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Substantial c-axis orientation of the hexagonal ZnO crystals with wurtzite structure demonstrates only
those two preferred peaks in the first-order spectra which are permitted by the Raman scattering selection
rule viz., the E,"¥" and A; (LO) modes, that identify the improved structural quality of the undoped ZnO
film grown by magnetron sputtering in Ar ambient at an RF power of P= 200 W. Presence of substantial
amount of hydroxyl group attached to Zn lattice has been correlated to the dominant c-axis orientation of
the ZnO crystals which exhibited distinct UV luminescence band that arises due to the typical exciton
emission or near-band-edge emission. At higher applied powers, disorder-activated Raman scattering
introduces well resolved B,"9" mode and gradually growing second order Raman peaks, (E,"9" — E,'°")
and (B,"9"— B,'™"), which are caused by the breakdown of translational symmetry of the lattice by defects
or impurities and lead to deviation from preferred c-axis orientation with lgg,/l1193 < 1. Out diffusion of
oxygen from the network creates increasing oxygen vacancy states (Vo, Vo) and in addition, various
other defects e.g., Zn interstitial (Zn;, Zn;"), doubly ionized Zn vacancy (Vz,2") and oxygen antisite (Ozy,)
as the dynamic acceptor defects which act as the origins of different visible photoluminescence

components classified in the UV-violet, violet, violet-blue, blue and green regions.

Introduction:

ZnO is a A'"BY' semiconductor material having hexagonal
wurtzite structure. It is nontoxic and abundant in nature; it has
high melting point of 2248 K and large bond strength cohesive
energy of 1.89 eV. It has a direct and wide band gap (3.37 eV) at
room temperature which makes it very attractive material for
applications in optical devices such as blue, violet and ultraviolet
(UV) light emitting diodes (LEDs) and laser diodes (LDs). The
non-stoichiometric undoped ZnO thin films generally exhibits n-
type conductivity with very high electron densities of about 102
cm >, controlled by intrinsic defects e.g., oxygen vacancies and
zinc interstitials. Although reliable and reproducible high quality
p-type doping of ZnO is a challenging task, intrinsic p-type ZnO
has been reported to be produced by adjusting the oxygen partial
pressure in the RF magnetron sputtering plasma.® Independent
control of either Zn or O vacancies in the ZnO network could be
a magnificent way in modifying the doping characteristics of the
material even in its intrinsic form. By using the high-quality
undoped ZnO films, ZnO p-i-n homo-junctions have been
demonstrated for its use in light-emitting diode (LED)
applications.” Actually, there have been some recent advances in
the reproducible p-type ZnO and ZnO-based light-emitting
devices. The p-type conductivity has been demonstrated in dual-
doped ZnO:(Ag, N) wherein the hole concentration has been
identified much higher than that in mono-doped ZnO:Ag or
ZnO:N, at the advent of AgZn—No type complex acceptors.® By
employing Li—N as a dual-acceptor dopant, p-type doping of ZnO

has been realized.* Double hetero-structured light-emitting
devices (LEDs) have been fabricated using p-Mgg 13Zngg;O layer
or p-Mggo5Zng750:(Li,N) with n-ZnO structure, wherein an
so emission at ~392 nm dominates the emission of the device, which
has been attributed to the near-band-edge excitonic emission of
Zn0.%® The p-type conductivity has been reported in ZnO
platelets synthesized using PCls as a dopant source via aqueous
based chemical approach.” Highly ordered ZnO axial p-n
ss homojunction containing nanowire via selective in situ lithium
(p-type) doping of one side of each nanowire has been
demonstrated using a low temperature solution-phase synthesis
process.?
Simultaneous occurrence of low resistivity and high
e transmittance in the visible spectrum has made zinc oxide thin
films useful in a variety of potential applications, such as
transparent conducting electrodes for flat panel displays® and
solar cells,®® similar to other transparent conducting
semiconductors e.g., tin oxide**? and tin doped indium oxide.™
es Short-wave electronic devices, such as blue laser diodes, blue—
green light-emitting diodes and ultraviolet detectors, have opened
up vast panorama for colour presentation, modern spintronic
technology,™* UV lasers,™ high-density information storage and
gas sensors,™® etc. The high chemical stability, melting point and
70 large exciton binding energy (60 meV) of ZnO cause it to become
a promising UV and blue optoelectronic material. However, their
potential for UV devices is impaired because of the reduction of
UV luminescence (UVL) yield due to the presence of a large
density of unintentional defect states emitting a broad band of
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green luminescence (GL).}" Therefore, it is a challenging tusk to
enhance hoth the energy and the relative intensity of the UVL
emission with respect to the GL emission at the same time.

