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Abstract

The spectra of two-photon-excited luminescence (TPEL) of zinc oxide and zinc selenide
micropowders under pulsed-periodic emission of a copper vapour laser have been investigated.
The mechanisms of formation of TPEL spectra of the studied materials have been revealed. It
was found that at laser irradiation intensities of 107 W/cm? the superluminescence effect is
observed in zinc oxide and zinc selenide micropowders. This is confirmed by the increase of
TPEL intensity with increasing intensity of excitation radiation. It was found that with increasing
the intensity of excitation radiation in the studied samples a shift of the maximum of the TPEL
spectrum band to 4-5 nm is observed.
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INTRODUCTION

Zinc oxide (ZnO) is a versatile material that has attracted interest due to its excellent electrical,
optical, piezoelectric and pyroelectric properties. ZnO semiconductors are used widely in
ultraviolet detectors, emission devices, thin film transistors and surface acoustic wave systems.
The large exciton binding energy (60 meV) allows to obtain intense ultraviolet luminescence in
ZnO due to radiative recombination of excitons at room temperature and above (up to 550 K)
[1].

Zinc selenide (ZnSe) crystals are wide-gap semiconductors with A"BV'-type structure. These
crystals are characterised by relatively high mobility reaching 700 cm?/(\V's) at room temperature
[2]. Intense edge luminescence in the short-wave part of the visible spectrum makes ZnSe a
promising material for the fabrication of blue light guides [3,4].

To date, very diverse methods have been developed for the preparation of micro- and, especially,
nanomaterials (including nanopowders) and the properties of these structures strongly depend on
the methods of their synthesis [3-9]. The choice of synthesis method is determined by the
following relationship: ‘Synthesis method - Morphology - Functional properties’ [10-12].

At present, one of the most effective methods for analysing electronic and vibrational spectra of
condensed media is laser spectroscopy of secondary radiation [13,14]. When pulsed laser
radiation is applied to condensed media, both linear and nonlinear optical processes can be
observed in them. In contrast to linear optical processes, two or more photons are involved in the
processes of nonlinear interaction of radiation with the medium. As a result, the probabilities of
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multiphoton processes of light scattering in the medium depend nonlinearly on the intensity of
the excitation radiation [15-17].

The phenomenon of two-photon excitation was theoretically developed long ago in quantum
optics. It was first discussed in Maria Geppert-Mayer's doctoral thesis and experimentally
confirmed thirty years later, shortly after the invention of the laser. Since two-photon excitation
depends on simultaneous absorption, the induced fluorescence emission varies in proportion to
the square of the excitation light intensity. This quadratic relationship between excitation and
emission is the reason for many important advantages with two-photon excitation. Consequently,
to generate sufficient two-photon-excited luminescence (TPEL), extremely high power lasers are
required.

Previously, pulsed solid-state lasers with modulated goodness-of-field, passive or active mode
synchronisation, providing high pulse power, were used to excite TPEL. Examples of such lasers
are ruby laser (A=694.3 nm) and neodymium laser (A=1064 nm), generating pulses of short
duration (~10% s) with small pulse repetition rate (1-50 Hz). The single-pulse mode significantly
complicates the registration of TPEL spectra and makes inefficient spectrometric methods based
on continuous spectrum scanning with diffraction monochromators. In addition, the generation
lines of the above lasers fall into narrow ranges of the visible and near-infrared (IR) spectral
region, which limits the range of objects under study.

For TPEL observation in wide-gap semiconductors and in most dielectric materials it is
necessary to use laser sources generating simultaneously in the green or yellow regions of the
spectrum. Recently, due to the further development of laser technology, high-power pulse-
periodic lasers on copper vapour and gold with high pulse repetition rate (up to ~20 kHz) have
been used for TPEL observation in such media [18]. The copper vapour laser (CVL), which
operated in the pulse-periodic mode, turned out to be the most promising for these purposes.
CVL is the most powerful and efficient laser in the visible region of the spectrum (A=510.6 and
A=578.2 nm) [19]. The conversion coefficient of electric energy into light energy for these lasers
is ten times higher than for such well-known lasers as ‘argon’ and ‘helium-neon’ lasers.

