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Abstract

The modern demands for miniaturization of optoelectronic devices, in particular, for the UV
range, are inextricably linked with the improvement of fabrication technologies for the corre-
sponding photonic nano/micro objects and the study of their radiative properties. In this work,
the method of pyrolytic carbothermal synthesis, which is a modification of the thermal evapora-
tion method, was used to fabricate microcrystalline ZnO films with laser properties. The influ-
ence of the size and packing type of ZnO microcrystallites in the films on their emissive proper-
ties were revealed. The films with relatively large microcrystallites (10— 15 um in size on aver-
age) were found to exhibit UV amplified spontaneous emission at room temperature. The possi-
bility of additional enhancement of this emission and its two-threshold behavior in loose-packed
regions of such films were found for the first time. It was shown that the observed phenomenon
is due to the competition between two gain mechanisms, which are assumed to arise predomi-
nantly in different regions of microcrystallites as a result of exciton-phonon and exciton-
electron interaction processes. As the temperature decreases, the dominant gain mechanism
gradually changes to exciton-exciton scattering, regardless of the type of film structure. The re-
sults obtained open up the possibilities of the thermal evaporation synthesis to a wider extent
and can be useful in interpreting the optical gain mechanisms in ZnO micro- and nanostructures.
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Introduction

Zinc oxide is a well-known and important material for
the semiconductor industry, in particular electronics and
optoelectronics. Due to its direct wide band gap (3.37 eV
at room temperature), high exciton binding energy
(60 meV), high electron mobility, as well as non-toxicity
and radiation resistance, ZnO can be used for a wide
range of optoelectronic and photonic devices for the UV
and blue ranges [1—3]. Ample opportunities exist for
growing ZnO micro- and nanostructures with a wide
range of morphologies [2—6]. Some of them provide
light confinement and amplification [7-9], which is an
essential factor for miniaturization of photonic devices.
Due to a high quantum yield and gain for near-band-edge
(NBE) emission, ZnO allows effective excitation of room
temperature (RT) UV luminescence and lasing [10],
which makes it useful in the development of both UV
LEDs and laser sources.

Among the methods of high-temperature synthesis of
ZnO structures, perhaps the simplest is the method of
thermal evaporation [3, 10]. High synthesis temperatures
(usually more than 900-1000°C) allows achieving high
crystalline and optical quality of growing structure, which
in many cases provides them with good luminescent

characteristics [11, 12]. The method does not use a carrier
gas and allows the synthesis to be carried out in an air
atmosphere, which makes it relatively simple. However,
on the other hand, this leaves fewer opportunities for con-
trolling the synthesis process. As a result, fast uncon-
trolled growth of crystallites in most cases leads to the
formation of mainly filamentous nano- and microstruc-
tures in the form of rods, wires, etc. It is difficult to use
this method for obtaining ZnO crystals of a different
shape and larger micron size, including microfilms and
microcrystals with the properties of a bulk material.

As an alternative to the thermal evaporation method,
in the 2000s the method of pyrolytic carbothermal syn-
thesis (PCS) was proposed and subsequently improved
[13, 14]. The PCS method does not use a carrier gas and
utilizes oxygen directly from air to synthesize the oxide,
thereby retaining the advantages of the thermal evapora-
tion method. On the other hand, the high functionality of
PCS was shown, comparable with more complex meth-
ods, in particular, the vapor transport synthesis. PCS is
able to provide growth both by vapor-solid (VS) and va-
por-liquid-solid (VLS) mechanisms. The implementation
of the VS model of growth allows obtaining oxide pow-
ders [13, 14] in a sufficiently large amounts in a one ex-
periment, which scales up the method. In its turn, VLS
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growth makes it possible to fabricate oxide structures on
substrates, e.g., aligned ZnO microrods [15]. For the
growth of ZnO structures, any Zn-containing compounds,
both of organic and inorganic nature, that allow oxide
formation during pyrolysis at temperatures up to 900°C
can theoretically be used as a source material. In this
case, the following growth scheme is realized: decompo-
sition of a Zn-containing compound — formation of ZnO
— reduction of ZnO to metallic Zn — sublimation of Zn
vapors — oxidation of Zn vapors with atmospheric oxy-
gen — formation of ZnO crystallites. If ZnO or Zn pow-
ders are used as a source material for the growth of ZnO
structures, the first or both first and second stages, respec-
tively, in the aforementioned scheme can be omitted.

