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Greenish white emission of ZnO microwalls fabricated by a hot target

magnetron sputtering method
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The processes of formation of two-dimensional ZnO microstructures were studied for the first time using the
hot magnetron sputtering regime. The fabricated microstructures had a morphology of multilayer walls 1—2um
thick and were characterized by the presence of pores up to 10um in size. The UV-vis and photoluminescence
spectroscopy methods revealed a significant modification of the optical properties of structures as a result of heat
treatment. In particular, postgrowth annealing resulted in a significant enhancement of the narrow UV near-band-
edge emission band, as well as the appearance of strong visible luminescence. A sufficiently long wavelength
position (~ 545nm) and a large width (FWHM ~ 140nm) of the visible luminescence band cause the visually

observed bright greenish white emission.
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The rapid growth of world economy and depletion of
energy reserves impose strict requirements on the energy
efficiency of industrial equipment, devices, and instruments.
Lighting equipment accounts for a considerable fraction of
the overall power consumption. Traditional incandescent
and fluorescent lamps were driven into the background
after the invention of light-emitting diode (LED) devices.
LEDs emitting in the blue region of the spectrum and
luminophores absorbing blue quanta and converting them
into lower-energy ones are the key components of so-
called white LEDs [1,2]. Multilayer structures, which
are typically based on InGaN/GaN, are used as blue
LEDs. Individual layers in a multilayer structure may
be strained; this affects the band structure parameters of
InGaN and reduces the efficiency of luminophore excitation.
Powders of complex compounds doped with rare-earth
elements (e.g., YAG:Ce [3] and Sr3GdNa(PO4);F:Dy [4]) are
commonly used as luminophores. The research into organic
luminophores is also progressing rapidly at present [5-7].
In general, the concept of integration of a LED and a
luminophore in a single package makes the fabrication tech-
nology more complex and reduces the product yield. The
optimum way is to use a readily available and processable
material with a wide emission spectrum in the visible region
and a high light yield. The search for materials having these
features and satisfying all the requirements for production
is relevant at present. Wide-band semiconducting zinc oxide
(ZnO) appears to be a promising research target in this
context. Owing to its unique electrophysical and optical
properties, relatively low cost, and the potential to produce
a wide variety of micro- and nanostructures, this material
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is examined for various applications in optoelectronics and
photonics [8].

The typical ZnO luminescence spectrum contains two
major bands: a narrow near-band-luminescence band in
the 380—390nm region and a relatively broad visible
luminescence band, which is often characterized by a
maximum in the green range (490—530nm). At the same
time, the examination of intrinsic defects in ZnO reveals a
broad spectrum of potential radiative transitions that cover
almost the entire visible range [9]. While on the subject of
intrinsic defects, such transitions are associated mostly with
oxygen (Vo) and zinc (Vz,) vacancies, interstitial oxygen
(Oi) and zinc (Zn;) in various charge configurations, and
their complexes. In this respect, the study of defects
in ZnO and the processes of their production appears
to be an instructive but challenging pursuit. The use
of ,hot“ magnetron sputtering from an uncooled target
is one of the ways to produce a high defect density in
ZnO [10]. Defect grain boundaries form in the regime
of deposition of ZnO microclusters with a low diffusion
activity. In addition, two-dimensional (2D) structures form
with a high probability at the initial stages of growth
under the conditions of suppressed lateral activity of ZnO
microclusters. Two-dimensional structures (including ZnO-
based ones) are being studied extensively due to their
unique properties, which are attributable to a high surface-
to-bulk ratio, porosity, etc. [11,12]. In the context of
photonics, a well-developed morphology of 2D structures
provides a high light yield due to an increase in the effective
emitting area. Specifically, bright UV luminescence was
reported for 2D ZnO nanostructures with the morphology
of walls, sheets, combs, etc. [13-15]. Its brightness is



Greenish white emission of ZnO microwalls fabricated by a hot target magnetron...

41

b
L 001
200 |
s
= i
, 2 2
L AINE PTG §1oo—\/1
- Ui !’ ! e -
A 5"1%‘%‘ ¢ P N~ i
PRI SO U I N
bl =l A?S_"/Jik\a' %% 40 0,60 70 80
, deg

Figure 1. a — Electron microscopic image of the bottom surface of the ZnO film (from the substrate side); b — X-ray diffraction
patterns recorded from the top (/) and bottom (2) sides of the ZnO film.

governed not by the morphology of crystals, but by their
dimensionality (under equal synthesis conditions) [15]. A
branched structure of arrays of 2D ZnO crystallites may
provide feedback sufficient for excitation of stimulated
emission and, in particular, random lasing [16,17]. In
addition, the 2D morphology facilitates bulk and surface
diffusion processes and may provide an opportunity to alter
radically the luminescent properties of a structure through
the use of thermal processing.

