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Abstract

A comparative analysis of various technological methods for the preparation of
nanostructured ZnO films is performed in this work to identify technologies suitable for the
development of laser structures. It is shown that arrays of nanorods with a regular hexagonal
geometry are readily produced by low-pressure chemical vapor deposition (CVD), chemical bath
deposition (CBD), and electrochemical depositions (ECD) and these nanorods can play the role
of resonators for guided modes. Irregular nanostructured layers with strong light scattering
properties can be prepared by metal-organic chemical vapor deposition (MOCVD), aerosol spray
pyrolysis, and by thermal treatment of ZnSe crystals. As concerns the optical quality necessary
for stimulated emission and optical gain, low-pressure CVD and MOCVD are most suitable,
while CBD and ECD can hardly provide the required quality for lasing action.

1. Introduction

There has been a steady increasing interest in optoelectronic applications of zinc oxide in
the last decades [1-11] due to excellent semiconductor properties of this material, such as high
electron mobility and thermal conductivity, good optical transparency, large bandgap (3.36 eV at
room temperature), high exciton binding energy (60 meV), high optical gain, (320 cm™ at room
temperature), high damage threshold under strong excitations, and high resistance against
radiation. These optoelectronic applications include photovoltaic cells, light emitting diodes, and
lasers, detectors among others.

Another specific property of ZnO, which results from multiple changes in the growth
directions of the wurtzite structure and high ionicity of polar surfaces [12, 13], is that it provides
conditions for obtaining a large diversity of micro/nanostructures, such as nanowires, nanobelts,
nanorings, nanospirals/nanobows, nanocombs, etc., many of which are suitable for designing
lasers.

Therefore, nanostructured ZnO films produced by various technological methods provide
conditions for lasing effects with different laser mode structures due to different resonator types,
provided that the applied technologies ensure high optical quality of films in terms of optical
gain, and high figure of merit of the produced resonators.

The goal of this paper is to perform a comparative analysis of the effect of technological
conditions applied during the growth of nanostructured ZnO films by various technological
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methods upon the morphology and luminescence properties of the produced films and identify
which of them are most suitable for developing lasers.

2. Sample preparation and experimental details

Nanostructured ZnO films were produced by various technologies. Metal organic chemical
vapor deposition (MOCVD) was performed in a horizontal double furnace set-up consisting of a
source furnace and a main furnace as described elsewhere [14], with a zinc acetylacetonate
material introduced into the source furnace. The vapors were transported into the main furnace by
an Ar gas flow which was mixed with another flow of Ar and O, gases at the entrance of the
main furnace. The morphology of ZnO structures produced by this method was determined by
the ratio of the gas flow rates.

With chemical vapor deposition (CVD) procedure, ZnO nanowire films were grown on Si
(100) substrates at a low pressure (a level of 5 Torr) in a two-zone quartz flow reactor [15, 16]
with metallic zinc of high purity (99.999%) and an oxygen-argon mixture (15 vol % of oxygen)
as starting reactants. In the first zone, zinc was evaporated; in the second zone, zinc vapors
interacted with oxygen. An oxygen-argon mixture was fed to the reactor. The synthesis was
conducted on substrates located in the second zone at different distances from the zinc source.
ZnO nanowires were synthesized with high yield by controlling the flow rates and partial
pressures of oxygen, argon, and zinc vapor. Growth of vertical nanowires started for a certain
critical ratio of oxygen/zinc vapors. The shape and size of the ZnO nanowires/nanorods were
found to depend on the position of the substrate in the growth zone.

With chemical bath deposition (CBD) method, the substrates were immersed in an aqueous
solution bath comprising a mixture of saturated ZnCl, and concentrated NH,OH [14, 17].

The reactions of the formation of complex Zn ions and their interaction with NH,OH are as
follows:

ZnCl,*2H,0+4H,0 <> Zn(H,0)s** + 2CI
Zn(H,0)s*" + 2NH,OH <> Zn(OH)d + 2NH," + 6H,0
Zn(OH), + 4NH,4OH <> Zn(NHs),** + 20H" +4H,0
Zn(NH3),>* + 20H <> Zn(OH)od + 4NH; T

The substrate with the deposited Zn(OH), is calcinated at 250-300°C for 2 h. ZnO nanorods are
formed as a result of the reaction:

Zn(OH)2 — Zn0 + H,0.

Quasi-continuous and nanostructured ZnO layers were obtained by electrochemical
deposition (ECD) using a zinc nitrate (Zn(NO3),) solution with a concentration of 0.05-20 mM
and hydrogen peroxide (H,O,) with a concentration of 0.1 M in an electrochemical cell with three
electrodes: a metallic zinc or silicon working electrode, an Ag/AgCI reference electrode, and a
platinum counter electrode. Aluminum nitrate (Al(NO3)3) was used for n-type doping. The
following reactions occur with application of potential at the cathode:
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NO; +2e +HyO—>20H +NO;
H,O,+2e > 20H
Zn** + 2 OH — Zn(OH),
Zn(OH), — ZnO + H,0.