Some unique optoelectronic properties of direct-gap wurtzite
zinc oxide (w-ZnO) are comparable and even better than GaN.*
In particular, ZnO is a brighter emitter than GaN because of its
larger exciton energy; it possesses a lower threshold voltage for
light-emitting diode (LED) and laser emission, amenability to wet
chemical etching, and high radiation resistance. Besides, there are
large-area substrates commercially available and the cost for
fabrication of ZnO is relatively lower than for 111-V nitrides.

In our recent studies we demonstrated the development of
transparent and conducting intrinsic ZnO thin films prepared at a
high growth rate, by playing on its intrinsic vacancies using the
most commonly used RF magnetron sputtering technique. In the
present report we intend to explore on its photoluminescent
properties correlated to its favoured crystallographic c-axis
orientation, Raman behaviour, and compositional characteristics,
particularly the oxygen vacancies and hydroxyl group attached to
20 Zn lattice, extracted from X-ray photoelectron spectroscopy.
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Experimental:

ZnO thin films were prepared onto Corning® Eagle 2000™
rotating glass substrates kept at 300°C, by varying the RF power
from 100 to 500 W applied to the high purity (99.99%) undoped

25 ZnO target sputtered by Ar in a RF magnetron sputtering system.
The experimental details are given elsewhere.’® The samples were
characterized by X-ray diffraction analysis carried out using a
conventional Cu-K, X-ray radiation (A ~ 1.5418 A) source and
Bragg diffraction setup (Seifert 3000P). Raman spectra of the

30 samples were taken from a Renishaw inVia Raman Microscope
with an excitation wavelength of 514 nm from an air-cooled Ar*
laser source, at a power density of ~2 mW cm™. The emission
spectra of all samples were obtained with FluoroMax-P
(HORIBA Jobin Yvon) luminescence spectrophotometer. All the

35 fluorescence spectra were recorded at an excitation wavelength of
370 nm at room temperature. The X-ray photoelectron
spectroscopy (XPS) of ZnO film was performed using a focused
monochromatized Al-Ko X-ray source (1486.8 eV) in the XPS
instrument (Omicron Nano Technology 0571).

» Results:

X-Ray Diffraction Studies:
The X-ray diffraction analysis was carried out to investigate the
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Fig. 1(a) X-ray diffraction spectra of ZnO films prepared by magnetron
45 sputtering at different RF powers varying from 100 to 500 W.
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Fig. 1(b) Variations in grain size and changes in the intensity ratio,
l0o2)/ l(203), With applied RF powers.

crystal structures of the ZnO samples. Systematic development of
so growth along two most prominent crystallographic orientations
along (002) and (103) crystallographic planes of ZnO have been
demonstrated by the appearance of two corresponding peaks of
the XRD spectrum at around 26 ~ 34.4° and 62.9°, respectively,
as shown in Fig. 1(a). It has been identified that the intensity of

ss the (002) peak increased abruptly when applied power P
increased from 100 to 200 W, while for further increase in P the
(002) peak systematically reduced in intensity. On the other hand,
the (103) peak monotonically increased in intensity with gradual
increase in applied RF power from 100 to 500 W.

e A significant increase in the intensity ratio of the (002) and
(103) peaks, lgo/lp3, a@s shown in Fig. 1(b), demonstrates a
preferential growth of the material along the <002>
crystallographic orientation, i.e., along the c-axis. A very high
magnitude of lgp/lios > 4.5 identifies a substantial c-axis

e Orientation of ZnO crystallites grown at P= 200 W.2° At RF
powers above 400 W, the favoured growth direction gradually
shifts from (002) towards the (103) crystallographic plane, as
demonstrated by the decaying magnitude of lgg/l3p3 < 1. The
average grain size (D), has been estimated from the FWHM (B) of

70 (002) and (103) peaks in the XRD spectra, using Scherer’s
formula:

D = 094/B cosb,

that shows a close resemblance in its nature of variation with
increasing RF power, as shown in Fig. 1(b). The X-ray diffraction
studies identifies a hexagonal wurtzite structure of ZnO films

75 wherein the nanocrystals seem to grow with largest grain size ~19
nm along (002) orientation i.e., c-axis perpendicular to the
substrate when prepared at P = 200 W.