In the present study, the processes of formation of
2D ZnO microstructures on the r-plane of sapphire by
magnetron sputtering of a hot target and their influence
on the spectral features of ZnO in the near UV and visible
ranges have been examined for the first time. The effect of
thermal processing on the optical and emissive properties of
the obtained microstructures has also been studied.

The r-plane of sapphire subjected to mechanochemical
polishing was used as substrates. ZnO films were deposited
by magnetron sputtering at a temperature of 750°C in the
oxygen atmosphere under a pressure of 1.33 Pa with cooling
excluded in accordance with the procedure outlined in [10].
The discharge current was 500mA, and the deposition
time was 35 min. Postgrowth annealing of ZnO films was
performed in a tube furnace under the conditions of open
air for 8 h at a temperature of 800°C.

X-ray diffraction (XRD) was used for structural stud-
ies of films. X-ray patterns were recorded with an
Empyrean (PANalytical, Netherlands) diffractometer in
the Bragg—Brentano geometry. Copper anode radiation
(CuKgy = 1.54A) was used. The High Score Plus software
and the ICSD (PDF-2) database were used to analyze the
diffraction patterns and identify peaks. Electron microscopic
studies of a transversely cleaved sample were carried out
with a Jeol Neoscope 2 (JCM-6000) scanning electron
microscope.

The photoluminescence (PL) of samples was examined
under excitation by the third harmonic (355nm) of a
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pulsed Nd:YAG laser. The pulse width and repetition rate
were 10ns and 15Hz, respectively. The photoexcitation
power density on the sample surface was ~ 0.1 MW/cm?
(the laser spot diameter at the sample was ~ 200 um).
An MDR-206 monochromator coupled with a ,,Videoskan®
CCD camera were used to record the PL spectra of samples.
Total transmittance spectra were recorded by a SPECORD
200 PLUS double-beam spectrophotometer fitted with an
integrating sphere. All measurements were performed at
room temperature.

According to electron microscopy data, the thickness
of the ZnO film on the r-plane of sapphire was 53 um.
The mean ZnO film growth rate was on the order of
1.51 ym/min, which is a high value comparable to the rate
of growth of uniaxial ZnO microcrystals. This rate was
achieved owing to the emission of clusters [10] from the
overheated target surface and their incorporation into the
growing ZnO film. The ZnO film surface was rough and
morphologically uniform.

At the next stage, the ZnO film was separated mechan-
ically from the sapphire substrate. A significant (more
than 10-fold) difference between the thermal expansion
coeflicients of ZnO and sapphire and a fairly large thickness
of the film facilitated this process. According to electron
microscopy data, the bottom (back) film surface (Fig. 1,a),
which was adjacent to the substrate surface in the course of
growth, differed radically from the top (free) surface. The
bottom surface was a honeycomb-like structure with pores
3—10um in linear size and up to Sum in depth. Since the
pore wall thickness was 1—2um, they could be regarded
as microwalls. A multilayer wall structure was observed. A
similar pattern of layer-by-layer growth was also reported
in studies into ZnO nanowall formation on the r-plane
of sapphire by gas-transport synthesis [17]. According to
XRD data (Fig. 1,b), both sides of the ZnO film were
textured along the [0001] direction. The XRD curve
recorded from the back side of the film featured additional
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Figure 2. ¢ — PL spectra of the ZnO film. / — Bottom side prior to annealing, 2 — top side after annealing, and 3 — bottom side
after annealing (photographic image of the emitting film is shown in the inset). » — PL spectra of various ZnO structures. / — ZnO film
examined in the present study (bottom side after annealing), 2 — ZnO microcrystals produced using the modified thermal evaporation
method (photographic image of emitting microcrystals is shown in the inset), and 3 — ZnO film fabricated by gas-transport synthesis.

reflections associated with parasitic [013] crystallites. The
ZnO lattice constants determined based on XRD data
for one side of the film differed significantly from those
corresponding to the other side. Parameters dgg; = 2.61 A
and do;3 = 1.48 A for the porous film part were close to
the standard ones (dgo; = 2.60 Aand doj; = 1.477A). At
the same time, parameter dgo; = 2.56 A for the top film
side was more than 1% smaller than the standard one. This
corresponds to a stress on the order of 2%.

