of -3 V 

to 3 V (Figure 5b), the electrons captured at the defect states owing to adsorption were 

photoexcited to the conduction band, and the visible region photo-to-dark-current response was 

enhanced with increasing fluence from 5  1011 cm-2 to 1  1012 cm-2. Subsequently, the 

electrons recombined with the holes and were captured by the re-adsorbed O2 molecules, 

causing faster decay under dark conditions. Similar to the p-n homojunction,[63,64] a single-

direction rectification phenomenon was observed in the Xe35+-irradiated ZnO crystals, 

reflecting the existence of an internal electric potential induced by the balance of electrons and 

holes. By applying a positive voltage, the internal electric field promoted carrier transmission, 

whereas the application of a negative voltage caused the carrier transmission to be partially 

suppressed, as shown in Figure 5c,d. Under a maximum fluence of 3  1012 cm-2, the irradiation-

induced localized states resulted in carrier scattering and a decrease of the carrier mobility due 

to the enhancement of the Auger process or saturation of recombination/trap states that 

influence the lifetime of the generated carriers and de-excitation quantum efficiency of radiative 

processes, thus resulting in a sharp decrease in the dark/photocurrent.

3.5 Density Functional Theory Calculations for Atomic Defect States in Irradiated ZnO 

Crystal

Figure 6. a) The optimized atomic structures of pristine and defective wurtzite ZnO crystals. The 

gray and red circles denote Zn and O atoms in the unit cell, respectively. b) The formation energy, 
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and, c) the energy band structure corresponding to different types of defects within the conventional 

DFT (GGA-PBE functional) calculation.

Based on first-principles calculations, the Density Functional Theory (DFT) of the electronic, 

structural, and optical properties associated with embedded defects in the optimized geometry 

of ZnO has been described using the GGA+U (GGA = generalized gradient approximation) 

method,[35,65] in which on-site Coulomb corrections are applied to the Zn 3d orbitals (Ud = 10 

eV) and O 2p orbitals (Up = 7 eV).[66,67] The unit cell of wurtzite ZnO with the P63mc space 

group was constructed, in which Zn and O atoms were arranged with a hexagonal close-packed 

structure, and a series of vacancies (VZn/Vo) and interstitials (Zni/Oi) defects were embedded in 

the initial models (Figure 6a). The high-symmetry k-points selected for the ZnO lattice are M 

= (1/2, 0, 0), A = (0, 0, 1/2), and H = (1/3, 1/3, 1/2), which are commonly used in the hexagonal 

crystal system, labeled Brillouin zone diagram in illustration. In particular, Vo and Zni, which 

are associated with O deficiency or excess Zn, respectively, are donor-type defects, whereas 

VZn and Oi are acceptor-type defects associated with Zn deficiency or excess O, respectively. 

Interstitials can be located at octahedral and tetrahedral sites. Compared with a = 3.25 Å and c 

= 5.20 Å in pristine ZnO, a strong repulsion between interstitials and neighboring atoms 

produced an additional expansion of the cell volume for the inclusion of Zni/Oni defects. 

Considering the charge effect, with the increasing concentration of VZn derived from optimized 

structures, the removal of a Zn atom breaks four lattice bonds and introduces a negative center 

with a positive repulsive potential, and other positively charged Zn atoms move closer to the 

vacant site. Simultaneously, the O neighbors are no longer attracted to the vacancy by an 

electrostatic force and consequently move farther away. Electrostatic repulsion was reduced 

resulting in open spaces, which led to a decrease in the cell volume. Similarly, as Vo appeared, 

a local polarization field was generated between the electropositive and the electronegative 

centers, and both Zn and O atoms moved towards the oxygen site owing to the attractive 

potential, resulting in the contraction of the entire region. For the nearest-neighbor VZnO or far-

neighbor VZnO defects, the overall cell volumes relaxed and expanded owing to the expansion 

of the a-axis. The variation of the bond lengths determined the actual volume, which is 

associated with the influence of the various defects. This further demonstrated the internal 

defect states induced by volume relaxation, geometric structure compression, and swelling 

(Figure 3g-i). The electronic contribution, which is often denoted as the formation energy, is 

foremost among the quantities that can be derived from the first-principle calculations using the 

approximation expression in ref[68] which determines the equilibrium defect concentration. 