The high efficiency of the PCS method for fabricating
ZnO laser micro- and nanostructures was shown. ZnO
structures exhibiting both Fabry-Perot mode (FPM) las-
ing [13, 16] and whispering gallery mode (WGM) lasing
[15, 16] were synthesized. In particular, low-threshold
WGM lasing in ZnO crystallites with a hexagonal cross
section of both small, submicron diameter [16] and large,
up to 20 pum, diameter [15] was obtained and Q-factors
sufficiently high for as-grown microcrystals (up to 3000 —
3500) were reached [15].

In this work, we demonstrate the possibility to use the
PCS method for creating luminescent ZnO film struc-
tures. This brings the capabilities of this method even
closer to the functionality of the vapor transport synthesis
[17-19], but with much greater simplicity and safety.
We have revealed the influence of the sizes of film mi-
crocrystallites and the photoexcitation intensity on the ra-
diation behavior of the films and the possibility of excita-
tion of amplified spontaneous emission (ASE) in the near
UV range at RT. Some films with loose-packed structure
of the microcrystallites exhibited a two-threshold charac-
ter of ASE. The emission intensity in such cases was
higher than for classical ASE with one interval of super-
linear growth. The purpose of this work is to study the
radiative properties and features of the fabricated ZnO
films. In particular, the origin, behavior, and mechanisms
of optical gain in such structures were of primary interest.

1. Materials and Methods

ZnO films were grown on C-plane sapphire sub-
strates using the PCS method. Zinc granules with a puri-
ty of 99.999% (Alfa Aesar, USA, MA) with a total
weight of 250 mg were used as a precursor. The decalci-
fied paper filter served as a porous cellulose carrier for a
catalysis of the production of zinc vapor, which is an in-
termediate reaction product during further oxidation and
ZnO growth. Thermal treatment at high temperature
(1000—1100°C) was conducted; heating rate was
4.2 deg/min. The holding at constant temperature was
30 min. The synthesis was performed in high purity
alundum crucibles in air ambient. The subsequent cool-
ing down to RT was provided during ~20h. The
scheme of the experiment and the theory of the PCS

method are given in more detail elsewhere [14]. This
paper presents the results for two films synthesized in
one experiment but with different amounts of air (the
source of oxygen), which was ensured by different dis-
tances (15 mm and 40 mm) from the films to the win-
dow in the crucible. Different morphology of the films
obtained in this way allows finding out the influence of
the size of the microcrystallites and their packing densi-
ty on the emission properties of the films. The film that
was closer to the air source (window) and characterized
by a large microcrystallite size is designated as film A
in this work. The second film, located further from the
air source and having relatively small microcrystallites,
is designated as film B.

Microscopic studies of the samples were carried out
via scanning electron microscopy (SEM), using a Jeol
JSM-6000PLUS microscope.

Excitation of the samples' photoluminescence (PL)
was performed with a frequency-tripled pulsed Nd:YAG
laser (the wavelength, pulse duration and repetition rate
are 355nm, 10ns and 15 Hz, respectively). The laser
beam made an angle of ~40° with the sample's surface.
The size of the excitation spot on the sample was
~120 um. The emission of the sample was collected in
the direction close to the normal to its surface and colli-
mated to the entrance slit of a monochromator coupled to
a charge-coupled device (CCD) camera. A signal accu-
mulation of 50— 100 laser pulses was used to enhance the
signal-to-noise ratio. The emission spectra were corrected
taking into account the sensitivity of the CCD array. Low
temperature experiments were carried out using an optical
nitrogen cryostat. The temperature of the samples was
controlled using a Fe-CuNi thermocouple.