Raman Study:

s Each Zn atom, in the wurtzite structure of ZnO, is tetrahedrally
coordinated to four O atoms and vice versa. From the predictions
of group theory, the lattice optical phonons at the centre of the
Brillouine zone are presented by the following optical symmetry
modes:

85 F:Al+ZBl+E1+2E2
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Fig. 2. Raman spectra of the ZnO films prepared at different RF powers.

The B; modes are silent in Raman scattering where A; and E;
modes are polar and hence, exhibit different frequencies for the
s transverse-optical (TO) and longitudinal-optical (LO) phonons,
because of the macroscopic electric field associated to the LO
phonons. The E; (LO) mode is allied with the presence of oxygen
vacancies, interstitial Zn or their complexes. The nonpolar E,
modes have two frequencies, namely, E,"" and E,"°" associated
1 with the motion of oxygen atoms and zinc sublattice,
respectively.??? Strong E,"9" mode characterizes the wurtzite
lattice and indicates good crystallinity.
In Fig. 2, the Raman spectrum for the ZnO film prepared at P
= 100 W exhibits two sharp peaks at 439 cm? and 573 cm
15 which corresponds to E,"9" mode and A; (LO) mode of bulk ZnO,
respectively. In addition, a prominent peak appeared at 542 cm™
which is assigned to the B,"%" mode, as reported from ab initio
calculations.® At P = 200 W, the Raman spectrum possess the
E,"" mode and A; (LO) mode only. At further increase in P to
20 300 W, the 542 cm™ peak reappeared along with another peak at
around 328 cm™. The later peak reduced in intensity and shifted
to 333 cm™, additionally a separate peak appeared at around 477
cm’® for the sample prepared at P = 400 W. From the temperature
dependence studies of the corresponding peak at ~ 333 cm™,
25 Cusco et al.?* demonstrated that the statistical occupation factor
for the difference mode (E,"9" — E,"") accounts for the observed
changes. The small peak at 477 cm™ has been assigned by some
authors with the lower (LM) surface phonon mode. At P = 500
W, both peaks at 333 and 477 cm™ disappear, however, a
w relatively strong peak was demonstrated at 297 cm™ which has
been primarily assigned to the (B, — B,'%) second-order
mode.? Although B; mode is Raman inactive, the cause behind
the appearance of B,"9" mode and the second order difference
mode (B;"" — B,'™) is likely due to disorder-activated Raman
scattering. Such scattering is generally induced by the breakdown
of the translation symmetry of the lattice caused by defects or
impurities showing dopant nature which has been previously
reported in undoped ZnO films deposited by magnetron
sputtering.?®
2 A; (LO) mode appears only when the c-axis of wurtzite ZnO
remains parallel to the incident light. The backscattering Raman
spectra for highly c-axis oriented ZnO thin films do possess E,"9"
mode, as well. From the figure it has been identified that the A,
(LO) and the B,"" modes have been red-shifted by 11 and

I
&

45 18 cm’® respectively, due to the increase in RF power from 100 to
500 W. The possible mechanisms that are generally been
responsible for the observed phonon peak shifts, e.g., special
confinement within nano-grain boundaries; phonon localization
by defects like oxygen deficiency, excess Zn, surface impurities

so etc. and heat induced development of tensile strain, a number of
which is probable for the present set of samples which are
prepared at increasing RF powers varying from 100-500 W.

Among the possible Raman-active phonon modes in the
hexagonal ZnO crystal with wurtzite structure, according to
ss Raman scattering selection rule in the first-order spectra, only the
E, and A; (LO) modes are predicted to be observable in
backscattering configuration with the photon wave vector parallel
to the c-axis of the crystal i.e., the incident light normal to the
sample surface, used herein.?” For the polar A; (LO) mode, the
s0 SCattering cross-section depends not only on the deformation
potential but also on the Frohlich interaction in materials.
Generally, the LO signal in the ZnO spectra is weak since the
above two contributions are opposite.?® Accordingly, from the
present set of samples, prepared by varying the RF power, the
es film grown at P = 200 W seems to have the best quality undoped
single crystal ZnO structure, possessing only those two preferred
Raman peaks permitted by the selection rules.

