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 ZnO is a well-known wide band gap (3.37 eV at room temperature), extremely 

radiation hard semiconductor. 

 The exciton binding energy of ZnO is ~ 60 meV. Intense luminescence in the 

ultra-violet region due to exciton recombination is seen from ZnO at room 

temperature. 

 ZnO is intrinsically n type and making it p type is challenging.

 Undoped ZnO is diamagnetic but becomes ferromagnetic due to intrinsic or 

extrinsic defects. 

 In brief, ZnO is a promising candidate for opto-electronic devices, particularly 

useful in high radiation environments as in spacecrafts.

 Defect accumulation in this radiation hard semiconductor bears immense 

importance. Well planned energetic particle irradiation can serve in a big way 

on this regard. 

 Understanding vacancy clusters in ZnO, their formation, growth and recovery 

is necessary to achieve a defective state for technological need.

 ZnO is a benchmark material for theoretical calculations.

ZnO as material

Defect Probing in ZnO
Positron annihilation, Raman, photoluminescence, Rutherford backscattering

spectroscopy, several microscopic techniques and synchrotron based

spectroscopic probes have been employed in literature.

Methodology and outcome on ZnO can be used to investigate other metal oxide semiconducting

materials such as TiO2, CeO2, Ga2O3 and others, specially ion beam irradiation effects
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 A general overview of damage accumulation in ion irradiated ZnO and its 

possible consequences.

 Few case studies on Ar, O, H irradiated ZnO. 

 Defect probing by positron annihilation spectroscopy, Raman spectroscopy and 

photoluminescence spectroscopy.

 Understanding defective state of ZnO with an aim towards technological and 

bio-medical requirements.

 Extension of the knowledge to other metal oxide semiconductors

 Possible use of stable isotope ion beams

 Possible use of radioactive ion beams 

Plan of the presentation
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A general overview on damage build up in polycrystalline ZnO



1.2 MeV Ar ion fluence, XPS 

study

ZnO-IL 1 × 1014 ions/cm2

ZnO-IH 1 × 1016 ions/cm2

To reveal the possible metallic Zn segregation, 

Zn(LMM) Auger transition spectra for all three 

samples have been shown. Each Zn (LMM) signal is 

resolved into two peaks by fitting Lorentzian 

distribution. The ZnO-IH spectra clearly show that 

the weight of the lower binding energy peak (peak A) 

has been notably increased compared to the ZnO-U 

and ZnO-IL spectra. The peak at lower energy side 

corresponds to the metallic Zn whereas the other 

(peak B) is the signature of Zn-O bond of ZnO.



Amorphization is hardly achievable if a material can efficiently generate voids in application of 

energetic ion irradiation. Generation of voids depends on the diffusion coefficient of the 

concerned open volume defects (material property) and also on the sample temperature. On 

the other hand, presence of foreign atom (chemical impurity, like As in GaSb alloy) can hinder 

void formation during ion irradiation and amorphization can be reached [J. Phys. D: Appl. 

Phys. 50 (2017) 125101]. Till date, limited report exists in ZnO such as Si implantation induced 

secondary phase formation and amorphization.

After reaching this new defective state, the overall defect as probed by RBS or positron 

annihilation spectroscopy will show a saturation of defects with increasing irradiation fluence 

further. This is because voids now act as both sink and source of vacancies and the two 

distinctly different regions are in defect equilibrium. In fact, a recent work envisages that 

buried extended defects can make ZnO more resistant for incorporating more disorder [Appl. 

Phys. Lett. 110 (2017) 172103].

Due to dominant IZn species (donor defects) in the nano channels, it is impossible to achieve p-

type conductivity in high fluence (≥ 1016 ions/cm2) irradiated ZnO. High concentration of 

implanted dopants like N (or Li) may form N2 in voids (or form metal clusters) without being 

substituted at VZn sites and generating NZn (LiZn) acceptors.

The scenario in single crystalline ZnO will be different as such system has less in-built disorder 

(particularly GB regions) compared to that of granular materials. For example, Ar fluence of 

3×1014 ions/cm2 on ZnO single crystal (hydrothermally grown, MTI Corp., USA) sample can 

reduce drastically its NBE PL emission [NIM B 311 (2013) 20 ] even at 10 K.

To note, no track formation in ZnO is till reported even for very high electronic energy 

deposition regime.



For a much lower fluence, single crystalline ZnO has drastically lost it near band edge PL 

emission ~ 3.368 eV even at 10 K
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Comparison and further insight…..

 ZnO pellets have been irradiated by 1.2 MeV Ar and 800 keV O ions. In both cases SRIM 

(Stopping and Range of Ions in matter) simulation predicts ratio of Zn and O vacancies 

(VZn/VO) to be ~ 1.7.

 Electron-positron annihilated g ray (511 keV) line shape have been measured using variable 

energy positron beamline at TU Munich.

 S and W parameters are well known in 511 keV line shape measurements. They are defect 

sensitive parameters.

Please note the 

regions

~ 250 nm below the

surface

Beyond the 

penetration depth 

of the O ions   





Similar feature for Ar ion irradiation
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J. Phys.:  Condens. Matter 28 (2016) 224002 Red sphere: Ar irradiation (present data)

Black square: O irradiation (present data) 

Blue line : VZn [J. Phys.:  Condens. Matter 28 (2016) 224002] (Th.)