2. Results

Fig. 1 shows micrographs of the synthesized ZnO
films. Both films have a microcrystalline structure
formed mainly by a single layer of microcrystallites, the
size of which determines the thickness of the films.

Film A (Fig. la) has rather large microcrystallites
with an average size of 10— 15 pm (see also the inset in
Fig. 1a), some microcrystallites reach 30—35 pm in size.
In some areas, closer to the edges of film A, its structure
exhibits loose packing; there are micron gaps between in-
dividual microcrystallites in such areas (one of such a re-
gion is indicated in Fig. 1a). The microcrystallites of film
B (Fig. 1), on the contrary, are relatively small with an
average size of ~3—4 pm and constitute a close-packed
structure. In many cases, a distinct hexagonal form of in-
dividual microcrystallites of both films is observed,
which indicates their wurtzite crystal structure.

The RT spontaneous emission of both films, which
was recorded in the near UV and visible ranges under cw
low-intensity excitation and pulsed excitation with a rela-
tively low power density pexc ~20 kW/cm?, had no signif-
icant differences. Fig. 2 shows typical spontaneous emis-
sion spectra of the films.
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a)

b)
Fig. 1. Micrographs of the fabricated microcrystalline ZnO
films: (a) film A (one of the film regions with loose packing
is circled), (b) film B. The insets show enlarged images
of microcrystallites

Upon low-intensity c¢w photoexcitation (Fig. 2a), the
films emit only in the visible wavelength range. The max-
imum of this emission, known from the literature as deep-
level (DL) emission, is in the green region at 515 nm
(~2.4 eV) in the case under study. A different picture is
observed for a pulsed excitation (Fig. 2b). In this case, in
addition to DL emission, a relatively narrow band in the
near UV region (maximum at ~380nm) is also ob-
served — this is NBE emission of ZnO. At this rather low
intensity of pulsed excitation, this emission has a sponta-
neous nature as well. Such a cardinal change in the emis-
sion profile upon a significant increase of excitation pow-
er can be explained by the effects of saturation of DL
emission centers at the high-density excitation and a de-
crease in the thickness of the depletion layer as a result of
energy band flattening. In the second case, electron—hole
pairs, intensively created by photons with an energy great-
er than the band gap, neutralize the excess charge on the
semiconductor surface — the existence of this charge, in the
absence of illumination, causes bending of the energy
bands and formation of the depletion layer [20]. The
straightening of the bands is accompanied by a partial deac-
tivation of DL emission centers located near the surface and
an increase in the probability of interband transitions. All
this results in a relative increase in the UV component as
compared to the visible one. However, the presence of DL

emission even upon intense photoexcitation indicates that it
fails to completely block the corresponding transitions.
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Fig. 2. Typical RT PL spectra of the films at cw excitation (a)
and pulsed laser excitation with relatively low excitation power
density, pexc ~ 20 kW/cm? (b)

At higher intensities of pulsed excitation, the behavior
of the films’ NBE emission differs significantly. While
film B demonstrates only spontaneous luminescence, film
A exhibits amplified spontaneous emission (ASE) over
almost entire film’s area. Moreover, the highest intensity
and the lowest threshold of ASE in film A were observed
in the film regions corresponding to loose-packed struc-
ture. Fig. 3a shows the evolution of the PL spectra with
increasing pexc in one of such regions. For comparison,
Fig. 3b shows the evolution of the spontaneous lumines-
cence spectra of film B. Figs. 3¢ and 3b show fundamen-
tal differences between the two types of PL spectra. In the
case of the film A, an increase in the excitation intensity
leads to a transformation of the NBE emission spectrum.
At pexc less than ~25 kW/cm?, a single spontaneous emis-
sion band at 381 nm is observed. As pex. increases above
25-30 kW/cm?, the second band emerges in the long-
wavelength region of the first band (~390 nm). With a
further increase in pexc, the second band grows faster than
the short-wavelength component and eventually makes
up the main part of the spectrum. A comparison of the
corresponding dependences of the full width at half max-
imum (FWHM) of the NBE emission spectra on pexc in
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two cases is shown in Fig. 3c. While the spontaneous lu-
minescence band exhibits a gradual broadening with an
increase in the excitation intensity, FWHM in the case of
ASE first increases due to the appearance of a long-
wavelength band, and then decreases, when it begins to
dominate in the emission spectrum. At relatively high
Pexe, the band becomes narrower than the initial spontane-
ous emission.