Photoluminescence:

Fig. 3(a) shows the normalized photoluminescence spectra of the
70 films prepared at different RF powers varying from P = 200 to
500 W, while the spectrum for P = 200 W has been demonstrated
separately in Fig. 3(b) with possible deconvoluted satellite
components. The PL spectra of ZnO films consist of the UV
emission originated from excitonic recombination corresponding
75 to the near band-gap emission of ZnO, while the deep level (DL)
emissions in the violet, blue, and green spectral regions are due to
the recombination of photo-generated holes with various
structural defects e.g., ionized charge states of intrinsic defects,
oxygen Vvacancies, Zn interstitials, zinc vacancies, oxygen
g0 antisites, etc. Deconvolution of the visible spectrum identified the
distinct presence of several individual components which have

L Violet Blue
—_r (385-455) -~ (a)
S 1 - -
&r
> L
o
=zl
= L
21 Green
=
= 480-520
g ( )
n_. -
TL uv
2 H{360-385) —200W
-
E —300 W
e I —500 W
z L

1 L 1 L 1 " 1 s 1 L 1 n
360 380 400 420 440 460 480 500 520

Wavelength (nm)

Fig. 3(a) Normalized photoluminescence spectra of the ZnO films
exhibiting reduced UV luminescence, while the visible luminescence
85 increased induced by enhanced defect centres grown at higher RF powers.
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Fig. 3(b). Deconvoluted photoluminescence spectra of the ZnO film
prepared at P =200 W.

been categorised as the UV-violet section at ~399 nm, two violet
s components viz., violet-l at ~417 nm and violet-1l at ~438 nm,
violet-blue fragment at ~ 453 nm, blue emission at ~467 nm and a
green emission around ~500 nm with a span over 480-520 nm.
The UV luminescence bands in the ZnO films depend strongly on
surface band bending and those are created from recombination
of bound excitons (BEs) complex located near the surface and
grain boundaries within the films. There are two factors which
directly affect the UV emission in ZnO films. One is the DLE
(deep level emission) recombination centres and the other is the
non-radiative recombination centres that can degrade the UV
emission.

The UV emission at ~369 nm that identifies typical exciton
emission or near-band-edge emission, is most prominent at an
optimum RF power of 200 W, demonstrating better crystalline
quality of the sample that has been recognized by its dominant c-
axis orientation, as identified by XRD studies.

However, on increase in RF power, the visible emission that
has mostly the defect origin is becoming proportionally
significant. The intensity of the visible emission band is, in
general, much higher than that of the exciton emission band.
Conversely, the intensity under visible band increases when the
other band reduces, indicating both emission processes to
compete with each other. At elevated RF powers, out diffusion of
oxygen from the ZnO network creates enough oxygen vacancies,
demonstrating prominent green emission in photoluminescence.
However, in order to account for the systematic relative increase
in intensity of different components in the visible region, change
in the chemical composition of the material at elevated RF power
could be a significant parameter.
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X-Ray Photoelectron Spectroscopy:

XPS survey spectra were first produced before the high-
resolution scan for O and Zn. The binding energies were
calibrated with respect to the Cls peak at 284.6eV. The
deconvolutions of the XPS spectrum for core level Zn 2ps, of
ZnO film prepared at P= 200 W are represented in Fig. 4. A good
fit to the experimental data is obtained with two deconvoluted
Gaussian components. Shift in the binding energy towards above
1021 eV rules out the presence of elemental Zn in ZnO film. The
observed peak at the binding energy of 1022 eV is associated to
Zn 2pz, species in stoichiometric ZnO. The other peak present at
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Fig. 4 X-ray photoelectron spectra of the Zn 2p peak of ZnO films
prepared at RF powers, P= 200 and 500 W.

higher binding energy of 1025 eV originates from the —OH
groups attached to Zn ions on the surface of the films and/or the
Zn deficient regions (Vz,).” The core level Zn 2py, XPS
spectrum of the film produced two satellite Gaussian components
at 1045.2 and 1048.1 eV which correspond to the Zn 2p,, species
in ZnO matrix and the —OH contaminants attached to Zn ions. An
energy separation of 23.2 eV between two core level Zn 2p
ss components makes out a good agreement with the literature
values for Zn0.%3! However, in case of the film prepared at P =
500 W, the Zn 2p spectrum possess two isolated symmetric
Gaussian components corresponding to Zn 2ps, species at 1022
eV and Zn 2p,, species at 1045.2 eV, which are at exactly
identical energies for similar components for earlier sample. The
nature of distribution of the Zn 2p spectral components indicate
that the chemical valence of Zn at the surface of ZnO is at (+2)
oxidation state for this film.** It is found from Fig. 5 that O1s
core level peaks of the films have asymmetric shapes which could
s be fitted by three nearly Gaussian peaks, centered at ~529.7,
~530.5 and ~532.3 eV, for the films prepared at P = 200 W, and
~529.9, ~530.6 and ~532.2 eV, for P = 500 W. Among the three
well identified Gaussian components, the lower two binding
energy components are identified as due to two types of O% ions,
70 namely O, and Oy, while the third component appearing at
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Fig. 5 X-ray photoelectron spectra of the O 1s peak of ZnO films prepared
at RF powers P= 200 and 500 W.
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highest binding energy at ~ 532.3 eV is attributed to the presence
of —OH bonds attached to Zn ions on the surface of the films.*
Such a double oxygen 1s peak was common for oxides containing
cations in multiple valence states. It was suggested that the O,*
ions had neighboring atoms with their full complement of six
nearest neighbor O% ions in the ZnO lattice i.e., the wurtzite
structure of ZnO,* and that the 0,2 ions were in oxygen-
deficient regions within the matrix of Zn0.% Therefore, the
changes in the relative intensity of O,/O, were connected to the
variations in the concentration of oxygen vacancies. The relative
intensity of O,/O, has been found to increase significantly from ~
0.5 to 5.7 for increasing the applied RF power from 200 to 500 W
which identifies the formation of a considerable amount of
oxygen vacancies in the ZnO network due to high electrical
excitation of the sputtered atoms. Careful observation on the XPS
O 1s and Zn 2p spectra demonstrates that increasing RF power
applied to the sputtering target leads to the growth of ZnO films
wherein the chemisorbed oxygen desorbs from the film surface
and the oxygen vacant states increases within Zn lattice
interstitials.

