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Abstract Zinc oxide ultra-fine crystalline powders and
polycrystalline films of high optical quality were syn-
thesized under soft hydrothermal conditions. The phase
composition, crystal morphology, and luminescent prop-
erties of submicron ZnO powders and films were studied
depending on synthesis conditions (system composition,
precursor kind, solvent type and concentration, tempera-
ture). For the systems containing metallic zinc, the ZnO
growth mechanism was suggested. The most intensive
UV luminescence and the highest values of Iyy/lyis were
observed for polycrystalline films grown on Zn sub-
strates. Low-threshold UV lasing at room temperature
was found for ZnO-films, grown in hydrothermal systems
with hydroxide or halide solutions as solvents, Ey =
1-5 MW/cm?. The lowest threshold was observed on the
ZnO films grown using LiOH as a solvent and zinc
nitrate as ZnO-precursor. Clear mode structures with
line-width 0.3 nm are characteristic of the lasing spectra.

Introduction

Zinc oxide is a multifunctional compound, which is
intensively studied during last decade. Such interest is
defined by the unique physical properties of ZnO. This
compound is a direct wide bandgap semiconductor (band
gap is 3.37 eV); it has the outstanding for A"BY! binary
systems exciton binding energy (60 meV) providing the
existence of UV luminescence caused by exciton
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recombination in a wide temperature range up to 500 °C.
Zinc oxide is a functional nanoscaled material belonging to
a new class of the monochromic emission sources based on
noncavity stimulated emission.

Lasing in ZnO nanostructures has attracting increasing
attention in recent years due to an expected low-threshold
power density required for lasing [1]. Over the past few
years, UV lasing action has been observed in various ZnO
objects, such as nanowires and nanoribbons [1-6], nano-
rods [7], tetrapods [8, 9], films [10-12], powders, [13],
ceramics [14].

During the past years various methods and approaches
have been developed for synthesis of ZnO low-dimensional
crystals. Among them there are the traditional and modified
methods of synthesis from liquid, solid, gas phases, such as
inorganic and metal-organic chemical vapor deposition
CVD [15, 16], MOCVD [17], molecular beam epitaxy
MBE [18, 19], mechano-chemical synthesis [20], high
temperature pyrolysis [9], Zn-oxidation in vapor or liquid
phases [21-23], hydrothermal synthesis [5, 24-27], sol-gel
synthesis [28], magnetron sputtering [11, 29].

Among several hundreds of scientific communications
concerning ZnO-nanocompounds preparation and proper-
ties, only small part describes the generation of stimulated
emission in synthesized samples (see, for example [9, 13,
30-34]. It is clear that the efficiency of UV stimulated
emission is defined by several factors, such as (a) mor-
phological and dimensional characteristics of individual
crystallites, (b) peculiarities of their space arrangement, (c)
spectroscopic characteristics of the compound under study
(nominally pure or doped one).

To our knowledge, the lasing in hydrothermally grown
ZnO nanoobjects has been reported only in two articles [5,
6], although the hydrothermal synthesis is a powerful
and promising method for preparing low-dimensional
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compounds due to simple procedure, low cost, low tem-
peratures, and ability to change growth conditions in a wide
range, and there are many publications describing the ZnO
nanoobjects prepared by this method [5, 6, 24-27, 35-40].

Here we report the data on synthesis and low-threshold
lasing in ZnO high optical quality crystalline films grown
under soft hydrothermal conditions.

Experimental

Zinc oxide films were grown on seeding plates of poly- or
single crystalline metallic Zn. The experimental methods
were similar to that described earlier [41]. As-prepared
zinc hydroxide or ZnO chemical, Zn(NOj3), - 6H0,
Zn(CH3;COO), - 2H,0 were used as ZnO-precursors;
aqueous solutions of LiOH, KOH, NH,OH, NH,CIl, KF
with concentrations 1-8 mass% were used as solvents. The
zinc hydroxide colloid was prepared by adding of the
proper quantity of ammonium hydroxide or potassium
hydroxide to a zinc acetate or nitrate solutions at room
temperature. The polycrystalline Zn-plates were placed
vertically in the upper part of Teflon cans (15-40 cm®
capacity) containing starting chemical components. The
reaction duration was 2—48 h at 130-180 °C. The obtained
crystalline powders (nutrient) and substrates were washed,
filtered and then dried at room temperature.

