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STUDY OF OPTICAL PROPERTIES OF MICROSTRUCTURED POWDERS
OF DIAMOND, ZINC OXIDE AND TITANIUM DIOXIDE UNDER PULSE-PE-
RIODIC LASER EXCITATION

Abstract. The paper presents the results of an experimental study of the
optical properties of microstructured powders of diamond, zinc oxide and titanium
dioxide under the influence of pulsed-periodic laser radiation of nanosecond duration.
The mechanisms of Raman scattering and photoluminescence spectrum formation
in the studied samples at room temperature were investigated. The dependence of
secondary radiation intensity on laser pulse energy density was established. It has
been shown that microstructuring significantly affects the local distribution of the
electromagnetic field, leading to an increase in nonlinear effects and a change in
spectral characteristics. The results obtained can be used in the development of
sensor systems, photocatalytic coatings, and functional optical materials.

Keywords: diamond, zinc oxide, titanium dioxide, powder, spectrum, micro-
structure, laser, luminescence, Raman scattering.
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IMPUILS-DAVRIYLI LAZER NURI TA’SIRIDA MIKROSTRUKTURLANGAN
OLMOS, RUX OKSIDI VA TITAN DIOKSIDI KUKUNLARINING OPTIK
XUSUSIYATLARINI O'RGANISH

Annatotsiya. Ishda nanosekund davomiylikdagi impuls-davriyli lazer
nurlanishi ta’sirida olmos, rux oksidi va titan dioksidi mikrotuzilishli kukunlarining optik
xususiyatlarini eksperimental tadqiq qilish natijalari keltirilgan. Xona haroratida
o‘rganilgan namunalarning Raman sochilishi va fotolyuminessensiya spektrlarining
shakllanish mexanizmlari o‘rganilgan. Ikkilamchi nurlanish intensivligining lazer
impulsi energiyasi zichligiga bog‘ligligi aniglangan. Mikrostrukturalash elektromagnit
maydonning lokal tagsimlanishiga sezilarli ta'sir ko‘rsatib, nochizigli effektlarning
kuchayishiga va spektral xarakteristikalarning o‘zgarishiga olib kelishi ko‘rsatilgan.
Olingan natijalar sensor tizimlar, fotokatalitik qoplamalar va funksional optik
materiallarni ishlab chigishda go‘llanilishi mumkin.

Kalitli so’zlar: olmos, rux oksidi, titan dioksidi, kukun, spektr, mikrostruktura,
lazer, lyuminesensiya, Raman sochilishi

WCCINEOOBAHUE ONTUYECKUX CBONCTB MUKPOCTPYKTYPUPO-
BAHHbIX MOPOLLKOB AJIMA3A, OKCUOA UMHKA U OMOKCULOA TU-
TAHA NMPU UMNYINTbCHO-NEPUOOUNYECKOM JTIASEPHOM BO3BYXAE-
HUU

AHHOTauuA. B paboTe npeacTaBneHbl pesynbTaTbl 9KCNEPUMEHTaNIbHOMo Uc-
cnefoBaHUSA OMTUYECKUX CBOMCTB MUKPOCTPYKTYPUPOBAaHHbLIX MOPOLLKOB arimasa, OK-
cuga uuHKa 1 guokcuaa TutaHa npu Bo3gencTBuUmM MMMysibCHO-NepUognyecKoro na-
3€pPHOro U3ry4eHns HaHOCEKYHAHOW OnNTeNbHOCTU. U3yYeHbl MexaHu3mbl hopMu-
poOBaHUs CnekTpoB PamMaHOBCKOro paccesdHns u ooTONOMUHECLEHLNN U3YYEHHbIX
o6pasLoB NpU KOMHATHOW TemnepaType. YCTaHOBMEHblI 3aBUCUMOCTN NHTEHCUBHO-
CTN BTOPUYHOIO N3NYYEHUSA OT MIOTHOCTUN SHEPIMN NasepHOro uMmnynbsca. [okasaHo,
YTO MUKPOCTPYKTYPUPOBaHME CYLLECTBEHHO BIINAET Ha JlIoKarbHOE pacnpeneneHve
3JIEKTPOMArHUTHOro Nosis, NPUBOASA K YCUNEHWNIO HENMHEWHbIX 9 (EKTOB N N3MeHe-
HWIO CNEKTParbHbIX XapakTepucTuk. NMonyyeHHble pedynbtatbl MOrYyT ObITb NCNOSb-
30BaHbl Mpu pa3paboTke CEHCOPHbIX cUCTEM, (POTOKaTanUTUYECKNX MOKPbLITUM W
dYHKLMOHAaNbHbIX ONTUYECKUX MaTepuanos.