The PL spectra of the film (Fig. 2,a) confirm that the
bottom side was of a higher quality than the top side.
Specifically, prior to thermal processing, the signal from
the top film side was too weak to record a spectrum with
an acceptable signal-to-noise ratio at the excitation level set
in experiments. PL from the bottom film side was, on the
contrary, easy to detect (curve / in Fig. 2,a). This PL was
represented by just a narrow near-band-luminescence band
of ZnO with its maximum at 385nm and a full width at
half maximum (FWHM) of 15nm; no visible radiation was
detected.

Postgrowth processing improved the optical quality of the
film, exerting a significant effect on its PL spectrum. An
near-band-luminescence band with an intensity sufficient for
its reliable detection (curve 2 in Fig. 2,a) was revealed on
the top film side after annealing. In addition, a weak band
in the blue region with a maximum around 450nm also
became visible. The PL recorded from the back film side
intensified significantly (curve 3 in Fig. 2,a). Specifically,
the near-band-luminescence band intensity increased by
a factor of more than 3. The most striking change,
however, was the emergence of a visible luminescence
band with a considerable intensity that formed the major
part of emission. Its maximum was at a wavelength of
~ 545nm, and the FWHM was ~ 140nm (0.58 eV); thus,

this band occupied the entire green and yellow regions
of the spectrum and certain parts of the blue and red
regions. Positioned at relatively long wavelengths and
having a considerable FWHM, this band accounted for the
observation of bright white emission with a greenish tint
(see the inset in Fig. 2, a).

PL spectra of the examined film after annealing (curve 1),
ZnO microcrystals (similar to those studied in [18,19])
grown using the modified thermal evaporation method
(curve 2), and the ZnO microfilm fabricated by gas-
transport synthesis [20] (curve 3) are shown for comparison
in Fig. 2,b. For ease of comparison, these spectra are nor-
malized to the maximum of the visible emission component.
Under similar excitation conditions, the microfilm and mi-
crocrystals also reveal two luminescence bands: near-band-
luminescence and visible radiation. However, compared
to the examined film, these structures had a significantly
(~ 1.4-fold) lower FWHM of the visible emission band,
and the band itself was position at shorter wavelengths (its
maximum corresponded to ~ 500—515nm). Therefore, the
visible emission of these structures is greenish-blue (see the
inset in Fig. 2,b) with a blue tint provided partially by the
fairly broad (FWHM ~ 28—30 nm) near-band-luminescence
band, which occupies a certain part of the blue spectral
region. Figure 3,a presents the chromatic diagram plotted
in accordance with the International Commission on Illumi-
nation (CIE) standard of 1931. Color points corresponding
to the PL data of the examined film and microcrystals (see
spectra / and 2 in Fig. 2,b) are indicated. Chromatic
coordinates for the film were X = 0.362, y = 0.488.

The emergence of visible emission from the back film
side after thermal processing is apparently attributable not
only to defect diffusion in its structure and active formation
of Vo-type defects, but also to the deactivation of absorption

Technical Physics Letters, 2023, Vol. 49, No. 11



Greenish white emission of ZnO microwalls fabricated by a hot target magnetron... 43

0 ! 1 h 1 1 1 1 1

X

02 03 04 05 06 07 08

Total transmittance, %

0 L L
400 600 800 1000

Wavelength, nm

Figure 3. @ — Color points corresponding to the emission of the ZnO film (point /, which corresponds to curve I in Fig. 2, ») and ZnO
microcrystals (point 2, which corresponds to curve 2 in Fig. 2,b) on the CIE1931 chromatic diagram. A color version of the figure is
provided in the online version of the paper. b — Total transmittance spectra of the ZnO film recorded before (/) and after (2) thermal

processing.

centers for visible radiation. This is evidenced by the results
of comparison of the total transmittance spectra of the film
recorded before and after annealing (Fig. 3, b). Specifically,
the transmittance spectrum of the film prior to annealing
(curve I in Fig. 3,b) contains a broad absorption band
(located approximately within the 400—650nm interval).
This explains why no visible luminescence was observed
and why the film had a brownish-orange color. The
transmittance of the film in the visible range increased
considerably after annealing (curve 2 in Fig. 3, 5). On visual
inspection, the film appeared much lightr and acquired a
gray-green color.

We note in conclusion that the obtained ZnO structure
may serve as a basis for further research aimed at fabricating
a white light source. The color tint of emission of such
a device may presumably be adjusted and controlled by
altering the postgrowth processing conditions, introducing
impurities in the course of growth, and forming hybrid ZnO-
based materials.
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