The films obtained were analyzed by XRD, SEM, and
spectroscopic techniques. The composition and structure
type of the films was confirmed by X-ray powder diffrac-
tion data (Diffractometer Rigaku D-max IIl-c, ACu Ko).
Growth morphology was studied using SEM Philips 515
and JEOL JXA-840, operating at a maximum accelerating
voltage 30 kV.

Pulse cathodoluminescence (PCL) was used for pre-
liminary investigation of the end-products of hydrothermal
reactions similar to [24, 25]. Room temperature stimulated
emission in ZnO was excited by 355-nm, 4-ns third-har-
monic pulses from Nd**:YAG laser. The diameter of laser
beam spot was ~1 mm. The exciting laser beam was
directed normally to the film surface. Emission from the
sample surface was directed via a flexible multi-core silica
fiber to the entrance slit of a MS-300 Spectrometer
equipped with a CCD array (the spectral resolution was
0.1 mm). The fiber was oriented at the certain angle 0 (15—
60°) to the film surface. Experimental conditions were
similar to conditions described in [9].

Results and discussion

Earlier [24, 25] we have shown that low-dimensional
crystalline powders of ZnO may be synthesized under soft
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hydrothermal conditions using various solvents, ZnO-pre-
cursors, and growth parameters. The crystallite sizes,
faceting, aspect ratios and spectroscopic characteristics are
defined by growth conditions, among them the ZnO-pre-
cursor, solvent type and temperature are the most
important. In our experiments, the end-products of hydro-
thermal interaction between starting components have been
represented by films grown on Zn-substrates, and poly-
crystalline powders deposited from growth media during
the synthesis process. According to XRD-data, in both
cases the final products (films and powders) have been pure
ZnO with wurtzite structure type; no additional reflexes
have been observed in XRD-patterns of the analyzed
samples. The crystallite sizes in the resultant materials
varied from ~ 100 nm till several um, depending on the
synthesis conditions.

If substrate-seed was introduced into the growth system,
crystallization processes became controlled additionally by
the characteristics of substrate. In our case, the substrate is
a metallic Zn plate, and during the growth process it
undergoes to partial dissolution and oxidation. As a result,
two zones are being formed in the closed space of the
autoclave at the starting stages of growth process. In the
growth zone (Zn-substrate), the process of ZnO-formation
passes through the stages of oxidation (dissolution)—
nucleation—growing, while in the dissolution zone (start-
ing nutrient) this process must pass through the stages of
dissolution (dehydration)—nucleation—growth. Such ini-
tial inhomogeneity of growth conditions results in
obtaining the crystallites with different growth morphology
and physical properties in the dissolution zone and on the
substrate. There were no considerable difference between
the morphology and spectroscopic characteristics of ZnO
films grown on poly- and single-crystalline Zn-substrates.

Growth morphology of ZnO

Some examples of growth morphologies of crystallites in
powders from bottom part of the vessels and growth
morphology of films are shown in Figs. 1-3. Images in the
left column show the morphology of ZnO-particles in
crystallite powders while images in the right column
demonstrate the typical growth morphologies of the films
grown on Zn-substrates. Growth morphologies of individ-
ual crystallites varied from rounded shape-less forms till
well-developed prisms, wires, plates etc. depending on
growth conditions.

Ultra-thin powders consist of faceted crystallites with
different shapes; typical simple crystallographic forms are
hexagonal prism {1010}, positive and negative monohe-
drons (0001), (0001), hexagonal pyramid {1011}; aspect
ratios varies from 50 till 0.2 depending mainly on solvent
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Fig. 1 Growth morphologies of
polycrystalline powders (left
column) and films on Zn-
substrates (right column). (a, b)
#49; ZnO chemical is ZnO-
precursor; H,O is a solvent,
180 °C/48 h; (¢, d) #197;
7Zn(NO3), - 6H,0 is ZnO-
precursor; NH4,OH 2% is a
solvent, 180 °C/10 h; (e, f)
#1020, ZH(NO3)2 . 6H20 is
ZnO-precursor; NH,OH 1% is a
solvent, 130 °C/10 h; (g, h)
#193; Zn(NO3), - 6H,0 is
ZnO-precursor; LIOH 3.5 % is a
solvent, 180 °C/10 h

type. The crystals with the largest aspect ratios grow in
ammonium-containing solutions, Li-ions inhibit the growth
rate in c-direction; as a result, the crystals with bipyramidal
habit are being formed.

At the starting period of hydrothermal treatment, the
growth conditions are not uniform even for substrate due to
different supply of feeding material to different parts of
substrate (edges, corners, surface), and one can find the
areas with different morphology along film surface (Fig. 2).