Fig. 3d compares the dependences of the integral in-
tensity /inx of NBE emission on pex. for both films. One
can see that the behavior of the dependence fin(pexc) Of
film A differed clearly between the regions with loose
and close packing types. In both cases, this dependence
differs from linear or sublinear, which is usually observed
in the case of spontaneous emission and is registered in
the case of film B (Fig. 3d, squares). However, in contrast
to the close-packed regions of film A, which show a su-
perlinear growth typical to ASE (Fig. 3d, empty circles),
in the loose-packed regions, the dependence [int (Pexc)
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exhibits two intervals of superlinear growth (Fig. 3d,
solid triangles circles). The first such interval (interval
II in Fig.3d) is located in the pe range ~25-
50 kW/cm?; it follows the linear interval of spontaneous
luminescence (interval /) and ends with a tendency to sat-
uration. The second superlinear segment (interval /I]) is
observed at higher excitation intensities
(pexc >80 kW/cm?). These intervals (I, II, II) are also
marked in Fig. 3¢. The shape of the NBE emission spec-
trum and a behavior of its evolution with increasing pexc
do not differ significantly between different regions of
the film A regardless of the packing type. However, in
the case of loose-packed regions, a little faster redshift of
the ASE band was observed in the initial interval of pexc
compared to the regions with close-packed crystallites.
This is reflected in a generally longer wavelength posi-
tion of ASE band (by 1.5 nm) in the PL spectra of loose-
packed regions. At pex.>160 kW/cm?, a small blue shift
(by 0.3 nm) is also observed in this case.
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Fig. 3. (a, b) Room-temperature NBE emission spectra of the film A (loosed-packed region) (a) and the film B (b) at different
excitation power densities pexc, (¢c) FWHM vs. pexc for the film A (loose-packed region) (circles) and film B (triangles), (d) the integral
intensity of NBE emission Iint VS. pexc for the loose-packed (solid circles) and close-packed (open circles) areas of the film A and for
the film B (triangles); experimental points are connected by the solid lines for visual convenience. The designations I, I, and Il in
(c,d) indicate the feature intervals of the lint (pexc) dependence for the loose-packed area of the film A. The dashed lines in (d) show
the maximum slope of the two superlinear segments (intervals Il and I1I)

In order to establish the origin of the processes re-
sponsible for the optical gain in the film A structure, the
temperature-dependent measurements of NBE emission
of the films were performed. Fig. 4a shows the evolution
of the NBE emission spectra of the film A at 7~80 K. Of

note, the low-temperature spectra in all regions of the
film were identical. At the lowest photoexcitation intensi-
ty (see the inset in Fig. 4a), the NBE emission pattern of
the film is typical for nominally undoped micro/nano
ZnO crystals with a high optical quality at this tempera-
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ture [15,21 -23] and coincides with that of the film B. In
particular, four emission bands are clearly distinguishable
(indicated as A;, where i=1...4 in Fig. 4a) with wave-
lengths of 370.1, 374.8, 383.6, and 392.7 nm (3.350,
3.308, 3.233, and 3.157 eV). These bands are due, respec-
tively, to the recombination of bound excitons (4;), the
first phonon replica of free exciton radiation (X-LO) with
a possible contribution of emission involving surface
states (A42), and the second (X-2LO) and third (X-3LO)
phonon replicas of free exciton radiation (bands A3 and
Ay). Taking into account low surface-to-volume ratio of
films’ microcrystallites, the contribution of phonon repli-
cas of emission bands related to surface defects in the en-
ergy range above ~3.25 eV is probably small [24].
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Fig. 4. (a) NBE emission spectra of the film A at different pexc
recorded at T=80 K, (b) the corresponding dependences of the
FWHM (open symbols) and the integral intensity (solid
symbols) on pexe