KntouyeBble crioBa: anmas, OkCu LUWHKa, OUOKCUA TUTaHa, MOPOLLIOK, CMEKTP,
MUKPOCTPYKTYypa, nasep, nioMvHecueHums, PamaHoBcKoe paccesHue.

Introduction science. Microstructured powders

The study of the interaction of have a developed surface, high defect
pulsed laser radiation with dispersed density, and pronounced particle
media is of considerable interest for shape anisotropy, which determines

applied photonics and materials
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the peculiarities of their optical
response.

Wide-bandgap materials such
as zinc oxide (E¢g=3.37 eV) and
titanium dioxide (Eq=3.0-3.2 V) are
widely used in photocatalysis, sensor
technology, and ultraviolet light
sources. Diamond (Eg=5.5 eV) is
characterised by high thermal
conductivity, optical transparency and
resistance to laser radiation.

The optical and luminescent
characteristics of these items have
been examined in many studies.
Nonetheless, the mechanisms
responsible for the generation of
secondary radiation in finely dispersed
and ultrafine dispersed media have
not yet been sufficiently studied.
Moreover, when powdered materials
are irradiated with high-intensity
pulses from pulsed lasers, their initial
characteristics change significantly:
the medium heats up intensely and
photodestruction of the material may
even occur [1-6].

The paper presents experi-
mental data and results from the study
of optical properties of microstructured
powders of diamond, zinc oxide (ZnO)
and titanium dioxide (TiO2) under
pulse-periodic laser excitation.

Experimental

Commercial diamond microcrys-
tals were obtained by static compres-
sion at high temperature (1000-3000
°C) and ultra-high pressure (5-10
GPa) [5]. Ready-to-use ZnO and TiO>
micropowders from Sigma-Aldrich with
a purity of 99% were used for the
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study. The optical method, detailed in
[3,6—8], was employed to excite and
record the secondary radiation (SR)
spectra. A copper vapour laser (CVL)
line with a wavelength of A = 510.6 nm
was used as the exciter, while the yel-
low line with A =578.2 nm was ex-
cluded by filtering. The average radia-
tion power reaches 10 W, the radiation
is formed in pulse mode with a high
repetition rate of 10* Hz, and the pulse
duration is 20 ns, which provides a
peak power of up to 10° W. The radia-
tion is generated in a pulsed mode at
a high repetition rate (10* Hz) with
short pulses lasting 20 ns, which pro-
vides a peak power of 10° W. Neutral
light filters (NF) were used to calibrate
the intensity of two-photon excited lu-
minescence (TPEL) spectra. The mi-
croparticle samples were tightly
packed between flat parallel quartz cu-
vette windows. The spectrophotometry
cuvettes were made of “KU” quartz
glass. The layer thickness was 1 mm.
The resolution of the spectrum record-
ing in the measured wavelength range
was 0.1 nm. The sizes of the mi-
cropowders studied were as follows:
synthetic microcrystalline diamond
with an average particle size of 5 ym;
ZnO powder (average particle size 3
pum); anatase TiO2 powder (average
particle size 10 pm).

The measurements were carried
out at room temperature. Single-pho-
ton-excited luminescence (SPEL)
spectra were recorded using the sec-
ond optical harmonic (SOG) of the
green line (510.6 nm) of laser radiation

https://journals.afu.uz/index.php/AFUISN
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in copper vapour, which corresponds to
a wavelength of A = 255.3 nm [7]. The
high intensity of the laser radiation en-
sures efficient generation of the second
harmonic and total frequency conver-
sion due to nonlinear optical crystals of
the BaB,0, type. The radiation from
the active element of the laser, operat-
ing in an unstable resonator mode, was
directed to the BaB,O, crystal through
a lens with an increased focal length.
The visible laser radiation was blocked
by an absorbing filter located after the
BaB,0, crystal.

Results and Discussion

Diamond

Figure 1 shows the SPEL spec-
tra of diamond micropowders of various
sizes when excited by the second opti-
cal harmonic of CVL (Aexc=255.3 nm).
The spectra were recorded under

identical excitation and recording con-
ditions. This fact excludes the possibil-
ity of differences caused by the meth-
odology. As can be seen from the fig-
ure, the SPEL spectrum of these sam-
ples (curves 1-3) is in the range of 300-
530 nm and represents a broad band
with two maxima in the region of 420
and 460 nm. In addition, a weak band
is observed in the short-wave region of
the spectrum (A=360 nm). For diamond
particles with an average size of 10 ym,
this band peak is clearly visible. For di-
amond, the energy of two green quanta
or the energy of the second harmonic
from the green laser line on copper va-
pour Aexc=255.3 nm (4.8 eV) does not
exceed Eg, i.e. Eexc < Eg (Eg=5.4-5.5
eV).
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Figure 1. SPEL spectra of diamond micropowders of various sizes when excited by
the second optical harmonic of a copper vapour laser (Aexc=255.3 nm): (1) -
dmean=0.5 pm; (2) - dmean=1 um;

(3) - dmean=10 pm. Power density of the exciting radiation lexc ~ 107 W/cm?.