The films consist of ZnO microcrystallites (150-500 nm
in size); aspect ratios are from 20 till about 0.02. At the
initial stages of crystallization process, prismatic nano-
crystals with aspect ratio >1 is forming on the Zn-substrate
where the polycrystalline grains serve as the nucleation

sites (Fig. 3a). At rather high temperatures, the aligned
rows of elongated hexagonal prisms or needle-like crystals
are usually formed; c-axes of prisms are perpendicular to
substrate surface. Then, when furnace is switched out and
the autoclaves are slowly cooling up to room temperature,
very thin plates grow at the second stage of crystallization
process, and the surfaces (more often, the edges) of pris-
matic crystals provide the nucleation sites for ZnO-plates
growing (Fig. 2a, b, right column). Such plates with well-
developed {0001} faces are aggregated into flower-like or
spherolite-like agglomerates (up to ~ 10,000 nm); every
plate is located in such a way, that [0001] axis is parallel to
substrate surface. The typical case is the formation of thin
plates on the edges between {0001} and {1010} surfaces of
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Fig. 2 Growth morphologies of ZnO polycrystalline films in various local sites. (a—c) #44; Zn(OH), is ZnO-precursor; KOH 25 % is a solvent,

180 °C/48 h

Fig. 3 Growth morphologies of ZnO polycrystalline film at different stages of growth. (a—c) # 150; Zn(NO3), - 6H,0 is ZnO-precursor; LiOH

3.4% is a solvent, 180 °C/10 h

the ZnO-prisms, which have been formed during the first
stage of the growth process (Fig. 1d, right column). At low
growth temperature, the films contain only such thin hex-
agonal plates with well-developed {0001} monohedrons
(Fig. 1f, right column); only hexagonal prisms (the first
stage of the growth process) are present on Zn-surface at
quenching the autoclave.

Such change in growth mode can be connected with the
change of RED/OX potential at the different distances from
Zn-substrate, which results in the change of growth
mechanism and c/a aspect ratio. At the first stages, an
intensive growth of the face of positive monohedron (0001)
oceurs, Vigoor) > V(19 10)- Note that positive monohedron
face is terminated by Zn-ions; they are in excess on Zn-
substrate. Then, after the process of Zn-oxidation on the
substrate, the growth, typical for a given solvent and
growth conditions, occurs.

Luminescence of ZnO films and powders

Both polycrystalline powders and films were analyzed
using pulse cathodoluminescence techniques. Earlier [24,
25] we discussed the PCL spectra of powders and coatings
obtained by crystallization in KOH solutions and H,O.
Spectroscopic characteristics for powders and films have
been drastically different. In this work we studied also the
luminescent characteristics of powders and films obtained
in the other solvents (NH,OH, NH,CI, LiOH, and KF). The
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analysis of PCL spectra has shown that the determined
earlier regularities remain valid also for the samples syn-
thesized from these solvents.

Two characteristic bands are usually observed in the
spectra of photo- and cathodoluminescence of ZnO powders
(Fig. 4). The emission spectra of most ZnO samples show a
near-band-edge ultraviolet UV line (band A, A ~ 375-
385 nm, AL ~ 20-12 nm) accompanied by a broad visible
deep level luminescence band (band B, 2 ~ 520-620 nm,
AL ~ 60-220 nm). Band B originates from the various
defects depending on growth methods and can decrease the
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Fig. 4 Spectra of ZnO film registered at photo-(1) and electron-
beam (2) excitations (#148-1)



J Mater Sci (2008) 43:2143-2148

2147

emission efficiency of the UV light devices and increase the
lasing emission thresholds. Thus the optical quality of the
matter may be evaluated using ratio between the intensities
of A and B bands (Iyv/Iyis). One can see that the ratio
Iyv/lyis is higher for the spectrum of photoluminescence in
comparison with cathodoluminescence spectrum due to
more effective excitation of deep level centers, which are
responsible for emission in VIS region.

Luminescent characteristics of ZnO depend on the
growth conditions (type of precursor, solvent, Red/Ox
potential) and they are different for powders and
polycrystalline films ZnO obtained in the same run. The
probable reason of such difference is the appearance of
different quenching centers in the crystals obtained at dif-
ferent conditions [24, 25]. Note that luminescence spectra
of films and powders are distinct from each other by
Iyv/Iyis. As arule, spectra of ZnO films demonstrate strong
UV band and very weak band in visible range (or its
absence).