As the energy in the excitation pulse increases, begin-
ning from approximately 10—20 kW/cm?, the shape of
the spectrum changes: the radiation intensity in the region
of the A, band increases much faster than other parts of
the spectrum. The dependences of fi,c and FWHM meas-
ured in the spectral region of the 4, + 4, bands on pex. are
shown in Fig. 4b. One can see that the fin(pexc) depend-
ence is superlinear over the entire excitation interval.
FWHM, in general, demonstrates similar behavior to the
RT case — in particular, a slight increase at the initial
stage is associated with the appearance of the ASE band.
This band exhibits a small redshift (~1 nm) in the pexc
range from ~ 50 to 180 kW/cm?.

An emission band with such properties (character-
istic wavelength, superlinear growth, weak redshift,
low thresholds) is usually attributed to the recombina-
tion emission of excitons due to their scattering on
each other (X-X scattering) and is called the P-band
[22]. In our case, the correctness of attribution of the
ASE band to X-X scattering can be verified by measur-
ing the spectral distance from this band to, e.g., the X-
2LO band (43). The energy of the P-band photon is
given by the expression

1 3

B (T)=Ex(T) Eb(l nzj 2kT, (1)
where n is the number of the energy state to which one of
the excitons transits (=2, 3,...), Ex(T) is the recombina-
tion energy of a free exciton, E, is the exciton binding
energy (60 meV in Zn0O), 3/2 kT is the kinetic addition
due to exciton movement.

The energy of photons emitted as a result of X-LO and
X-2LO processes can be determined from the expression:

Ex o (T) = Ex (T) - mEio +(%—mjkBT, @

where m=1,2, Eio is the energy of the LO phonon
(72 meV in ZnO) [22]. Thus, the distance between the P-
band and X-2LO emission should be 70—85 meV at 80 K
for n=2,...,. In our case, the minimum and maximum
distances are 79 and 85 meV, respectively, which corre-
sponds to theoretical values and allows us to attribute the
observed ASE band to the P-band.

Fig. 5 shows the energy of the ASE band as a function
of temperature for both types of microcrystallite packing
in the film A at pexc =60 kW/cm?, which corresponds ap-
proximately to the middle of the interval /I. Also, the en-
ergies of the 41, A, and 43 spontaneous emission bands of
the film B at pexc= 10 kW/cm? are shown in Fig. 5.
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Fig. 5. Emission energy vs. temperature for ASE in the film A in the
case of loose-packed (open circles) and close-packed (triangles)
structures and spontaneous emission bands A1, A2 and As of the film
B (squares). Dashed lines indicate theoretical energies for P2(T),
Po(T), Ex10(T), Ex2.0(T), and Ex- (T) with y = 6 calculated using
Ex(T) from [21] (indicated with a dotted line)
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In order to clarify what mechanisms are involved in
RT emission using the emission energy analysis, it is
necessary to know the exciton energy Ex(7) and/or band
gap energy E,(T) of the samples. In this work, we are
dealing with a structure consisting of fairly large micro-
crystallites fabricated under normal conditions without
the use of additional doping. In addition, the structure of
the NBE luminescence spectra of the films at low tempera-
tures and low excitation intensities, as well as the energies
of emission bands, are typical of bulk and microcrystalline
ZnO. In this case, the data for bulk or microcrystalline ZnO
can be used to interpret the gain mechanisms of the studied
ZnO structure at various temperatures, including RT [15].
The dotted line in Fig. 5 shows the exciton transition ener-
gy Ex(T) obtained for a bulk ZnO crystal in [21]; based on
it, the dashed lines show the energies of the free-exciton
processes aforementioned: P-band (1) at n=2 and n=o0
and phonon replicas (2) atm=1,2.