Under the limiting chemical potentials of Zn- and O-rich conditions (Figure 6b), the formation 
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energies of the defects associated with O deficiency or excess Zn, i.e., Vo and Zni, are the lowest. 

In contrast, the formation energies associated with Zn deficiency or excess O, i.e., Vo and Zni, 

are the highest. Compared to interstitial-type defects, Vo has the lowest formation energy, which 

may be dominant in the entire irradiation region. By comparing the GGA+U calculated energy 

bandgap of the relaxed bulk wurtzite ZnO crystal, the direct bandgap E (2.01 eV) at the center 

of the Γ k-point grid was underestimated relative to the experimental Eg (3.25 eV). The 

evaluation error was calculated by the formula of (Eg - E)/Eg (where Eg is the intrinsic bandgap 

obtained from experiments, and E is the theoretically calculated value), and an appreciable 

accuracy of E value ~ 60% relative to the actual Eg was obtained by excluding the error. This 

is attributed to the p-d coupling effect that enhanced and moved the valence band upward, and 

the existence of internal defect states interaction that contracted the band structure at varying 

levels, eventually resulting in a decrease in the fundamental bandgap (Figure 6c).

Figure 7. a-h) Calculated electronic density of states (DOS) as a function of the energy (E) relative 

to Fermi level energy (Ef) in the range of −7 eV to 12 eV, and the total and partial density of states 
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of various orbits, including the vacancies and interstitials of Zn and O in the defective ZnO systems. 

i) The magnetic moments correspond to different types of defects. j,k) The density of the mid-gap 

state of O 2p and Zn 3d, l) the ratio of mid-gap state density relative to total density, and m) variation 

of the bandgap as a function of the defect concentration.

The relationship between the various defect behaviors and the density of states (DOS) was 

further analyzed using DFT calculations to reflect the electronic structure behavior in pristine 

and defective ZnO crystals. Varying defect types, as well as the same type of defects with 

different relative distances in the respective supercells, exhibited different magnetic moments 

induced by the unequal level between the highest electron-occupied orbitals of the defect states. 

The contribution of the partial density of states (PDOS) to the total density of states (TDOS) is 

shown in Figure 7a-h. For the pristine ZnO crystal, the calculated density of states revealed a 

direct bandgap located at the center of the Γ k-point grid at 2.04 eV (Figure 7a), which is lower 

than the experimental value of 3.25 eV (Figure 4b). This is consistent with the results obtained 

for the energy band structure in Figure 6c, whereas the symmetric DOS and spin-zero ground 

states did not exhibit magnetic properties (Figure 7i). The lattice produces stronger periodic 

perturbation for the Hamiltonian defect potential energy, and the splitting energy between the 

orbitals is greater than Hund’s coupling energy owing to the introduction of Vo to the optimized 

geometry structure.[69] Significantly, the symmetrical spin-up and spin-down total density of 

states confirm the nonmagnetic property of Vo (Figure 7i). The mid-gap state density ratio 

increased from 0.22% to 0.41%, and the corresponding bandgap decreased from 1.80 eV to 

1.12 eV by introducing Vo to 6.25% and 12.5%, which are associated with transition levels 

below the bottom of the conduction band minimum (Figure 7b,f,l). Accompanying the unequal 

level between the highest electron-occupied orbital of the defect state above the valence band 

maximum, the mid-gap state density ratio increased from 0.59% to 1.1% (Figure 7l), and the 

corresponding bandgap decreased from 0.83 eV to 0.73 eV by introducing VZn to 6.25% and 

12.5% (Figure 7c,g), respectively. As dominant donors, VZn introduces a spin polarization 

magnetic ground state with a total magnetic moment from 1.83 μB to 3.64 μB, which mainly 

originates from the unpaired O 2p orbital electrons (Figure 7i,j). Considering the nearest-

neighbor and the far-neighbor configurations of zinc-oxygen divacancy VZnO shown in Figure 