The basic properties of TPEL in condensed media have been studied in numerous works.
However, the excitation and basic characteristics of TPELSs in fine and ultradisperse media have
remained poorly studied until recently. In addition, under sufficiently intense irradiations of
pulsed lasers, the initial characteristics of powdery substances are strongly changed: the medium
is strongly heated and even photodestruction of the substance can occur [20-22].

In this regard, the aim of the present study is to investigate the mechanisms of TPEL spectra
formation of ZnO and ZnSe micropowders under pulsed-periodic laser excitation.

MATERIALS AND METHODS

Ready-made white coloured ZnO and ZnSe micropowders from Sigma-Aldrich of 99% purity
were used for the study. For excitation and registration of TPEL spectra, we used optic technique
described in detail in [9,20-23]. The green generation line of the copper vapour laser (A=510.6
nm) was used as the excitation source, while the yellow line (A=578.2 nm) of the laser was
suppressed by a filter. The average emission power of the laser is 10 W. The radiation is
generated in pulse-periodic mode with a high repetition rate (10* Hz) of short (20 ns) generation
pulses with a peak power of 10° W. Calibrated neutral light filters of type (ND) were used to
analyse the TPEL intensity. Samples of micropowders were tightly clamped between plane-
parallel quartz windows of the cuvette. Quartz cuvettes for spectrophotometry are made of ‘KU’
(‘Quartz UV’) brand quartz glass. The thickness of the layer was about 1 mm. The resolution at
registration of spectra in the measured wavelength range was 0.1 nm. Measurements were made
at room temperature.
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RESULTS AND DISCUSSION

TPEL spectra of ZnSe micropowders (dmean=5 pm) at different excitation intensities of the
excitation radiation by the green line of the copper vapour laser (Aexc=51056 nm) are shown in
Fig. 1. The data obtained in [24]: photoluminescence spectrum of ZnSe micropowders obtained
by the third optical harmonic of the YAG:Nd>* laser (hexc=355 nm) are also presented in the inset
for comparison. As follows from this figure, the TPEL spectrum observed by us has a peak in the
440-460 nm region. First of all, we note that the emission maximum at 470-480 nm is closer to
the width of the forbidden zone Eg, and secondly, the position of the maximum depends on the
excitation level, shifting towards lower energies with increasing lexc. All of the above features in
the 460-480 nm region are typical for the annihilation of excitons during their inelastic scattering
on free charge carriers [2,16]. At 77 K ZnSe, the spectrum of the main band (2.789 eV) has a
simple character: the band splits into tri-basic components with maxima at 2.793 (Ex), 2.775 (11)
and 2.745 eV (1-°), respectively. A series of peaks at 2.705 (A), 2.676 (A-°), 2.645 (A?-9) and
2.611 eV (A3°) are observed in the additional low-energy region of the spectrum. The intensity
maximum in the TPEL spectrum (Amax=475 nm) obtained in our work corresponds to the three-
phonon repeat (A3-9). The origin of this emission band is attributed to the decay of free excitons
interacting with free carriers and with trapped carriers. The behaviour of bound exciton lines and
‘edge emission’ bands under the same excitation is briefly described [25]. As is known [2,16,25],
the spectra of single- and two-photon-excited luminescence differ from each other: in the dipole
approximation, two-photon transitions are resolved between states of equal parity, in contrast to
single-photon transitions. Note that luminescence in the case of TPEL is observed in the anti-
Stokes region of the spectrum, which is convenient for experimental detuning of the useful signal
from the excitation radiation and the continuous background of secondary radiation.
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Fig. 1. TPEL spectra in ZnSe micropowders (dmean=5 pm) obtained at different pumping
intensities: curve (1) corresponds to pumping intensity lexc=0.8; (2) - lexc=1.4; (3) - lexc=2.0;
(4) - lexc=2.6; (5) - lexc=3.2 (Where lexc Values are given in units of 10’ W/cm?). The data
obtained in [24] are shown in the inset.
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At low pump intensities (Figure 1, curves 1-2), the observed maximum of the TPEL spectrum
corresponds to ~470 nm. When the laser intensity is increased (curves 3-5), the TPEL intensity
increases; in addition, the contour is ‘deformed’ with an increase in the relative intensity of the
long-wavelength wing; the position of the maximum starts to shift to 5 nm and becomes equal to
475 nm (Figure 1, curves 4-5). The observed spectrum is similar to the TPEL spectrum obtained
in ZnSe single crystal in [16] and in ZnSe micropowders in [24] at high pumping intensity.
Figure 2 shows the relationship between the TPEL intensity and the intensity of the excitation
radiation. The dependence corresponds to the wavelength A=475 nm. As can be seen from this
figure, at rather low intensities of excitation radiation, the dependence of I(lexc) is quadratic.
When lexc increases, this relationship is characterised by a clear deviation from the quadratic one.
This effect can be explained by the transition at high pumping intensities from spontaneous
luminescence to stimulated luminescence, i.e., superluminescence.
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Fig. 2. Dependence of the TPEL intensity I on the pump intensity lexc. The curve
corresponds to the wavelength A=475 nm.

