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Abstract

We propose to produce ZnO nanostructured material by thermal treatment in oxygen ambi-
ent of bulk ZnTe crystals and nanowires obtained by electrochemical treatment. Bulk ZnTe crys-
tals are transformed into granular ZnO media by thermal treatment in a range of 700—-800°C. This
technology ensures a high optical quality of the produced ZnO nanostructured material to act as a
gain medium for stimulated emission in the ultraviolet spectral region. The produced structures
are expected to find applications in microlaser technologies for optoelectronics and photonics.

1. Introduction

Lasing in disordered media (random lasers) has been the subject of intense theoretical
and experimental studies since the pioneering work of Letokhov and co-workers [1]. With a
wide bandgap of 3.36 eV at room temperature and large exciton binding energy of 60 meV,
ZnO holds a great promise for random laser applications provided structures with relevant
light scattering properties are produced. Due to the possibility of multiple and switchable
growth directions of the wurtzite structure and the high ionicity of its polar surfaces, ZnO
provides conditions for the formation of a rich diversity micro/nanostructure ([2-5] and refs
therein) many of which may be suitable for lasing.

Remarkable lasing properties were demonstrated with epitaxial and microcrystalline
thin films [6-8], arrays of ZnO nanorods [9-19], nanowires [20], nanoneedles [21], nano-
belts [22], microdiscs [23], and tetrapods [24-26]. The corresponding emission mechanism
was assumed to be related to the near-band-edge radiative recombination of free excitons (FE,
~3.375 eV), exciton-exciton scattering (EES, ~3.18 eV), and electron-hole plasma (EHP,
~3.14 eV) recombination [20]. Note that nanolasers based on ZnO structures are promising
for diverse applications including fluorescent sensor technologies, information storage, and
microanalysis [9].

Random lasing was mainly demonstrated in ZnO powders and nanocrystalline films.
Recently, a new method to produce ZnO random laser media with controlled morphology on
the basis of annealing of ZnSe templates has been proposed [27].

In this paper, we show that this approach can be extended to ZnTe templates. In contrast
to ZnSe, the as-grown ZnTe crystals are of p-type conductivity, while the ZnO material pro-
duced on their basis is of n-type. This approach could open prospects for the development of
random laser media with electrical pumping.
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2. Technological aspects and morphology characterization

Bulk Na doped ZnTe single crystals with a free hole concentration of 3x10'® cm™ were
used to prepare a nanostructured ZnO material. Two methods were applied. ZnTe bulk crys-
tals were annealed in a temperature interval of 300 to 800°C for 1 h with the first method. The
treatment at 800°C produces a nanocrystalline material with the morphology shown in
Fig. 1a. The mean grain size of the crystallites is around 300 nm. With a second approach, a
template of ZnTe nanowires with a mean diameter around 50 nm (Fig. 1b) is produced in the
first step by electrochemical treatment of ZnTe crystals as described elsewhere [28]. The
overall dissolution process can be described by the reaction [29]

ZnTe + 6" +2H,0—->Zn’" + HTeO," + 3H',
where /" are holes.

The temperature of the electrolyte was kept constant with a thermostat. The electrolyte
was continuously pumped through both chambers of the double cell using a peristaltic pump.
The area of the sample exposed to the electrolyte solution was 0.25 cm”. The anodic etching
was carried out in a HNO3;:HCI:H,O electrolyte with the ratio of 5:20:100 at 25°C with the
application of 0.3 s voltage pulses with a frequency of 1 Hz and an amplitude of 5 V. After
the etching, the samples were dipped in a solution of polysulfide to remove oxidation prod-
ucts and then rinsed in de-ionized water. The ZnTe nanowires are transformed into ZnO
nanowires in the second step by thermal treatment. The morphology of nanowires is not
changed by annealing at 500°C, while the material is totally oxidized.

Fig. 1. Morphology of the ZnO nanocrystalline medium produced by thermal treatment from
bulk (a) and nanowire (b) ZnTe.

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

3. Photoluminescence and XRD characterization
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 ensuring a spectral reso-

lution better than 0.5 meV. The samples were mounted on the cold station of a LTS-22-C-330
optical cryogenic system. The PL spectra were measured at a temperature of 10 K.
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Figure 2a demonstrates that the ZnTe material is transformed into high quality ZnO by
annealing at 800°C. The as-grown ZnTe sample shows a band-edge emission peak at
2.377 eV related to the recombination of bound excitons followed by two dipper bands at
2.340 eV and 2.314 eV attributed to donor-acceptor pair (DA1) recombination and its LO
phonon replica [30]. Apart from near-band-edge emissions, a broad and structured deep-level-
related PL band is observed at lower photon energies. This band corresponds to a zero-
phonon line at 2.245 eV with a series of phonon replica attributed to another DA2 donor-
acceptor pair transition [28]. It was suggested that the excitons observed in these samples are
bound to the Na acceptor, since this is a major acceptor impurity in the samples [28]. The Na
impurity was also suggested to be involved as acceptor in the two DAP transitions observed,
along with two donors with different activation energies [28]. The shallower donor is in-
volved in the DAL transition, while the deeper one is responsible for the DA2 transition. The
high optical quality of the produced ZnO material is demonstrated by the PL spectrum, which
is dominated by an emission band related to the recombination of donor bound DX, and a
band associated with donor-acceptor pair recombination (DA).
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Fig. 2. (a) PL spectra of the initial bulk ZnTe (1) and nanostructured ZnO (2) produced from
bulk ZnO through thermal treatment at 800°C, inset is the detailed representation of the near-band-
edge emission from bulk ZnTe. (b) A compassion of the PL spectrum of ZnO nanowires produced
from ZnTe nanowires (1) with the PL of a high quality ZnO single crystal (2), the inset are the detailed
spectra in the near-band-edge region.

