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ROOM-TEMPERATURE ULTRAVIOLET LASER
EMISSION FROM ZNO HEXAGONAL MICROPRISMS
AND NANOWIRES
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We report the observation of optically pumped laser generation in ZnO microprisms and nanowires
at room temperature. The ZnO microprisms were grown on the single crystal (100) silicon substrates
by a solid-vapor-phase process. The ZnO nanowires were grown on a glass substrate coated with
indium tin oxide by the electrochemical deposition. Laser effect was observed at room temperature
at the optically pump power higher than 685 kW ¢m for ZnO microprisms and 560 kW c¢cm2 — for
ZnO nanowires.
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YIABTPA®UOJIETOBOE JIABEPHOE U3JIYYEHHUE OT ZNO
I'EKCAT'OHAJIBHBIX MUKPOIIPU3M U HAHOITPOBOJIOK

TP KOMHATHOM TEMIIEPATYPE
B. b. Kanycrsinnk, b. . Typko, 10. B. Pynbik, B. C. I{p10yabcknid,
B. II. PyasIk, A. I1. BacbkuB

MaI cooOIriaeM 0 HaOJIOICHUH JIA3ePHON TeHepaIliy PU ONTHYECKON Hakadke B ZnO MUKPOINPU3-
Max W HaHOIIPOBOJIOKAaX MpH KOMHATHOW Temmeparype. MukpomnpusMbl ZnO ObUIH BBIpAIeHbl Ha
MoHOKpucTandecknx (100) KpeMHUEBBIX TOIOKKaX C mapoBoi (as3el. ZnO HAHOMPOBOIOKH
OBLIH BRIPAIIIEHBI HA CTEKJITHHBIX MOJIIIOKKAX, TOKPBITHIX OKCHUHBIM CJIO€M HHJIUS C OJIOBOM, ITyTEM
ANEKTPOXUMHUYECKOTO ocaxkneHus. JlazepHbiii 3hdekt HaOmomancs mpu KOMHATHOW TeMIieparype
B TEX CIIy4YasiX, KOTJa MOIIHOCTb ONTHYECKHI HaKauky mpeBbimana 685 kBt cm? mist ZnO MuKpo-
npu3M u 560 kBt eMm? s ZnO HaHOTIPOBOJIOK.

KiroueBble ciioBa: OKcH/ LIMHKA, JTa3epHOE M3ITydeHUE, yabTpadroaeToBas (OTOMIOMUHECIECHIHS,
MHUKPOCTPYKTYPBI, HAHOITPOBOJIOKH.

VIBTPA®IOJIETOBE JIASEPHE BUIITPOMIHIOBAHHSA BIJ ZNO
IF'EKCAT'OHAJIBHUX MIKPOITPU3M I HAHOAPOTIB
3A KIMHATHOI TEMITEPATYPHU
B. b. Kanycrsanuk, b. 1. Typko, 1O. B. Pynuk, B. C. ln0yabckuii,
B. II. Pynuk, A. II. BacbkiB

Mu TIOBIZOMIIIEMO TIPO CITOCTEPEIKECHHS Ja3epHOi TeHepallii Py ONTHYHOMY HarHiTaHHi B ZnO
MIKpOTIpU3Max i HAHOJPOTax 3a KiMHATHOI TeMmepatypu. Mikpornpusmu ZnO Oyiu BUPOIIEHi 3 Ta-
poBoi dazu Ha MmoHokpucTanigaux (100) kpemHieBuX miakiaakax. ZnO HaHOAPOTH OyJIM BUPOLICHI
CJIEKTPOXIMIYHMM OCAJKEHHSIM Ha CKJISTHUX MiJIKJIaIKaX, TOKPUTUX OKCHUAHUM IIapOM iHIIIO 3 0JI0-
BoM. JlazepHuii eekt criocTepiraBes py KIMHATHIN TeMIIEpaTypi B THX BUMIA/IKAX, KOJIH [TOTYXHICTh
ONITHYHOTO HATHITaHHS MepeBHIIyBaia 3HadeHHs 685 kBT cm 2 mist ZnO mikporpusm i 560 kBT cm 2
st ZnO HAHOIPOTIB.

KurouoBi ciioBa: okcu ITUHKY, Ja3epHE BUIIPOMIHIOBAHHS, YIbTpadioneToBa (GOTOTIOMIHECIICHITIA,
MIKPOCTPYKTYPH, HAHOAPOTH.