The results showed that in our
studies, photoluminescence in dia-
mond occurs with the participation of
defects in the powder [5,6]. It is known
that the bands in the 410-460 nm
range in the SPEL spectrum are
caused by electronic transitions be-
tween the doubly degenerate excited
state (E1) and the main non-degener-
ate state (A1) of the N3 defect in the
SPEL spectrum of natural diamonds.
The weak maximum at A=380 nm in the
SPEL spectra can be attributed to the
N2 defect. In addition, the close prox-
imity and similarity of the spectral line
obtained in our experiment to the
known line corresponding to the N2 de-
fect in a large diamond allows us to
conclude that the observed line be-
longs to this type of defect. The N3 cen-
tre is always accompanied by the N2
centre [9].

The Raman scattering spectra of
diamond micropowders of various

ISSN: 2992 - 8974
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sizes when excited by the green line of
the CVL (Aexc=510.6 nm) are shown in
Figure 2. Practically all samples show
a feature at v=1332 cm’,
corresponding to the fundamental
vibration of the diamond lattice. The
registration of a narrow line at this
frequency confirms the presence of the
diamond crystalline phase in the
samples under study. However, the
spectra show a luminescent
background throughout the entire
TPEL-related spectral region. As the
particle size increases, the continuous
luminescence background decreases
sharply and the intensity of Raman
scattering at the fundamental mode of
1332 cm™ relative to the background
increases. As can be seen from the
results, the intensity of 1332 cm™’
increases with increasing average
diamond particle size.

https://journals.afu.uz/index.php/AFUISN
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Figure 2. Raman scattering spectra of diamond micropowders of various sizes
when excited by a green laser line on copper vapour (Lexc=510.6 nm): (a) -
dmean=0.5 pm; (b) - dmean=10 pm
(lexc ~ 10° W/cm?).

Zinc oxide

Figure 3a shows the SPEL
spectra of ZnO microcrystals obtained
at various intensities of the excitation
radiation (Aexc = 255.3 nm). At low
excitation intensity, the SPEL spectrum
exhibits a maximum at around 386 nm
(curves 1 and 2). In semiconductor
materials with low concentrations of
impurities and defects, excitation at
high intensities leads to radiative
recombination of the free excitons.
saturation of the excitation intensity
occurs, and in this context, the
following aspect of the large-scale
annihilation of free excitons is of

ISSN: 2992 - 8974
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particular interest: the possibility of
obtaining stimulated emission arises
[9]. Itis well known that free excitons do
not undergo an inversion distribution,
whereas in photon and phonon
emission by excitons inversion arises
automatically. When the excitation
intensity exceeds 1.5 x 10° W/cm?
(curves 3-5), a narrowing of the exciton
luminescence line is observed, and its
intensity increases non-linearly with
further increases in the excitation
intensity. Furthermore, the SPEL band
narrows and the peak of this spectral
intensity  shifts into the longer-
wavelength region by up to 4 nm.

https://journals.afu.uz/index.php/AFUISN
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Figure 3a. SPEL spectra of ZnO Figure 3b. The dependence of the
micropowder (dmean = 3 ym) obtained SPEL intensity (1) on the excitation
at different intensities of stimulating radiation intensity (lexc) for ZnO
radiation: (1) - lexc = 5; (2) - lexc = 11; ~ microcrystals (dmean = 2 um). The line
(3) - lexc = 15; (4) - lexe = 18; (5) - lexe = (1) corresponds to a wavelength of
21; (6) - lexc = 24. (lexc ~ 10° W/cm?). 386 nm; (2)— A=390 nm. (3) — the
theoretical dependence in accordance

Under our experimental conditions (lexc
= 10° W/cm?), a power-law
dependence with an exponent a=1.5 is
observed for the ZnO microstructures
(Figure 3a, 3-line), which corresponds
to the a = 1.5 0.2 value found for bulk
ZnO in [10]. At high intensities, the
growth of SPEL intensity slows down,
which may be caused both by heat
effects and by the formation of defects
through photolysis and
thermodestruction. A similar trend was
observed for monocrystalline ZnO and
quantum dots in [11]. The absence of

ISSN: 2992 - 8974
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with the law I ~ I...

visible SPEL in our ZnO samples
indicates a low concentration or
absence of oxygen defects [10-12] and
the high purity of the ZnO powders
studied.

