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Abstract: A comparative analysis of the features of UV- stimulated emission (SE) of various types
of disorder active materials based on ZnO crystallites for a random laser (RL) was carried out. The
superlinear increase in the intensity of the UV photoluminescence (PL) band of polydisperse nano-
microcrystalline (PNMC) ZnO powder at a wavelength of A = 387 nm and some narrowing of its
half-width in the range of 20-15 nm with increasing pump intensity indicate random lasing with
incoherent feedback (FB). Properties of similar UV PL bands under the same conditions from a thin
film containing hexagonal ZnO microdisks, as well as samples of monodisperse ZnO nanopowder
indicate stimulated emission with coherent feedback. It is shown that, among the studied materials,
the PNMC ZnO powder with crystallites contained nano-grains with is the most suitable for creat-
ing a laser with incoherent feedback at room temperature. The dominant factor of UV SE in PNMC
ZnO powder is radiation transitions under exciton - exciton scattering conditions. The possible
mechanisms of this random emission with the continuous spectrum are discussed. The average op-
tical gain coefficient ag at A =387 nm in this RL system is estimated, as ag ~ 150 cm™.

Keywords: ZnO crystallite; random laser; excitons; stimulated emission; polydisperse powder; thin
film; hexagonal microdisks; monodisperse nano-powder; nanophotonics.

1. Introduction

The growing interest in laser-active disorder photonic systems of random lasers (RL)
is due, on the one hand, to improve the quality of the light field of stimulated emission
(SE), and on the other hand to simplifying and reducing the cost of the microlaser manu-
facturing. RL is characterized by two types of feedback: coherent or incoherent, and dif-
ferent potential applications, accordingly. The study of the RL is important in fundamen-
tal research of the light scattering and amplification in disorder systems and applications
in different fields, such as in laser-precise treatment, displays, speckle-free biological im-
agining [1, 2], surface coding [3], etc. The advantages of RL and the features of its appli-
cation were fully covered in the reviews [4, 5, 6, 7]. The improvement of the SE light
field quality, first of all, is connected with the elimination of the speckles, as optical noise,
caused by the coherence nature of the laser radiation. The problem of eliminating or re-
ducing the speckles-negative effect is preferably resolved without the use of super-expen-
sive computers for speckles compensation, especially at fast image changing. The RL with
incoherent feedback is the successful decision of speckles elimination based on the nature
of SE with the modeless continuous spectrum. The most successful approach was the SE
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source based on a disordered medium with strong scattering and high enough photolu-
minescence (PL) efficiency. One good example of such material became a medium based
on ZnO crystallites with extremely high exciton bond energy E.x excitons (~ 60 meV) [8],
in which were obtained both coherent [9] as well as incoherent feedback of UV SE, [5] in
the microlasers.

Another promising line in the development of microlasers is the use of quasi -2D
active media. The latter, especially in the case of ZnO, have a lower lasing threshold due
to a developed effective surface, based on exciton lasing at room temperature under opti-
cal confinement as compared to 3D [10]. The advantages of the transition from 3D to 2D-
like photonic structures are the growth of the surface exciton bond energy Eexs and critical
confinement temperature of the e-h system in comparison with the volume [3, 11, 12, 13].
The RL effects were experimentally demonstrated in various quasi-2D structures, includ-
ing TiO2 powder colloids [14], and polymer dispersed liquid crystals [15]. Despite the
study of a lot of disorder systems with the developed effective surface: Ti-Al2Os powders
[16], ZnO powders [4, 7], polycrystalline films [17], fiber lasers [18,19], etc., the influence
of excitons, including surface excitons, on the properties and efficiency of such nano- and
microsystems has not been sufficiently studied. Perhaps this is related to the long-stand-
ing generalization about non-radiative surface defects, which reduce the number of e-h
pairs and, accordingly, the quantum efficiency of PL, of course, if we don’t take into ac-
count the possibility of exciton capture by shallow surface centers.