Based on the obtained temperature dependences,
some analysis of the emission bands origin can be per-
formed. First, it can be seen that in the temperature range
80—-160 K, the 4; band approaches Ex(7) from 23 meV
to 13 meV. At 7>160 K, the band rapidly moves away
from Ex(T). In the range of 80—160 K, the A4, band is
obviously due to the recombination of BXs, which gradu-
ally thermally dissociate as the temperature rises. Above
T~160K (the corresponding thermal energy is
~14 meV), when most of the BXs dissociated, the A4,
band is mainly due to zero-phonon exciton recombina-
tion; its energy approaches the 4> band spectral region
due to overlapping. The A, band quite strictly follows the
energy Ex 120(T), which proves the main contribution to
it of the first phonon replica X-LO. At T~230 K, the 4,
and A4, bands merge into one band, whose energy is
slightly lower than the theoretical energy Ex.1.0(T) at
temperatures close to RT. The temperature behavior of A3
band also confirms an attribution of it to the X~2LO
emission. This band is clearly observed up to 7~250 K.
At T>250 K, it merges into the combined 4+ 4, band,
which possibly causes the redshift of its maximum away
from theoretical dependence Ex_i.0(T). Thus, the spon-
taneous emission of the fabricated microcrystalline films
at RT is predominantly due to phonon replicas of free ex-
citon emission (mainly X~LO), which corresponds to the
case of bulk ZnO [25].

As the temperature rises, both ASE bands begin to
shift from the P, energy at 7=80 K, which is due to
gradual increase of n in the X-X process. The band ener-
gy is within the P-band "corridor" between n=2 and
n=o0 up to 160—180 K. Then, a sharper redshift of the
ASE band occurs. Zimmler et al. [26] associated a similar
redshift of stimulated emission in ZnO nanowires with
the temperature behavior of the absorption edge in ZnO.
In particular, this effect can be caused by the process of
emission reabsorption, increasing with temperature due to
the developing Urbach tail. However, the interpretation of
the redshift in large ZnO microcrystallites based on this

phenomenon alone does not agree well with the observa-
tion of two different competing types of optical gain at
RT and lower temperatures in such structures [15]. In this
case, the effect of partial exciton ionization with increas-
ing temperature seems to be more dominant [22, 27]. This
process leads to the formation of another type of radiation
as a result of the scattering of a free exciton by a free
electron (X-el scattering). The photon energy Ex.(T)
emitted due to this process is given by:

Ex_o(T)=E.(T)-vkT, 3)

where y is a coefficient that depends on the ratio of the ef-
fective masses of the exciton and the electron [22, 27]. In
particular, in the interval between 7~ 160 K and 260 K,
the energy of the ASE band in the case of loose-packed
structure is well described by the expression (3) with
y=6. This result corresponds to the experimental data for
microcrystalline ZnO [15, 28] and satisfies the theory
[22, 27]. The ASE band in the case of a close-packed
structure experiences a sharper redshift and, after
T~240 K, enters the theoretical curve Exy .0 (T) that de-
scribes the temperature behavior of the X-2L.O process up
to RT. In the case of a loose-packed structure, the ASE
band remains between Ex 10 and Ex with y=6, as the
temperature approaches RT.

3. Discussion

The data on temperature measurements and corre-
sponding analysis allow us to perceive that at RT the con-
tribution of X-e emission is significant in the sample's re-
gions with loose packing in contrast to the region with
close-packed microcrystallites, where optical gain is pro-
vided mainly by the X-2LO process. Given this, one can
explain not only the fast local growth of the Zini(pexc) in
the interval /I of excitation intensities used but also the
RT behavior of the ASE band energy as a function of ex-
citation intensity, in particular, the initial redshift of the
band towards the theoretical X-e emission energy. This
redshift saturates completely at the beginning of the sec-
ond segment of the superlinear growth (interval //7), and
then (at pexc> 150 kW/cm?) is replaced by the blueshift.
This behavior may indicate changes in the gain mecha-
nism involved in ASE at excitation intensities in the vi-
cinity of the boundary of /7 and //I intervals.