1. INTRODUCTION emit light in blue and ultraviolet spectral regions
The current state of optoelectronics requires [1]. Zinc oxide is a semiconductor material with
search of efficient laser materials that would aband gap of 3.37 eV at room temperature. The
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free excitons in zinc oxide are stable even at
room temperature due to their large binding
energy (60 meV) [2], As a result, it is possible
to obtain the laser effect based on the exciton
recombination. The random laser generation
was observed in ZnO micron size powder, thin
films and nanorods arrays [3—5]. Study of the
mechanisms of random lasing in ZnO is of
great importance for creating of the high-power
semiconductor lasers. This makes the zinc oxide
a promising material for creation of the powerful
semiconductor lasers in the ultraviolet range with
a low threshold pumping. Investigations of the
random lasers are performed by the numerous
research groups from different countries: USA,
Holland, Italy, Ireland, France, Greece, Ukraine,
China, Japan and Singapore.

We report the properties of the emitting ZnO
micro- and nanostructures. The aim of the work
is to define the influence of the resonator shape
on the threshold and spatial characteristics of
lasing.

2. EXPERIMENTAL

The ZnO microprisms (Fig. 1) were grown on the
single crystal (100) silicon substrates by a solid-
vapor-phase (VLS) process in a horizontal tube
furnace in air at 600 °C using Zn powder.

ZnO nanostructures on a glass substrate
coated with indium tin oxide (ITO) were syn-
thesized by the two-step process. Firstly, the
seed layer of ZnO nanoparticles was deposited
on the substrate by SILAR (Successive lonic
Layer Adsorption and Reaction) method [6].
For this purpose the substrate was immersed for
15-20 sec. into 0.5 M distilled water solution
of zinc salt and Zn(CH,COO), and hexameth-
ylenetetramine (HMT) at room temperature,
then washed in a distilled water, and dipped for
15-20 sec. into a distilled water at the tempera-
ture about 80 °C. This cycle was repeated 20-25
times. The nanowires (Fig. 2) were synthesized
by electrodeposition from an aqueous solution in
the electrochemical cell with two electrodes [7].
To obtain the nanostructures we used 20 mM
nitrate hexahydrate zinc Zn(NO,),-6H,O and
hexamine solution in a distilled water at the
temperature of 70 °C. The substrate with a seed
layer of ZnO nanoparticles was used as working
electrode-cathode, and as the second electrode-
anode we used a graphite plate. The potential of

—0.9 V was applied to the substrate that was kept
in a cell for 1 hour. After the process of synthe-
sis the substrate with nanowires was washed in
distilled water and dried in air.

Fig. 1. SEM images of ZnO microprisms

Morphology of the samples was examined
using REMMA-102-04 Scanning Electron
Microscope-Analyzer.

The room-temperature photoluminescence
spectra (PL) were measured using automated
monochromator/spectrograph M266 connected
with CCD camera, based on Hamamatsu S7030-
1006S sensor. The samples were excited by
FQSS266-Q2 Nd:YAG laser (266 nm).

Fig. 2. SEM image of ZnO nanowires

To obtain the room-temperature ultraviolet
laser emission from the experimental samples
the laser beam was focused by quartz lens with
a focal length of 7.5 cm.

3. RESULTS AND DISCUSSIONS

The morphology of the investigated samples
is presented in Fig. 1 and Fig. 2. As one can
see, the ZnO microprisms with a diameter of
about 2—4 um, length of ~4 pum and pronounced
hexagonal cut were grown on the (100) silicon
substrate. The undoped ZnO nanowires are char-
acterised by the uniform length of about 1 um
with the average diameter of about 100 nm.
The room-temperature PL spectra of the ZnO
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microprisms (Fig. 3) consists of the intense
bands both in the ultraviolet (UV) and visible
regions. The band at 388 nm is typical for ZnO
and arises due to recombination of free excitons,
bound excitons and transitions in donor-acceptor
pairs [8, 9]. The bands at 520 nm and 650 nm are
caused by defects, first of all, by uncontrolled
impurities and stoichiometry defects [8—11]. As
it is shown in Fig. 3, at low pump power the
emission spectra in the UV region consists of
a single broad emissions peak. Its full width at
half maximum (FWHM) is 18.1 nm.
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Fig. 3. Room-temperature PL spectra of the ZnO micro-
prisms

The emission spectra of the ZnO nanowires
(Fig. 4), in contrast to the PL spectra of the
microprisms, is characterized by the very intense
band in the ultraviolet region wavelengths of
light and much less intense one — in the visible
range.
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Fig. 4. Room-temperature photoluminescence spectra of
the ZnO nanowires

Fig. 5 presents the evolution of the edge
luminescence spectra for the excitation intensity

increasing from 120 kW cm2 to 1.3 MW cm™2.
For the pumping power of 1.3 MW cm? FWHM
of the emission band was found to be 2.5 nm.
The emission spectra of ZnO microprisms at the
optical pumping 1.3 MW cm™ consists of the
two maxima at 388 nm and 390 nm.
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Fig. 5. Evolution of the room-temperature edge lumi-

nescence spectra of the ZnO microprisms at the excitation
intensity increasing from 120 kW cm? to 1.3 MW cm?