In this work, we localized attention on the comparative analyses on the influence of
ZnO crystallites sizes, shapes, and their distribution in the disordered medium on the UV
PL mechanisms, including exciton’s contribution from point of view of the dominance of
the incoherent SE.

2. Materials and Methods

The samples were prepared in the form of three types of disordered ZnO media: pol-
ydisperse nano-micro-crystalline (PNMC) compressed ZnO powder, film-forming solu-
tions, based one-component neutral-curing silicone sealant that cures at room tempera-
ture, and microcrystalline hexagonal plate-like films obtained by low-temperature hydro-
thermal method [20]. PNMC ZnO powder was "white seal", standard BZ0M, declared pu-
rity not less than 99.8%, crystal particle size range 50 nm - 2 pm, specific surface area 6-12
m?/g production of classical chemical and metallurgical French process in a high-temper-
ature Welz furnace. The samples of PNMC ZnO powder were prepared in the form of
layers with a thickness of 50 microns sandwiched between quartz plates. For comparison,
we also used data for a low-dispersed ZnO powder with nanoparticles (NPs) of an aver-
age size of 100 nm, as described in [20]. The experimental setup for laser optical spectro-
scopic measurements is shown in Figure 1. The PL was excited by the pulsed N2 laser
radiation at a wavelength of 337 nm with pulse energy of E =30 pJ and duration of #,=10
ns. The irradiation intensity was controlled by a set of quartz plates and a focusing system.
PL spectra were measured by a multichannel optical spectral analyzer (OMA) of the Solar
SL40 Duo type equipped with a high-speed 3648-pixel Toshiba CCD detector that pro-
vides a sufficiently high spectral resolution and a signal accumulation mode. Emission
light from PNMC ZnO powder sample was transmitted by quartz optical fiber to the pol-
ychromator entrance slit of OMA. X-ray phase analysis was performed on a Philips X'Pert
PRO - MRD diffractometer. Cu Kal radiation (wavelength A = 0.15406 nm) was used. The
voltage at the anode of the tube was -45 kV, the current -40 mA. The diffractogram was
registered in symmetric (2Theta-Omega) mode, the scanning step was equal to 0.025 de-
grees, and the acquisition time at the point was 1 second. X-ray phase analysis was per-
formed on a Philips X'Pert PRO - MRD diffractometer. CuKou radiation (wavelength A =
0.15406 nm) was used.
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Figure 1. Schematic of optical spectroscopic

3. Results and Discussion

The SEM image of the PNMC ZnO cold-pressed samples obtained is shown in Figure 2 a.
The constituent elements of the powder are mainly elongated fragments
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Figure 2. (a) SEM image of morphology of the PNMC ZnO powder after cold pressing; (b) Raman
scattering spectrum of the PNMC ZnO powder at room temperature; vibration modes of the first

order are marked in bold.

of arbitrary shape, consisting of hexagonal nanocrystallites with a scatter of cross-sec-
tional sizes and lengths in a wide range of 0.05-2 um.

The Raman scattering spectrum of the PNMC ZnO powder in the region of the first-
order vibrational modes is shown in Figure 2 b. Intense Raman bands with a relatively
small half-width and the corresponding frequency position indicate that the crystalline
phase of wurtzite is inherent in the ZnO nanocrystals. Even though ZnO nanocrystals of
different shapes and polycrystals contribute to the Raman spectrum, as can be seen from
Figure 2 a, the half-width of the characteristic band with a frequency of 437 cm-! is not
significant and is only 13 cm. The latter indicates the good crystalline perfection of ZnO
nanocrystals. Significantly higher bandwidth with a frequency of 437 cm! compared to


https://doi.org/10.20944/preprints202208.0521.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 August 2022 d0i:10.20944/preprints202208.0521.v1

one with a frequency of 584 cm!, indicates that the average size of ZnO nanocrystals ex-
ceeds 10 nm [21], which correlates well with the data obtained from SEM images.

