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Abstract

Monotonous increase of ZnO single crystal electrical conductivity up to 250 times was
observed after irradiation by Nd:YAG laser. This effect is explained by increase of the
Zn interstitial atoms’ concentration at the irradiated surface of the crystal. At the same
time, the improvement of ZnO crystal quality by laser intensity up to 3.2 MW/cm? takes
place. The further increase of laser intensity led to emergence of cracks on the
irradiated surface of the crystal and the dramatic decrease of the total
photoluminescence intensity, especially, around the cracks. At the laser intensity 290
MW/cm? Zn nanoparticles were formed.

Key words: ZnO crystal, Nd:YAG laser, Zn nanoparticles, damage, electrical
conductivity

The ZnO has been studied widely due to its unique electrical, optical,
piezoelectric and magnetic properties [1]. Also, ZnO has potential applications
in light emitting diodes, and near-UV or UV laser diodes [2, 3], transparent
conductive thin films [1], solar cells [4].

Our previous investigations have shown the possibility to improve the
ZnO single crystal quality using strongly absorbed Nd:YAG laser radiation [5].
However, at high laser intensity damage (ablation, fracture, cracking, etc) ZnO
crystals were observed [6]. The aim of the present work is to determine damage
thresholds of ZnO single crystal by studying the dynamics of laser-induced
change of its electrical and optical properties.

The experiments were performed on hydrothermally grown n-type
ZnO single crystals. It is known that hydrothermally grown ZnO contains Li
atoms which substitutes Zn atoms forming a deep acceptor levels in bang gap
of semiconductor that compensates n-type conductivity of ZnO caused by zinc
interstitial atoms (Zn;) and oxygen vacancies (Vo). The ZnO crystals were
irradiated by the fourth harmonic of pulsed Nd:YAG laser Ekspla NL301G
with following parameters: wavelength A =266 nm, pulse duration T = 3 ns and
laser intensity up to I = 300 MW/cm?. Photoluminescence measurements
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were performed using UV laser excitation by A = 265 nm. Microstructural
features of the samples were studied by scanning electron microscope (SEM).
Topography measurements and electrical conductivity mapping were
performed by atomic force microscope (AFM).

The typical photoluminescence (PL) spectra of ZnO consist of broad
band at around 2.3 eV ascribed to deep-level emission (DLE) and the narrow
band at hv = 3.3 eV ascribed to near band edge (NBE) emission [7], are shown
in Fig.1. The DLE emission band could be related to Vo and zinc vacancy (Vzn)
according to [8]. Usually, at room temperature the NBE emission is ascribed to
free exciton. In Fig.1, the ZnO single crystal PL spectra of non-irradiated and
irradiated by the laser intensity up to Iy, = 3.2 MW/cm? are shown. In
nonirradiated ZnO crystal DLE band is dominant band in PL spectrum. NBE
band is asymmetric with shoulder in “red” part of spectra, as shown in Fig.1. At
the same time, irradiation by the laser leads to dominance of the NBE emission
band in PL spectrum, which became more asymmetric. The increase of free
exciton band intensity and decrease of DLE band intensity usually is explained
the improvement of crystal quality [8]. Moreover, deconvolution of excitonic
band of non-irradiated ZnO crystal by Gaussian curves showed that it consists
of at least two bands: a free exciton band (hv = 3.3eV) and at lower energy (hv
= 3.1eV) - this band ascribed to Zn interstitial atoms (Zn;) [9]. Irradiation by
the laser at Iy, = 3.2 MW/cm? leads to increase of Zn; band. At the same time,
this threshold intensity causes increase of ZnO single crystal electrical
conductivity by 5 times. It is known that, ZnO crystal has low energy of Zn; -
V2, pair formation in comparison to other native point defects, therefore, it is
more likely that during irradiation Vz, and Zn; is formed. Therefore, the
increase of electrical conductivity is explained by generation and concentration
of Zn; atoms at the irradiated surface of the sample, due to temperature gradient
field caused by strongly absorption of laser radiation - the so called
thermogradient effect (TGE) [10]. The improvement of the crystal quality is
explained by recombination of V, (defect, which appeared after crystal grow,
initially) with Zn;, which are concentrated at the irradiated surface of the
sample, due to TGE. An evidence for this statement is decrease of DLE band
and increase NBE band in PL spectra. The intensity of laser 3.2 MW/cm? is the
first threshold which leads to ZnO crystal damage.