6a, the adjacent unstable Vo and VZn are easily combined to form a VZnO complex to induce an 

asymmetric defect state with a smaller magnetic moment. The separation of both vacancies 

revealed their isolated features and symmetry defect states, and the total magnetic moment of 

the supercell was zero owing to the compensation effect (Figure 7i). The electronic structure of 

these two types of VZnO can result in a much narrower bandgap (Figure 7h). The vacancy-type 
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defect states consisted of Zn 3d and O 2p orbitals between the conduction and valence bands, 

in which the splitting of the 2p orbital electrons of the oxygen atom is dominant, as quantified 

in Figure 7j,k. The reduced intensity of the conduction band is attributed to a lack of symmetry 

at the defect site with the increase in the defect concentration. When introducing Oi defects, the 

effective spin density distributions, including the p-electrons around the first and second 

neighboring O atoms as well as the d-electrons of the neighboring Zn atoms, are the major 

contributors to the magnetic moment of 1.89 μB (Figure 7i). The localized states caused a 

reduction of the bandgaps to 0.92 eV and 1.28 eV by introducing Oi and Zni to 6.25%, 

respectively (Figure 7d,e). Significantly, the ratio of the mid-gap state (vacancy-type defects) 

density exhibited a linear evolution, which is potentially an additional parameter for 

quantitatively evaluating the defect electronic structure (Figure 7l). Despite the underestimation 

of the bandgap (2.04 eV) using the generalized gradient approximation (GGA) by ~ 60% 

compared to the experimental value (3.25 eV),[70] the intrinsic bandgaps were effectively 

reduced with different energy levels originating from the different intragap-occupied states 

between the conduction and valance bands (Figure 7m). Moreover, light absorption and the 

separation of charge carriers were effectively improved by reducing the potential barriers, and 

the enhanced electron density in the defective ZnO crystals qualitatively explains the 

improvement in the photoconductivity properties.

4. Conclusions

Considering the intense electronic excitation deposited by 645 MeV Xe35+ ion irradiation, the 

connection of the micro/nanostructure evolution mechanism, the tailored spectral properties, 

and the related electronic structures with the density of states of the ZnO crystal were 

systematically established using experimental characterization and the first-principles density-

functional theory based on the GGA+U approach. The strong suppression of the non-polar 

Raman modes (E2) with a blue shift in the vibrational frequency and the propagation of the 

polar modes (A1) corresponding to polar Zn-O vibrations were indicative of a major sublattice 

disorder owing to defect accumulation. Simultaneously, a series of damaged structures, 

including individual spherical defects, discontinuous tracks, and stacking faults and 

dislocations, resulted in the stretching of the plane spacing in irradiated regions. The elastic 

rebound of the tension between the molten and solid-state phases resulted in variations in the 

chemical composition with corresponding damage among the surface nanohillock. The intense 

electronic excitation disrupted the equilibrium structure and reduced translational symmetry, 

inducing the vacancy-type dominant defects uniformly distributed in the irradiation 

microregion. Under the influence of the internal defect states, the elevated optical absorption, 
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the reduced bandgap Eg (3.25 eV →  2.66 eV), and the transitions associated with the free-

exciton defect state induced by the local-symmetry distortion promoted the ultraviolet region 

photo-to-dark-current response. Moreover, the rectification characteristic and the narrowing 

bandgap with the increase in the defect concentration, owing to the different intragap-occupied 

states between the valance and conduction bands, were verified using DFT calculations, leading 

to the enhancement of the carrier density, corresponding to optimized photoconductivity 

performance in defective ZnO crystals. Therefore, the modeling of the defective structure 

improved the understanding of the wurtzite ZnO system. The control of the generation of defect 

states is crucial for obtaining a well-defined bandgap or excitonic emission, which ultimately 

enables the identification of a correlation between irradiation-induced defect states and spectral 

properties for future advanced applications.
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