The diffractogram of the PNMC ZnO powderwas recorded in symmetric (20/)
mode, the scanning step was 0.025 degrees, and the acquisition time at the point was 1
second. All diffraction peaks on the diffractogram (Figure 3) correspond to the
polycrystalline phase of ZnO (PDF 010-74-9939) with parameters a = 3.2494A; ¢ = 5.2054A.
From the angular positions and values of the half-widths of the reflections (002) and
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Figure 3. Diffraction pattern of ZnO nanoparticles.

the OCR size, and ¢ is the average level of deformations. The XRD data correspond well
to the conclusions from the Raman shift spectra about the average sizes of ZnO single
crystals, as components of larger crystallites, observed in SEM images.

The PL spectra evolution, Figure 4 a), shows the significant growth in the peak

—&— 387 (m)
&— 405
v 502
18—
2800 - 514 \
<10
o 0 0510 15 20 /
c —_ I (MW/cm®)
S =
. = /
£ E
~ ~— 1400 y
e [
/ A
Yo A
0 .” 4 - i

00 05 10 15 20

T T T T T
400 450 500 550 600 2
Iex (MW/cm®)

A (nm)
Figure 4. a) Evolution of the PL spectra in the compressed PNMC ZnO powder for different
excitation intensities Iex (Aex =337 nm) in the range of 0.12 — 2 (MW/cm?) at room temperature.
b) Dependences of the PL spectral bands intensity Iyl versus the excitation intensity Iex (Aex =
337 nm) for different wavelengths, nm: 387, 405, 502. Insertion: band halfwidth w at 387 nm

VS lex.
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intensity In of the UV PL band (387 nm) of the PNMC ZnO powder samples with a
simultaneous narrowing of its half-width AA (from 19 nm to 14 nm, insert). This indicates
the stimulated emission of the UV band contrary to the visible bands: 405 nm (C - Vz),
502 nm (Vo), 544 nm (O:) [7] with weak increasing, and spontaneous emission, Figure 4 b).
The spectral position of the peak (405 nm) coincides with the position of the e-h plasma
PL band at high excitation intensity Iex for the single crystalline ZnO film, obtained by
MBE [21]. Nevertheless, the 405 nm peak for PNMC ZnO powder does not shift at all I
levels. Besides, it is considerably narrower (A A < 2nm) as compared to e-h plasma
band (A A = 8nm) shifted in case of the excitons decay and renormalization of the band
gap. These circumstances indicate a high probability of the excitonic nature of the
transmission in UV PL band (387 nm). Lasing at a wavelength of 387 nm occurs in the
so-called diffusion mode due to the incoherent or "energy" FB [22]. In this case, adjacent
modes spectrally overlap, which gives a continuous spectrum of emission. This result
qualitatively differs from observations on the samples of the ZnO film with hexagonal
microdisks formed by the method based on a low-temperature solution [20].

Hexagonal ZnO microdisks had a distribution with some disordered orientation in space

and size variation Figure 6 ¢ [23]. In this case, the PL spectrum occurs with a comb-like
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regular arrangement of ultra-narrow bands (peaks) with halfwidth AA ~ 0.25 nm.

Superlinear growth of Ir: in the range of excitation intensities I« indicates the presence of
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coherent or "amplitude" FB [17]. Stimulated emission has a mode composition formed by
whispering gallery modes (WGM) formed inside (on the faces) of hexagonal microdisks.
It is noteworthy that the threshold of stimulated emission, in this case, coincides with the
appearance of the comb of narrow peaks that confirms the unrandom nature of the
ultranarrow peacks appearance.