Fig. 5, 6 present a clear evidence of the
stimulated emission with the threshold of
I ~685kW cm™.
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Fig. 6. The room-temperature dependence of integrated
output intensity on excitation intensity of the ZnO
microprisms

Although the alignement of the ZnO nano-
wires is quite chaotic, it is possible to select the
regions of their prevailing orientation along the
direction parallel to the electric field determined
by excitation with the polarized light of a Nd:YAG
laser. For ZnO nanowires the stimulated PL appears
starting from the pumping powers of 560 kW cm
as the narrow lasing line with a maximum at 388
nm (FWHM 1.8 nm) (Fig. 7, 8).
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Fig. 7. Evolution of the room-temperature edge lumi-
nescence spectra of the ZnO nanowires at the excitation
intensity increasing from 120 kW cm2to 1.2 MW cm™?

Fig. 9 shows the high polarization dependence
of the emission intensity of ZnO microprisms.
The emission above the threshold is found to
be strongly TE polarized (parallel to the growth
plane) for both types of samples.
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Fig. 8 The room-temperature dependence of the integrated
output intensity on excitation intensity for the ZnO
nanowires

According to the theoretical calculations the
stimulated luminescence line caused by recom-
bination of the interacting excitons at room tem-
perature should have a maximum in the range of
384-386 nm, and for the recombination of the
electron-hole plasma — in the range of 393—
397 nm [8, 12—14]. For our samples both mech-
anisms occur as it follows from the observed
stimulated luminescence spectra.

The obtained data confirm that excitonic
emission may be used for realization of efficient
lasing on the basis of ZnO due to its larger
exciton binding energy (60 meV) compared
to other wide-band-gap semiconductors.

Intensity, arb. units
[ ]
L]

0 30 60 90 120150180 210240 270300330
Polarization angle, deg

Fig. 9. Polarization dependence of laser emission of ZnO
microprisms

Exciton-exciton scattering-induced stimulated
emission is very important for the realization
of low-threshold lasers since it occurs at the
threshold lower than that for the electron-hole
plasma recombination. The demonstration of
stimulated emission with excitonic origin paves
the way for the realization of blue-violet laser
diodes based on ZnO [8].

As it is shown in Fig. 10, the laser emission
spectra of the ZnO nanowires varied depending
on the observation angle. At lower values of
the observation angles (o ~ 18°) laser emission
spectra of the ZnO nanowires also contains a
band with a maximum at 383 nm corresponding
to recombination of free excitons [12].
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Fig. 10. The room-temperature spectra of laser emission
of the ZnO nanowires for two directions: 1 — observation
angle o = 18° from the sample surface, 2 — observation
angle o = 70° from the sample surface. The excitation
intensity is 1.2 MW cm 2. The insets illustrate the exper-
imental configuration

In the case of ZnO microprisms there is
possible the emergence of optical feedback
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connected with reflection of light from the
upper and lower their parallel faces (Fabry-Perot
resonator structure).

The Fabry-Perot resonance mode spacing can
be determined by the equation [15]:

Ah=—, (1)

where [ is the cavity length, n is the refractive
index (~2.3), A is the resonant wavelength.

For a ZnO microprisms with a length of
4 um, the resonant mode is expected to be
at 388 nm (or 390 nm). The resonant mode
spacing for the cavity length of 4 um is around
8 nm. Therefore, it can be deduced that only
one single Fabry-Perot mode exists in the
ultraviolet photoluminescence range of ZnO
microprisms.

4. CONCLUSIONS

The structure and photoluminescence of ZnO
microprisms and nanowires were studied.
The laser generation was obtained in the
ultraviolet spectral range in vicinity of 388 nm.
We presented an evidence of the lasing effect
in the ZnO microprisms and nanowires. The
threshold intensity for ZnO microprisms and
nanowires was found to be approximately
685 kW cm™ and 560 kW cm™, respectively.
The coherent feedback in ZnO microprisms
can be provided by two basic mechanisms. In
the first case the coherent feedback is provid-
ed by multiple reflections from the end facets
of the microprisms serving as a Fabry-Perot
resonator. In the second case, the coherent
feedback is provided by multiple scattering
events (random lasing from ZnO). In contrast
to this for the ZnO nanowires it is possible
to realise only random laser generation.
The mechanism of laser emission for ZnO
microprisms and nanowires would be
connected with the exciton-exciton scattering
at intermediate intensities but may be switched
to the electron-hole plasma emission at higher
intensities [12, 13]. The ZnO nanowires and
microprisms grown using the methods patented
by authors manifest effective ultraviolet
stimulated luminescence at room temperature
and are promising for creation of the short-light
laser sources.
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