For example, taking into account that the first section
of superlinear growth is associated with an exciton pro-
cess, one could assume a change in the gain type from
exciton to photon when population inversion occurs in
the electron—hole plasma (EHP) — similar to polariton la-
sers, whose intensity vs. pumping dependence often ex-
hibits similar behavior [29, 30]. The blue shift in this case
could be explained by the dynamic Burstein—Moss effect
(the band filling due to intensive creation of electron-hole
pairs via photoexcitation) [31, 32]. However, in our case,
taking into account the relatively low excitation intensi-
ties (the corresponding number of electron—hole pairs at
the onset of ASE is no more than ~5-10"7 ¢cm™) and ra-
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ther long wavelength position of the ASE band, the
achievement of population inversion in the EHP is un-
likely [8, 30, 33]. Moreover, in microcrystalline struc-
tures, including fairly massive ZnO microcrystals, gain is
most often achieved due to scattering of electron—hole
pairs (excitons) rather than direct recombination in an in-
verted EHP [15, 22, 28, 33]. When the Mott threshold is
exceeded, apparently, the transformation into mecha-
nisms similar to excitonic ones takes place in the non-
inverted EHP, since neither the spectral behavior of ASE
with increasing excitation intensity, nor its temperature
dependence exhibit significant changes. For example,
Klingshirn et al. [33] proposed mechanisms that involve
Coulomb-correlated electron-holes pairs in EHP as ana-
logues to the X-e and X-mLO processes. In this case, the
transition from the exciton regime to the EHP regime
should occur smoothly, without sharp features in the
Tint (pexc) dependence.

Thus, the results obtained can be interesting not only
as an expansion of the thermal evaporation method in the
sense of creating lasing ZnO microfilm structures, but al-
so as useful material for analyzing the gain mechanisms
in ZnO micro- and nanoobjects. Despite extensive re-
searches, the issue of the origin of UV stimulated emis-
sion in different ZnO structures, especially at RT, is still
often controversial due to, among other things, a suffi-
ciently large number of processes in ZnO that could po-
tentially give rise to optical gain [10]. In particular, the
stimulated emission band, excited in the region of ~ 389 —
392 nm (3.16—3.19 eV) and not showing an intense red-
shift with an increase in the excitation intensity (i.e.,
similar to the closed-packed regions of the film A), is of-
ten observed in ZnO microstructures at RT, but its origin
is debatable. In the present work, following our recent re-
sults [15], the connection of this emission to X-2LO pro-
cess is confirmed. In addition, it is shown that this pro-
cess can coexist at RT with X-e scattering, which is also
capable of providing gain. Note that in geometrically
high-quality ZnO microrods, RT gain is provided by X-e
scattering alone — the gain due to X-2LO process is ob-
served in such crystals only at lower temperatures, where
it can also compete with the X-e gain [15].

A reason for the appearance of an inflection in the
Iint (pexc) dependence in the case of the loose-packed mi-
crocrystallites of the film A could be the saturation of the
X-e emission with a rising excitation intensity. At the
same time, X-2LO emission gradually increases and
eventually becomes dominant. This is reflected in the ap-
pearance of superlinearity, which seems to be the second
threshold of ASE, as well as in the saturation of the red-
shift and the subsequent blueshift of the emission band at
relatively high excitation intensities. The saturation of X-
e radiation is indirectly confirmed by the similar charac-
ter of fint(pexc) dependence in the interval /I for both
types of microcrystallites packing.