A fundamentally different character of the evolution of PL spectra was observed in
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Figure 6. a) - UV PL spectra evolution of the monodispersed ZnO powder under excitation
intensity in the range (from bottom to top): 400, 562, 763, 875, and 1387 kW/cm? (taken from
reference [8] with permission). The size on the ZnO crystallite is equal 100 nm;

b) Dependencies of UV PL Lm: (1) — the spectral-integral intensity of UV-PL emission; (2) —
dependence of a separate ultra-narrow peak (386 nm) from monodisperse ZnO powder on the
excitation intensity ley; inset: mean half-width of UV PL peaks as a function of Iex. (constructed
from reference [8] with permission).

I (MW/cm?)

nanopowder with one-dimensional NPs size distribution, with an average size ~ 100 nm
with strong scattering, Figure 6, [8]. The ultra-narrow bands (0.2 nm) in PL spectra
appeared in a chaotic sequence with irregular spectral intervals, unlike [23]. This is
associated with the stochastic nature of the resonator loop formation in the excited volume.
SE, in this case, may arise initially as a result of incoherent amplification regardless of the
appearance of ultra-narrow peaks. Their occurrence does not coincide with the SE
threshold, since the coherent ultra-narrow peaks arise according to the stochastic
formation of a closed photon track. The superlinear growth of the UV band PL intensity
Iem  in the spectra of PNMC ZnO powder shown in Figures 4 on the pump intensity lex, is
qualitatively similar to the data of the film with ZnO hexagonal microdisks (Figure 5) [23]
and to the integral spectrum intensity in the powder containing the NPs ZnO with an
average particle size of 100 nm (Figure 6, curve 1) [8]. There is a tendency to sublinearity
for a single ultra-narrow peak (386 nm) at the end of curve 2 (Figure 6), which can be
explained by the redistribution of the SE energy on emerging random modes.

The conditions for the absence of the ultra-narrow peak in the disordered laser medium
can be evaluated from the threshold criterion expression for the critical volume of Ve [23]:

Ve &~ (Ll 1 3)37, (2)
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where Ig- is the length of the gain in the scattering medium, I:- the free path of the photon,
at which the direction of its motion becomes unpredictable (there is a "randomization"
direction)

Ii=1s/(1-cos 6), 3)
where Is is the path between the two scattering acts, 0 is the scattering angle.

Given the spectrum evolution of the central UV spectral band (Amax = 387 nm) of PNMC
ZnO powder, allows to be concluded that the photon transport occurs in the so-called
“diffusion mode” ( L >>[:>> A), where L is the characteristic size of random media) within
the critical excitation volume Vex < Ver. The significant dispersion of particle sizes (0.05 -2
uMm) and shapes in PNMC ZnO powder (Figure 2 a), complicates software processing data

for their averaging. Therefore, in the estimations of the effective gain length [4]:
,1 x1
lamp = |2 3 <, (4)

we will limit ourselves to the probable range of I: and Is from the condition that Vex < Ve,

according to relation (1). We take into account that the size of laser spot dex = 20 um and
excited layer thick di > 10 um, and also that only from 1 to 5% of the exciting light is
absorbed by ZnO nanopowder, rest is scattering [4]. This corresponds to a depth of
absorption from 7.14-105 cm (a = 1.4'10* cm™?) to 3.6:10* cm (a = 2.8:10° cm™?) at the
wavelength of the nitrogen laser (A = 337 nm), where o is the absorption coefficient. Then
the value range of the exciting volume is about
Ver=3.0-10% + 1.0-107 cm3. The probable range of

values of the critical volume of the SE source

depending on the gaine length Iy and length of
randomization I: is shown on Figure 7. The
range of the gain path of lengths s is from 5-10-2
to 10! cm, provided that the range of lengths of

«randomization» I: of the motion direction of the

Critical volume, V,, em?)

ol photon is determined within I = 103+102 cm.

0 0‘_2 0j4 ois ojg 1 Obtained gain factor (I;)? =20 + 10 cm™! were not

Gain length, /4 (cm) too high. But the gain effect between the start

and endpoints of the full length of the gain path

Figure 7. Dependences of the critical [4] is Loy = 0.0041-0.018 cm, which corresponds

volume Ver on the gain length Ig at  t the average value of the gain ()" = 150 cm-

different average randomized lengths 1t,
pum:1-0.387 (1A); 2-0.74 (2A); 3 -1.94 (3A);

4-5.85 (15A); 5 — 11.6 (30A); 6 — 15.5 (40A).