At higher laser intensity decrease of both DLE and exciton bands
monotonously was observed, as shown in Fig.2. The second damage threshold
was determined at 14,=212.0 MW/cm?. At this intensity extended defects, such
as cracks are appeared. This effect is explained by mechanical compressive
stress arising on the irradiated surface of the crystal due to non-homogeneous
heating of the crystal by strongly absorption of the laser radiation.

At higher intensity (Ins = 250 MWi/cm?) Zn; combine into Zn
nanoparticles, which explains the increase of electrical conductivity up to 250
times. This intensity leads to black ZnO formation, which was observed by
naked eye.

54



WO-2 (Invited)

— irradiated
— non irradiated

1,04

PL intensity a.u.

0,0 T T T T T
18 20 22 24 26 28 30 32 34

Photon energy, eV

Fig.1. PL spectra of ZnO crystal before (black curve) and after (red curve) laser
irradiation at Iy, =3.2MW/cm?. Spectral resolution of spectrometr is 0.006 eV.
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Fig.2. Exciton band and DLE band intensities as function of the laser intensity.

Conclusions

1. The possibility to improve of ZnO crystal quality by the fourth
harmonic of Nd:YAG laser radiation was shown.

2. Increase of conductivity up to 250 times is explained by generation
and concentration of Zn interstitial atoms at the irradiated by Nd:YAG
laser surface of ZnO crystal.

3. Formation of Zn nanoparticles with diameter up to 50 nm at the laser

intensity 290 MW/cm? leads to black ZnO formation.
55



WO-2 (Invited)

References

1. X U. Ozgir, Y. L. Alivov, C. Liu, A. Teke, M. A.Reshchikov, S.
Dogan, H. Morkog (). A comprehensive review of ZnO materials and
devices. Journal of Applied Physics, 98, 2005

2. Shimizu, M. Kanbara, M. Hada, and M. Kasuga, Jpn. J. Appl. Phys.
17, 1435 (1978).

3. P. Yang, H. Yan, S. Mao, R. Russo, J. Johnson, R. Saykally, N.
Morris, J. Pham, R. He, H.-J. Choi Controlled Growth of ZnO
Nanowires and Their Optical Properties. - Adv. Funct. Mater., 323,
2002, 323-331 p.

4. X. J. Wang, L. S. Vlasenko, S. J. Pearton, W. M. Chen, and 1.
Buyanova Oxygen and zinc vacancies in as-grown ZnO single
crystals, - J. Phys. D. Appl. Phys. 42, 2009.

5. P. Onufrijevs, A. Medvids, E. Dauksta, T. Trautnitz Decrease of Point
Defect Concentration at a Surface of ZnO/Si Heterostructure by
Powerful Laser Radiation. - Adv. Mat. Res., 222, 2011, 158-161 p.

6. M. Jadraque, C. Domingo, M. Martin Laser induced effects on ZnO
targets upon ablation at 266 and 308 nm wavelengths. Journal of
Applied Physics, 104, 2008.

7. Teke, U. Ozgiir, S. Dogan, X. Gu, H. Morkog, B. Nemeth, J. Nause,
and H. O. Everitt Excitonic fine structure and recombination dynamics
in single-crystalline ZnO. - Phys. Rev. B., 70, 2004, 195207-1 -
195207-10 p.

8. M. D McCluskey, S. J. Jokela. Defects in ZnO. - J. Appl. Phys., 1086,
2009, 071101-071101-13 p.

9.  Wenwen Lin, Dagui Chen, Jiye Zhang, Zhang Lin, Jiakui Huang, Wei
Li, Yonghao Wang, Feng Huang Hydrothermal Growth of ZnO Single
Crystals with High Carrier Mobility. - Cryst. Growth Des., 9, 2009,
4378-4383 p.

10. A. Medvid, L Fedorenko Thermogradient mechanism of p-n junction
formation by laser radiation in semiconductors. App.- Surf. Sci., 197-
198, 2002, 877-882 p.

56

Radiation Interaction with Materials: Fundamentals and Applications 2014 : 5th
International Conference : Kaunas, Lithuania, May 12-15, 2014 : Program and
Materials. Kaunas : Technologija, 2014. ISSN 2351-583X.