Titanium dioxide

Figure 4 shows the Raman scat-
tering spectra of TiO2 micropowders
obtained in cuvettes of various designs
under identical recording conditions.
Curve 1 corresponds to a cylindrical cu-
vette with a relatively large volume (cu-
vette diameter 18 mm), and curve 2
corresponds to a so-called resonator

https://journals.afu.uz/index.php/AFUISN
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cuvette with a capillary diameter of 3
mm. An OG-1 light filter was installed in
front of the monochromator slit, attenu-
ating the laser excitation line
(Aexc=510.6 nm) 100 times while allow-
ing full transmission of the Raman

A=510,6 nm

144
100 -

- (=) w
(—] (—] (—]
1 1 1

Intensity, arb.units

[
(—]
1

scattering signal at a distance of 800
cm™' from the excitation line. As can be
seen from this figure, the Raman scat-
tering signal in the resonator cuvette is
almost 1000 times greater than in a cy-
lindrical cuvette with a large diameter.

399 516 639

0 200

400 600

wavenumber (cm-)

Figure 4. Raman scattering spectra of TiO2 micropowders (dmean=10 um) in a cylin-
drical cuvette (1) and in a resonator cuvette (2) (lexe~10° W/cm?).

Thus, in photon traps, the inten-
sity of Raman scattering of TiO2 mi-
cropowders at the cuvette outlet in-
creases significantly (Fig. 4): a signifi-
cant increase in the relative intensity of
Raman scattering is observed com-
pared to the intensity of the excitation
line (combination opalescence mode).
This is explained by a significant in-
crease in the total path length that the
excitation photon travels in the studied

ISSN: 2992 - 8974
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substance due to multiple reflections
from the trap walls and scattering on
the inhomogeneities of the medium.
Figure 5 illustrates the SPEL
spectra of TiO2 micropowders obtained
by exciting them with a 255.3 nm laser
line on copper vapour (curve 1). For
comparison, the TPEL spectra of TiO2
micropowders at room temperature
(curve 2) are also shown here, when
excited by a green line (510.6 nm) laser

https://journals.afu.uz/index.php/AFUISN
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on copper vapour. These spectra were
recorded under the same excitation
and recording conditions. Comparisons
of the experimental results show that
the SPEL and TPEL spectra differ in in-
tensity, shape and position. As can be
seen from the figure, these spectra
(curves 1-2) are in the range of 360-—
560 nm and represent a fairly narrow
single line, while the SPEL spectrum
has a maximum in the region of 430 nm
(2.90 eV). The maximum of the TPEL
spectrum is shifted to the short-wave
region by 3 nm relative to the SPEL
spectrum with a peak in the region of
A=427 nm (2.91 eV). It should be noted
that single-photon and two-photon pho-
toluminescence spectra carry different
information. For example, in the dipole
approximation, two-photon transitions
are allowed between states of the

100

S0 1

Intensity, arb.units

same parity, while single-photon transi-
tions are allowed between states of dif-
ferent parity. These maxima have also
been observed in the works of other au-
thors: they can be attributed to the re-
combination of free excitons, as they
are often observed in various TiO2
structures: single crystals [13,14], na-
noparticles [15] and colloidal nanopar-
ticles [16]. The relatively high intensity
of the photoluminescence signal is as-
sociated with the powder placed in the
micro-resonator cuvette. In an optical
micro-resonator, the nano-/microstruc-
ture itself and the material of the device
(cell) can serve as an amplifying me-
dium. As a result, fairly intense photo-
luminescence signals can be obtained
at the output and mini lasers operating
at room temperature can be created
[17,18].
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Figure 5. 1) - SPEL spectrum of TiO2 micropowders when excited by ultraviolet ra-
diation (Aexc=255.3 nm); 2) - TPEL spectrum of TiO2> micropowders when excited by
two green quanta (E=2h®n=4.8 eV). The average size of the particles studied is
dmean=10 um (lexc ~ 107 W/cm?). The inset shows the photoluminescence spectra of
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rutile nanostructures at T=300 K (A) and the photoluminescence spectra of anatase
nanostructures at T=300 K (B), obtained in [15].

Thus, analysis of the literature
shows that the insignificant presence of
silicon and aluminium impurities in
TiO2 samples does not affect the for-
mation of the photoluminescence peak
inthe 2.90-2.91 eV range, which is con-
sistent with our experimental studies.
The observed photoluminescence
maxima in the 427-430 nm region in
TiO2 micropowders can be attributed to
the recombination of free excitons.

microstructured powders under pulsed
periodic laser excitation. The superlin-
ear dependence of ZnO luminescence
intensity on laser power density has
been experimentally confirmed. Weak
Raman scattering signals have been
recorded in diamond and TiO2 micro-
structures. The results obtained can be
used in the creation of laser sensors,
photocatalytic systems, and nonlinear
optical converters.

Conclusion
A method has been developed
for studying the secondary radiation of
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