The PL and XRD characterization with an X-ray diffractometer with a CuK,, radiation
demonstrates that a gradual oxidation of the ZnTe crystal and the transformation of the initial
zincblende ZnTe structure to the wurzite ZnO structure occur with increasing the annealing
temperature (Fig. 3). Annealing at 400°C leads to the emergence of PL bands related to ZnO
crystallites. Only PL bands of the ZnO component remain in the PL spectrum of samples an-
nealed at 700°C. These observations are corroborated by the analysis of XRD spectra
(Fig. 3b). The ZnTe crystal annealed at 500°C shows a mixed diffraction pattern of ZnTe and
Zn0O in the XRD spectrum. The (100), (002), and (101) ZnO diffraction peaks are clearly seen
in the XRD spectrum for the sample annealed at 600°C. The XRD pattern for the samples
annealed at 7, > 700°C consists of only ZnO diffraction peaks, indicating that ZnTe fully
transforms into porous ZnO with a hexagonal wurtzite structure.
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Fig. 3. CW PL (a) and XRD (b) spectra of bulk ZnTe (1) and of the material produced by an-
nealing of bulk ZnTe at 500 (2), 700 (3), and 800°C (4).

Similar transformations occur with ZnTe nanowires, but the temperature of trancorma-
tion from ZnTe to ZnO is lower as compared to the bulk material. ZnTe nanowires are totally
transformed to ZnO after annealing at 500°C. The high optical quality of the ZnO material
produced from ZnTe nanowires is demonstrated by the comparison of its PL spectrum with
the spectrum of a high quality ZnO single crystal (Fig. 2b). In both samples, the PL spectrum
is dominated by the emission related to the recombination of donor bound D’X excitons. The
only difference is that the spectrum of the material produced from ZnTe nanowires contains a
PL band related to the donor-acceptor pair recombination DA with phonon replica, while
phonon replicas of the D’X transition are well resolved in the spectrum of the ZnO single
crystal along with the two-electron replica of the D"X transition (D"X),. and the PL band re-
lated to the recombination of free excitons X, and Xc.

4. Characterization of light scattering properties and random lasing effects

The photonic strength of the scattering medium is defined in terms of the transport
mean free path l;, which is the average length required to randomize the direction of propaga-
tion of the light by scattering. A small value of 1; corresponds to efficient scattering or high
photonic strength. To characterize the photonic strength of the samples, the transport mean-
free path I; is deduced from enhanced backscattering EBS measurements [31]. EBS refers to
an increase in the reflected intensity from a disordered multiple-scattering sample at exactly
the backscattering direction. This increase is due to interference of waves propagating along
time-reversed optical paths. The measured angular dependence of the backscattering ZnO
samples with morphologies illustrated in Fig. 1a is shown in Fig. 4a. The full width at half
maximum W of the EBS cone is directly related to the transport mean free path l.. For a non-
absorbing and semi-infinite sample, this relation is 1y = 0.7A(1-R)/2nW [32], where R is the
angular and polarization-averaged internal reflection at the sample boundary. With the W =
11 mrad and R = 0.75, the determined value of the transport mean free path is I;= 1.5 pm.

The lasing characteristics of the produced ZnO structures were measured at room tem-
perature under the pumping by the third harmonic of a Q-switched Nd:YAG laser (355 nm,
10 ns, 10 Hz). The pumping power density was varied from 0.1 MW/cm® up to 6 MW/cm®.
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Fig. 4. (a) Measured angular dependence of the backscattering for a ZnO sample with the mor-
phology illustrated in Fig. la. (b) Emission spectra of a nanostructured ZnO sample measured at room
temperature under the excitation power density of 1.1 MW/cm? (1), 4.3 MW/cm? (2), and 4.9 MW/cm®
(3). The spectra are excited by 10 nsec laser pulses and integrated over 30 pulses. The inset is the de-
pendence of the intensity of emission on the excitation power density.

The emission spectra of a porous ZnO sample with the morphology of figure la under ns
pulse excitation are shown in Fig. 4b. When the pump power reaches a threshold of
3.5 MW/cm?, the intensity of the emission sharply increases and the emission band is signifi-
cantly narrowed. Apart from that, a number of narrow lines emerge in the emission spectra
with increasing excitation power density. These lines are supposed to be related to lasing
modes in random resonators with the highest quality factor.

5. Conclusions

The results of this work demonstrate that a simple thermal treatment of bulk ZnTe crys-
tals and nanowires obtained by electrochemical treatment produces ZnO material of a high
optical quality to act as a gain medium for stimulated emission in the ultraviolet spectral re-
gion. The thermal treatment of bulk ZnTe crystals provides conditions for the formation of a
nanostructured medium with a homogeneous distribution of grains with a mean size around
300 nm. This morphology ensures light scattering properties suitable for random lasing.
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