The conversion of zinc hydroxide to zinc oxide, which is deposited on the cathode (substrate),
occurs at temperatures above 60°C.

Non-doped and In+N co-doped ZnO films were also prepared by aerosol spray pyrolysis
with a special injector under the pressure of an oxygen flow with acetate dihydrate
(Zn(CH3C00),-2H,0) dissolved in ethylic alcohol. Doping with indium was performed by
adding an indium nitrate (In(NOgz)3) solution; doping with nitrogen was achieved by dissolution
of ammonium acetate (CH3COONH,) stabilized by diethanolamine (C4;H1:NO).

Apart from that, a nanostructured ZnO material was prepared from bulk ZnSe single
crystals by their transformation into ZnO by thermal treatment in oxygen ambient at different
temperatures in a range of 600-800°C for 1 h.

The morphology and chemical composition microanalysis of samples were studied using a
VEGA TESCAN TS 5130MM scanning electron microscope (SEM) equipped with an Oxford
Instruments INCA energy dispersive X-ray (EDX) system.

The continuous wave (cw) photoluminescence (PL) was excited by the 351.1-nm line of an
Ar" SpectraPhysics laser and analyzed with a double spectrometer providing a spectral resolution
better than 0.5 meV. The samples were mounted on the cold station of a LTS-22-C-330 optical
cryogenic system.

The lasing characteristics of the produced ZnO structures were measured at 10 K in a He-
flow cryostat under the pumping by the third harmonic of a Q-switched Nd:YAG laser (355 nm,
10 ns, 10 Hz). The spectra were recorded by a CCD matrix covering a wavelength interval of 40
nm with the dispersion of about 0.04 nm/px.

3. Results and discussion

The MOCVD process usually produces a ZnO film consisting of nanorods with the
morphology illustrated in Fig. la. The nanorods are arrow-headed with a mean diameter of
200-400 nm. On the other hand, hexagonal ZnO nanorods with a narrow size distribution
centered at a diameter of 300 nm are produced with low pressure CVD growth as deduced from
analysis of the SEM image in Fig. 1b. The array of nanorods is highly oriented perpendicular to
the substrate surface. Arrays of hexagonal ZnO nanorods are also produced by CBD (Fig. 1c) and
ECD (Fig. 1d) technologies. A film with a more complex structure consisting of large building
blocks, which are nanostructured in turn, is usually produced by aerosol spray pyrolysis as shown
in Fig. le. As mentioned above, a nanostructured ZnO material with the morphology illustrated
in Fig. 1f is obtained by annealing bulk ZnSe single crystals in oxygen ambient.

Analysis of these morphologies in the context of possible laser resonators suggests that
arrays of hexagonal nanorods shown in Figs. 1b—1d could sustain laser modes inherent in
classical resonators, such as Fabry—Perot (FP) cavities satisfying the following relation [18]:
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where AA is the wavelength difference for two neighboring modes, L is the resonator length
(nanorod length in our case), and n is the refraction index of ZnO, or guided modes resulting
from solving the Helmholtz equation for the magnetic field eigenmodes H(x,y) and eigenvalues
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where nes is the effective refractive index, Ko is the vacuum wave vector, and £ is the propagation
constant [19]. On the other hand, the films with morphologies shown in Figs. 1a, 1le, and 1f can
most probably sustain random lasing.

Conventional lasing due to FP cavities is unlikely to occur in ZnO nanorods illustrated in
Fig. la due to the sharp top surface of the ZnO nanorods with large optical loss and an
insufficient optical gain in short nanorod with a length of about 1 um. The arrow-headed ZnO
nanorods are not expected to support guided lasing modes either because of their geometrical
shape and the wavy form of their surface, which leads to significant light scattering and large
optical losses [20]. On the other hand, a random laser does not require a regular cavity; instead, it
depends on the scattering properties of the material. It is also hardly expected to find classical
regular resonators in layers with the morphology shown in Fig. 1e. On the other hand, strong
light scattering is readily provided by this morphology, which is a mandatory condition for
random lasing. Conditions for random lasing are most probably fulfilled also in structures
produced by annealing of bulk single crystalline ZnSe, which leads to the formation of a uniform
nanostructured material with the mean grain size of 100-200 nm as shown in Fig. 1f [21].
Therefore, random laser action is possible in all types of ZnO layers with the morphology shown
in Figs. 1a, 1e, and 1f.