It should be noted that in all modifications of
PNMC of ZnO powder, the effect of incoherent
FB is implemented. The photon transport occurs in the so-called “diffusion mode” within
the critical excitation volume V < Ve  This allows keeping SE in the incoherent mode at
all ranges of excitation by using nitrogen laser N2. The position of the UV band maximum
at 387 nm fixed at all pumping levels of the PNMC ZnO powder coincides with the
maximum of the so-called “P” exciton band in single-crystal ZnO films [22]. This is

responsible for exciton stimulated emission under conditions of inelastic exciton-exciton
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scattering [24, 25]. Its fixed spectral position with increasing L in our case is caused by
an increase of the excitons concentration ne, preventing them from breaking up and
transitioning into e-h plasma (with a shift of the maximum to A ~ 405 nm). We consider

two possible explanations: 1) due to the giant oscillator strength fxre:  [26]:

X
~ 2|9
- R

3
fBex/ (5)

fupex =2
(where fgex is the oscillator strength in the crystal bulk, a's is Bohr radius of the exciton, R
is the NP’s radius) at the condition that the crystal size is larger than the exciton Bohr
radius (a8 ~ 2 nm) but smaller than the optical wavelength (387 nm) [22].
2) increase of the binding energy of excitons Ee and, accordingly, their concentration #ex.
It can be assumed that the surface capture centers of excitons existing at the interface of
nanocrystals (between grains of ~25 nm) as parts of larger ZnO particles, recorded on the
SEM image, Figure 2a, are responsible for the growth of E... The increase of ne leads to an
increase in the exciton self-scattering and SE in the PNMC ZnO. Thus, the interfaces
between nanocrystals can be considered as barriers that lead to the excitons confinement
in nanocrystal grains (~25 nm in size). We plan to study the peculiarities of the kinetics of
exciton transitions in PNMC ZnO powder under these conditions in the near future.

Summarizing the above, we can conclude that to improve the stimulated modeless
emission efficiency of such a multi-element system, it is advisable to take into account and
use the influence of the effective surface. The latter appears very developed due to a large
number of nanocrystal surfaces that can significantly increase the concentration of the
exciton capture centers without an increase of the light scattering. This aspect has not been
given due attention in previous studies, including those cited in the text. The surface plays
a dominant role in such multi-element systems due to several important factors: exciton
capture in shallow surface centers, quantum confinement effect in 2D-like platelet
nanosystems, mirror reflection forces, and correlation forces, which under certain
conditions lead to an increase in Eex and, accordingly, exciton inversion population (see,
for example, [11]). Clarification and confirmation of the priority of the specified
mechanisms is expected in our further studies.

4. Conclusions

A comparative analysis of the optical spectral and structural properties among
various types of crystallites ZnO structures allowed us to establish:

1. Among considered crystalline ZnO systems the polydisperse nano- microcrystalline
(PNMC) powder with a ZnO particle size ranging from 50 nm to 2 um showed the
random UV SE (A = 387 nm) with incoherent feedback in all ranges of excitation
intensity.

2. The dominant factor for UV SE at A = 387 nm in the PNMC ZnO powder at room
temperature is exciton-exciton scattering-assisted radiative transitions;

3. The average value of the optical gain at A = 387 nm in the PNMC ZnO powder RL is
estimated to be as high as 150 cm-'.

4.  ZnO thin film with hexagonal microdisks as well as low-dispersed ZnO nanopowder

demonstrate UV SE with coherent feedback and ultra-narrow spectral peaks: regular
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in the case of the hexagonal microdisks, and irregular in the case of monodisperse

ZnO powder with a particle size of ~ 100 nm, accordingly.
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