Such a behavior of the optical gain, namely X-e and
X-2LO processes, can be explained by the peculiarities of

the optical mode structure of microcrystallites of the film
A, which clearly manifests itself in the film's regions with
loose packing. The packing type, i.e., the presence or ab-
sence of pores, in two types of film regions is their only
difference; the size and shape of the microcrystallites are
identical in all parts of the film. As noted in the Introduc-
tion, both WGMs and FPMs can be formed in ZnO mi-
crocrystals grown by the PCS method. In the case of the
films under study, the following scenario is probable. In
the initial range of excitation intensities, near-surface
WGM-like optical modes are excited. The interrelation of
the gain provided by WGMs and, in particular, WGM las-
ing with the X-e process in large ZnO microcrystallites
was demonstrated in [15]. At the same time, the geomet-
ric and structural perfection of crystals is an essential fac-
tor for observing lasing and, in general, stimulated emis-
sion of this type [9], including the cases when the X-e
process is involved [15]. The microcrystallites of the film
studied in this work often have a pronounced hexagonal
shape, but in most cases, it is far from ideal hexagonal
geometry with a clear hexagon in cross section and strict
angles. As a result, on the one hand, the weak localization
of WGM-type optical modes in film microcrystallites
makes it impossible to overcome losses and begin lasing
with a pronounced mode pattern. On the other hand, in
the absence of sufficient gain, the radiative potential of
the near-surface part of microcrystallites, which is filled
with deep-level defects, is quickly exhausted with an in-
crease in the excitation intensity. This results in saturation
of the growth of the resonant emission. In other words,
the pumped region of a crystal with WGM-type modes
gradually becomes more and more transparent to exciting
radiation. This explains the saturation of the int (pexc) de-
pendence at pey.>50—60 kW/cm?.

In the regions of the film A with large close-packed
microcrystallites, the excitation of WGM-type modes is
difficult as a result of optical losses due to close contact
between crystallites. In this regard, only FPMs provide
the necessary gain for ASE, which manifests itself as a
single superlinear segment in the fin (pexc) dependence.
The absence of ASE at RT in the case of the film B is ex-
plained by large losses in relatively small close-packed
microcrystallites.

In contrast to the RT case, at low temperature there
are no saturation in the fin (pexc) dependence and, in gen-
eral, a two-threshold character of radiation for the excita-
tion range used. This suggests the absence of transition to
another type of radiation, which is ensured by the higher
radiative activity of recombining excitons at low tempera-
ture compared to RT, as well as greater stability of exci-
tons, lower reabsorption of exciton radiation, and ther-
mally less occupied upper energy states, which is neces-
sary for X-X scattering process. As a result, at a low tem-
perature P band can be excited in a wide range of excita-
tion intensities and has a lower threshold compared to
stimulated emission resulting from the X-mLO processes,
as well as emission in the EHP [34].
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Conclusions

We have demonstrated the possibility of synthesizing
ZnO film structures with laser properties by pyrolytic
carbothermal synthesis. The radiative properties of such
films are affected by both the size of microcrystallites and
their packing density. In particular, it was found that the
loose-packed structure of large microcrystallites provides
a greater amplification of spontaneous emission in the
near UV region compared to close-packed structure at
room temperature. An analysis of the temperature behav-
ior of the films’ NBE emission, taking into account the
previously obtained data, allowed us to establish the
cause of the observed phenomenon. It was associated with
the action of exciton-electron scattering in addition to the
main mechanism, which is two-phonon assisted exciton ra-
diation. Saturation of this additional mechanism as a result
of weak localization of subsurface optical modes of the
WGM type causes the appearance of a second range of su-
perlinear growth in the dependence of the radiation intensity
vs. pumping power. Thus, the formation of the loose-packed
structure of microcrystallites in a ZnO film may result in an
additional intensification of UV ASE due to providing an
additional gain mechanism.

The results obtained open up more widely the possi-
bilities of the thermal evaporation synthesis. They can be
useful in optimizing the properties of ZnO laser micro-
and nanostructures and interpreting the mechanisms of
spontaneous and stimulated emissions in them. Laser
ZnO film structures can be useful for production of high-
power UV light emitting diodes, as well as for pumping
in visible light sources.
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