In nanorods with a regular hexagonal structure, guided modes can easily propagate and
the mode structure can be controlled by changing the geometrical parameters of nanorods as
demonstrated in Fig. 2 for ZnO films produced by low-pressure CVD. The size of
nanowire/nanorods produced by this technology was found to depend on the O/Zn precursor ratio
during growth, which in turn is determined by the position of the substrate in the growth zone
[22]. Figure 2a shows that high densities of nanorods with a diameter of 300 nm grow over the
ZnO seed layer on a Si substrate positioned at the entrance of the growth zone (higher O/Zn
ratio). On the other hand, ZnO nanowires with a diameter of 50-100 nm grow on substrates
placed at the exit of the zone (lower O/Zn ratio). The average length of the nanorods/nanowires is
about 5 pm.

The morphology of ZnO films produced by ECD can also be controlled by the
technological conditions as shown in Fig. 3. Particularly, the density of ZnO nanorods on the
substrate depends on the supersaturation level with precursors and on the rates of their refreshing.
At high supersaturation levels, a high density of nanorods is produced, which coalesce to form a
quasi-continuous film (Fig. 3b). The shapes and sizes of nanorods are also affected by the voltage
applied during ECD. Hexagonal nanorods are obtained at an applied voltage of 1.7 V with respect
to the reference electrode (Fig. 3a), while arrow-headed nanorods similar to those grown by
MOCVD are produced at an applied voltage of 1.8 V (Fig. 3c).
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Fig. 1. SEM images of ZnO films produced by various technologies: (a) MOCVD, (b) low-pressure CVD,
(c) CBD, (d) ECD, (e) aerosol spray pyrolysis, and (f) thermal treatment of bulk ZnSe.
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Fig. 2. Tilted SEM view of ZnO nanorods produced by low-pressure CVD with (left) a high and (right)
low O/Zn ratio.

Fig. 3. SEM view of ZnO films produced by ECD with an applied voltage of (a, b) 1.7 and
(c) 1.8 VV (Ag/AgCI). The concentration of precursors is moderate in (a) and (c) and high in (b).
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Apart from high figure of merit resonators, high optical quality of ZnO structures is
necessary to provide stimulated emission and laser action. The cw PL characterization revealed
the high optical quality of the ZnO structures produced by MOCVD (Fig. 4a) and low-pressure
CVD (Fig. 4b). The PL spectrum is dominated by the recombination of donor bound excitons
D°X with phonon replica, along with free exciton FX emission and a band due to the donor
acceptor pair recombination DA, the D°X luminescence in films grown by low-pressure CVD
being determined by the I4, l4, and lg lines [23]. The intensity of the DA luminescence is more
than two orders of magnitude lower than the D”X luminescence. The samples grown by aerosol
spray pyrolysis and those produced by thermal treatment of bulk ZnSe also exhibit fairly high
optical quality, the PL spectrum being dominated by the recombination of D°X excitons in the
case of the material produced from ZnSe crystals (Fig. 4f) and by the recombination of acceptor-
bound excitons A’X in films prepared by aerosol spray pyrolysis and co-doped by In and N (Fig.
4e).

The samples prepared by the CBD and ECD methods exhibit luminescence properties
(Figs. 4c and 4d) different from those of the samples prepared by MOCVD and low-pressure
CVD. The low-temperature luminescence intensity in these samples is three orders of magnitude
lower, and the PL intensity decreases as little as by a factor of 5 with an increase in temperature
to 300 K (not shown here), as compared to the three orders of magnitude decrease in the PL
intensity with the same temperature increase in the samples prepared by MOCVD and low-
pressure CVD. This observation is indicative of the different natures of electronic transitions
responsible for near-band-edge luminescence in the samples prepared by MOCVD or low-
pressure CVD on the one side and those prepared by CBD or ECD on the other side. A
characteristic feature of the near-bandgap PL band in the samples prepared by CBD and ECD is
the broadening towards the Stokes part of the emission. It has been previously shown that the
broadening of the PL band involved can be accounted for by the broadening of the band edges
due to the potential fluctuations induced by the high concentration of intrinsic defects or
impurities [24, 25], and this broadening is a measure of sample doping with impurities.

Apart from the control of morphology by adjusting the technological parameters in the
ECD process, the electrical parameters of the deposited films can be controlled by doping with
donor impurities, for instance, with aluminum, as described above. The degree of doping with Al
and accordingly the electron concentration, can be monitored by investigating the width of the PL
band. Figure 5a presents PL spectra of ZnO films doped with Al from solutions with various
concentration of aluminum nitrate (increasing from 1 to 4). The width of the PL band increases
from 28 to 155 meV with increasing degree of doping. By using the previously determined
dependence of the PL band width on the free electron concentration in ZnO films [26] as a
calibration curve, one can estimate that the electron concentration increases from 1.2 x 10*° cm®
in sample #1 to 2.7 x 10?° cm ™ in sample #4.