Figure 3 shows the TPEL spectra of ZnO micropowders obtained at different pump intensities.
Earlier in our study [23] it was shown that at room temperature the TPEL spectrum of ZnO
polycrystals possesses a broad structureless band with a maximum at 390 nm. In [26], the room
temperature photoluminescence spectra under one-photon excitation (with a wavelength of 313
nm of a mercury lamp) and under two-photon excitation with a ruby laser were investigated. In
this work, it was found that these spectra differ in shape. In addition, it was found that at room
temperature the TPEL spectrum of epitaxial ZnO layers has a broad structureless band with a
maximum at 390 nm, which decays into a series of narrow equidistant bands when the sample is
cooled to 80 K. As can be seen from Figure 3, the TPEL spectrum observed by us at low
intensity of excitation radiation has a maximum at 390 nm. This peak corresponds to the position
of the 3L0 band from the multiphonon annihilation series of A-exitons [14,23,26]. When the
intensity of the excitation radiation increases, the intensity of the TPEL spectrum, rapidly
increases (Figure 4). At the same time, the maximum intensity of the TPEL spectrum shifts to
the short-wavelength region up to 4 nm. At high powers of excitation radiation (Figure 4), the
TPEL intensity grows more steeply than according to the quadratic law. The reason for this may
be the process of transition from spontaneous luminescence to forced luminescence. However,
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the absence of a significant narrowing of the spectrum indicates that in our experiments only
threshold effects for forced TPEL are realised.

I rel.units  2=390 nm
100

80

20

440 A, nm

Fig. 3. TPEL spectra in ZnO micropowder (dmean=5 pm) obtained at different pumping
intensities: curve (1) corresponds to pumping intensity lexc=0.8; (2) - lexc=1.4; (3) - lexc=2.0;
(4) - lexc=2.6 (Where lexc values are given in units of 10" W/cm?).
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Fig. 4. Dependence of the TPEL intensity | on the pump intensity lexc. The curve
corresponds to the wavelength A = 390 nm.
CONCLUSION
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Thus, in our experiments at intensities of 107 W/cm? of laser radiation, superluminescence
effects are observed in zinc oxide and selenide micropowders. It was found that a shift of the
band maximum to 4-5 nm is observed when the excitation radiation intensities of both samples
are increased. It is experimentally found that at room temperature laser effects are clearly
observed in ZnO and ZnSe micropowders. The high radial strength of the studied objects opens
wide possibilities for realisation of effective transducers of radiation frequency in the visible and
near-UV regions based on the stimulated TPEL effect.
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