To determine the main centers causing the quenching of
UV luminescence, we carried out the mathematical treat-
ment of the complicated profiles of luminescence spectra
(program t_dn2fb-Ngauss). As an example we have shown
the main parameters of components of one complex profile
(Fig. 5 and Table 1). Calculations for more then 15 sam-
ples have shown that wide VIS-band consists of the series
of overlapping bands. The intensities of these bands are
strongly dependent on ZnO growth conditions, but at the
same time, the intensity of every line varies independently
one another. Such behavior allows relating the lines to the
centers with different structures. UV-quenching centers are
found to radiate mainly in red part of spectrum,
A > 700 nm.
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Fig. 5 Mathematical treatment of emission spectrum, shown in
Fig. 4(2)

Table 1 Main parameters of the decomposition of the emission
spectrum shown in Fig. 5

Number of line A (nm) Square A/ (nm)
arb.u.*nm *10°

1 385.19 1.16 8.93

2 467.0 0.828 30.0

3 510 2.03 304

4 563 0.2 17

5 600 0.18 28.8

6 689 0.02 31

Stimulated emission in ZnO films

Basing on our results on ZnO nanocrystal synthesis and pre-
liminary study of luminescence characteristics, for detailed
study we have chosen the films obtained on Zn-substrates
because these films are characterized by the highest optical
quality in accordance with Iyy/Iys evaluations.

Among analyzed ZnO-objects, low-threshold lasing was
observed in more than 20 ZnO polycrystalline films. These
films were grown from aqueous solutions LiOH 2-5 wt. %,
NH4OH 1-2.5%, NH,Cl1 2.5%, KOH 8-25%, KF 4%, and
H,O0. Lasing thresholds of the studied samples varied in the
range 4-20 mJ/cm?. Taking into account the pulse dura-
tions (4 ns in our experiments), these values correspond to
power density 1-5 MW/cm®. The lowest thresholds were
found for the films synthesized in LiOH, NH,OH, and KF
solutions.

The lasing spectra are characterized by clear mode
structure with line-width 0.2 nm. The typical lasing spec-
trum is shown in Fig. 6 for the ZnO film grown using
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Fig. 6 Emission spectra of ZnO films obtained at varying excitation
levels (0.8 Ey; Eg = 4.8 m)/em?; 1.45 Ey; 1.64 Eg; 1.95 Egy; 2.32
Eqn)
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NH4OH as solvent. Mode spacing Al ~ 0.94 nm, and
0.3 nm line-width are characteristic of this spectrum; lasing
threshold Ey, is 4.8 mJ/cm®. Using simplified equation
L~ /12/(2n*Ai), where / is the wavelength, n is refraction
index, we have evaluated the resonator length L ~ 33 pm.

It should be noted that lasing in hydrothermally grown
ZnO was described only in two works [5, 6]. In [6] the
conclusion on lasing action was made only on the base of
emission line narrowing in ~2 times at the increase of
pumping level. The lasing threshold [5] was 70 pJ/cm?®
(280 MW/cm?) at the excitation by the source with pulse
duration 250 fs. This value is much higher than threshold
observed in our experiments (1-5 MW/crnz).

For studied hydrothermally synthesized ZnO powders,
the lasing threshold seems to be higher than the power of
our laser (5 MW). This fact may be explained by as dif-
ferent optical qualities so as by different morphology of
crystallites forming in powders and films.

Resume

Zinc oxide high quality ultra-fine crystalline powders and
films were synthesized under soft hydrothermal conditions
using aqueous solutions of LiOH, KOH, NH,OH, NH,CI,
and KF as solvents. The phase composition, crystal mor-
phology, and luminescent properties of submicron ZnO
powders and polycrystalline films were studied depending
on synthesis conditions (system composition, precursor
kind, solvent type and concentration, temperature and
duration of hydrothermal treatment).

The crystallite sizes in the resultant powder materials
varied from 100 nm to 10 pum, depending on the synthesis
conditions. Growth morphologies varied from rounded
shape-less forms till well-developed prisms, wires, plates,
flowers etc. Well-aligned ZnO nanorod arrays were char-
acteristic of polycrystalline films grown on Zn-substrates.
ZnO microcrystallites were 150-500 nm in size.

Zinc oxide polycrystalline films demonstrated UV lasing
at room temperatures, threshold being equal to 1-5 MW/cm?>.
The minimal threshold was observed for the ZnO films
grown using LiOH solutions. Clear mode structure with
line-width 0.3 nm is characteristic of the lasing spectra.
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