Electrical parameters of the deposited films can also be controlled by doping in an aerosol
spray pyrolysis process. The PL spectra presented in Fig. 5b suggest that p-type conductivity can
be obtained in ZnO films doped with nitrogen as described above. It is evident that the PL
spectrum of a specially undoped sample is dominated by the luminescence at 3.360 eV coming
from the recombination of excitons bound to a residual donor impurity, while the spectrum of the
sample doped with N is dominated by a PL band at 3.349 eV related to the recombination of
acceptor bound excitons [1], most probably of excitons bound to the N acceptor. This assumption
was also confirmed by thermoelectric voltage experiments. The possibilities of obtaining films
with p-type conductivity are especially important for the development of an electrically pumped
laser.
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Fig. 4. Typical cw PL spectrum of the ZnO material produced by (a) MOCVD, (b) low-pressure CVD,
(c) CBD, (d) ECD, (e) aerosol spray pyrolysis, and (f) thermal treatment of bulk ZnSe. The spectra are
measured at T = 10 K.
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Fig. 5. (a) PL spectra measured at 10 K for ZnO films doped with Al in the ECD process (degree of
doping increases from 1 to 4). (b) PL spectra measured at 10 K for (1) the undoped sample and (2) for the
N-doped sample in the aerosol spray pyrolysis process.

Analysis of PL properties suggests that the films produced by MOCVD and low-pressure
CVD should be suitable for the development of lasers, while the optical quality of films prepared
by CBD and ECD could be insufficiently high for sustaining stimulated emission and laser
action. To verify this issue, the emission spectra of films composed of nanorod arrays with nearly
identical morphology and geometrical parameters (as shown in Fig. 6), yet prepared by different
methods (by low-pressure CVD and ECD in this case) were studied under pulsed optical
pumping under identical conditions. In both cases, the samples have the form of arrays of
nanorods with a diameter of about 300 nm and a length of 4-5 um.

Fig. 6. Top-view and cross-section SEM images of ZnO nanorod films prepared by (a) low-pressure CVD
and (b) ECD technologies.

Figure 7a presents the emission spectra of an ensemble of ZnO nanorods with
morphology illustrated in Fig. 6a under excitation with a laser spot of 0.2 mm? The spectra are
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excited by 10-ns laser pulses at a low temperature (10 K) and integrated over 200 pulses. At an
excitation power of about 0.2 MW/cm?, spontaneous emission of about 3.35-3.36 eV is observed.
As the pump power increases, the luminescence broadens and undergoes a red shift with
increasing intensity. When the power exceeds 0.25 MW/cm?, additional narrow peaks emerge in
the lower energy region. These peaks dramatically increase with a further increase in the pump
power. A narrow linewidth (4-5 meV) and a rapid increase in the emission intensities of the
peaks indicate that lasing occurs. The observed peaks represent a superposition of lasing modes
from different nanorods [20]. In contrast to this, the emission spectrum of the nanorod ensemble
grown by ECD with morphology illustrated in Fig. 6b does not change significantly with
increasing excitation power density. No narrow emission peaks emerge in the spectrum even at
an excitation power density of 3 MW/cm?; only a broad emission band related to spontaneous
emission is observed. With an increase in the excitation power density above 3 MW/cm?, the
sample is damaged without attaining laser action. Therefore, one can conclude that the optical
quality of films prepared by ECD in not satisfactory for lasing.
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Fig. 7. (a) Lasing in an ensemble of nanorods prepared by low-pressure CVD, as measured at different
excitation power densities: (1) 200, (2) 250, (3) 350, (4) 500, (5) 1500, and (6) 2750 kW/cm?.
(b) Emission spectra of the nanorod array prepared by ECD, as measured at excitation power densities of
(1) 200, (2) 500, and (3) 3000 kW/cm?.

4. Conclusions

This study has shown possibilities of various technological methods to control the
morphology and the optical quality of the produced nanostructured ZnO films in view of their
implementation in lasers. Investigations of morphologies and emission properties under cw and
high-density nanosecond pulsed excitation have shown that low-pressure CVD technologies are
most suitable for producing lasing structures with regular resonators sustaining guided modes,
while MOCVD, aerosol spray pyrolysis, and thermal treatment of ZnSe crystals produce irregular
nanostructures with strong light scattering and high optical quality for random lasers. Wet
technologies, such as CBD and ECD, provide the preparation of nanorod arrays which could play
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the role of resonators for guided modes; however, procedures should be developed for improving
the optical quality to achieve stimulated emission and provide an optical gain for laser action.
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