Dassed cyan: O irrd. [Appl. Phys. Lett. 110 (2017) 172402]

Dot red: N irrd. [J. Mater. Res. 28 (2013) 1977]

Dash dot magenta: Ga doped ZnO [Sci. Rep. 9 (2019) 3534]

Dassed green: 4VZn -5VO (Th.)

Measuring S & W parameters one can have an idea regarding the nature and size of the vacancy clusters



Room temp. 

Raman spectra
(488 nm excitation) 

of unirradiated 

and irradiated

ZnO samples.  

Symmetry modes, E2
low and E2

high as well as disorder related E1 (LO) of ZnO lattice and their evolution is clearly

seen. The tailing of E2
low is related with generation of vacancy clusters. The intensity ratio of E1 (LO) and E2

high can

also be a disorder sensitive parameter [J. Raman Spec. 50 (2019) 1926].



It is nice indeed that both the area ratios vary in a similar way. Also the variation is almost linear in a log-log scale

with incorporated disorder (d.p.a.) in the present ZnO samples. This has been earlier noted in N implanted ZnO

for a wide fluence regime. The inverse parameter E2
high / E1 (LO) scales with the integrated NBE PL of ZnO.



In the lower disorder regime (low d.p.a.) positron data as well as Raman

data is very much effective to assess the defective nature of ZnO.



6 MeV proton irradiation

Whereas H implantation induces doping in ZnO, 

high energy H ions can induce rearrangement of 

doped/interstitial H in ZnO.

The increase of positron lifetime is onle (164 ps to 

175 ps) 11 ps for a fluence of  5 × 1014 ions/cm2 H 

fluence.

Our proposition is in built VZn-2H defects are 

transformed to VZn-1H causing small increase of 

positron lifetime.  

At the same time, H interstitial defects occupy 

substitutional O (irrd. generated) position, 

causing intense HO related transition at 10 K.

Both electronic and nuclear energy deposition 

play role in such rearrangement of defective state.
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Figure taken from [J. Appl. Phys. 98 (2005) 053513]

J. Phys.:  Condens. Matter 24 (2012) 325503 Figure taken from [Phys. Rev. B 83 (2011)  245208]

J. Phys.:  Condens. Matter 32 (2020) 085703

Peak A, B & C corresponds to positron annihilation with Zn 3p, Zn 3s and O 2s core electrons respectively

[Phys. Rev. B 56 (1997) 14303]. So corresponding dip or peak like structure reflects lower or higher

(respectively) positron annihilation with these electrons [Mater. Res. Express 4 (2017) 035909].



ZnO-I : 96 MeV O ion irradiated, ZnO-IA: post annealed at 300 oC

J. Alloys. Comp. 703 (2017) 26

Effect of N2 incorporation via irradiated surface

and thereby generation of shallow acceptor state

when doped at VZn/VZn-VO open volume defects  
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Simultaneous appearance 

of ferromagnetism, low 

resistance and black 

colouration in TiO2 and 

ZnO
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Finally, in 2D materials…….



Nuclear transmutation of 64Zn 

to 65Zn using neutron irradiation,
65Zn decays to stable 65Cu.

Similarly, 68Zn transmutes to 69Zn

which decays to 69Ga.

Cu and Ga at Zn sites are acceptor

and donor (respectively) in ZnO.

Suitable isotope enrichment and

simultaneous neutron 

irradiation can be effective for 

p-n junction fabrication using ZnO

thin films.

Also important for bio-imaging!



Use of stable heavier isotope ion beams



Use of radioactive ion beams

A large number of RIBs are being provided by ISOLDE,

CERN.

For metal oxides, important beams are 57Mn which decays to
57Fe, and 72Ga which decays to 72Ge.

Location of Fe inside ZnO and/or TiO2 lattice is important

because both can excellent photoicatalytic compounds.

Ge is a shallow donor both in ZnO and Ga2O3. Doping Ga in

ZnO (stays as impurity) or in Ga2O3. Conversion of Ga to Ge

will generate high conductivity at room temperature.



 Damage build up in the bulk and subsurface regions has been investigated in ion irradiated 

ZnO.

 Positron and Raman spectroscopy both are very efficient to detect evolution of low disorder in 

ZnO. 

 With correctly selected parameters, Positron and Raman spectroscopy can detect the defective 

state of ZnO within a short time scale. 

 The methodology can be extended to other metal oxide semiconductors

 Sub-surface defects are very much important for technological purposes.

 Neutron transmutation doping can start a new avenue of technological use of ZnO, specially for 

opto-electronic devices and bio-medical imaging. 

 Stable isotope ion beams enhance our knowledge on irradiation induced defects and their 

control

 Use of two radioactive isotope ion beams have also been discussed

 Radioactive as well as stable isotope ion beams, along with electron, proton and neutron beams 

can open huge possibilities from material science point of view.

 Thin film deposition unit, Depth resolved positron beam, Depth resolved cathodoluminescence, 

Raman spectrometer, high quality metal-semiconductor contact fabrication, I-V measurement 

set up, sample temperature variation (77-500 K), are needed to exploit fully the above 

mentioned irradiation facilities.   

Summary and future directions
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