Discussion:

The XRD pattern revealed that the as-deposited ZnO films were
polycrystalline with a hexagonal structure, and had a preferred
orientation with the c-axis perpendicular to the substrate. The
(002) diffraction angle was close to that of the standard ZnO
crystal (34.421, JCPDF#36-1451), and no metallic Zn
characteristic peak or no characteristic peaks of other impurities
was observed in the pattern. Beside the (002), (103) diffraction
peak increased uninterruptedly, whose relative intensity I 103/l (002)
increased monotonously as the applied RF power increased
systematically beyond 200 W.

Presence of increased hydroxyl group attached to Zn lattice, as
revealed by XPS studies, could be correlated to the dominant c-
axis orientation at P= 200 W, corresponding to distinct UV
luminescence exhibited by the material. While the increased
oxygen vacancy at higher powers keeps on favouring the growth
along (103) crystallographic orientation which might be
correlated to increased visible emission, particularly the
luminescence in green and violet region.

When the incident light is parallel to the c-axis of ZnO
samples, the Raman active E, modes and A; (LO) modes are
allowed, whereas A; (TO) and E; (TO) modes are forbidden,
according to Raman selection rules.®® In case of the present
Raman measurement, the incident light is exactly perpendicular
to the samples surface. For the present set of samples, in general,
the E,"9" and A; (LO) modes are distinctly present in the Raman
spectrum which identifies that ZnO films are of fairly Wurtzite
structure. In addition, the complete absence of any other
accompanying Raman band demonstrates the most favoured c-
axis orientation of the hexagonal ZnO crystalline structures
prepared at an optimum RF power, P = 200 W, applied to the
sputtering target, which has been equitably supported by the
results e.g., a very high magnitude of lyg,/l103> 4.5, obtained from
X-ray diffraction studies.

The luminescence emission properties are extremely sensitive
to the defect states in ZnO. Emissions in the visible range (violet,
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blue, green, yellow, and orange-red) are likely due to donor
acceptor transitions involving the point defects such as vacancies
of oxygen and zinc, interstitial oxygen and zinc, antisite oxygen,
as well as other extrinsic impurities in ZnO.*" In spite of many
investigations on the luminescent properties a consensus about
the origins of defect-related visible emissions has not been
reached due to the complexity of the microscopic details. The
yellow emission is usually unstable on thermal treatment® and is
typically attributed to interstitial oxygen®*“’ and absorbed
hydroxyl group.”#? The orange-red emission observed in air
annealed ZnO nanostructures has been assigned to excess oxygen
and interstitial zinc.** In case of ZnO nanoparticles, green
emission is often believed to be stemming from the surface.**
Presence of surface complexes e.g., physically adsorbed hydroxyl
groups attached to the ZnO nanoparticles have pronounced effect
on the origin of green luminescence.”® Furthermore, green
emission is attributed to the singly ionized oxygen vacancy (Vo®)
which can act as deep level electron donor states, or surface
defects.**” According to many theoretical calculations and
experimental results,***® only interstitial zinc (Zn;) among the
point defects in the ZnO lattice is a shallow donor and the
corresponding level is located slightly below the conduction
band-edge.

The XPS results revealed the as-grown films as non-
stoichiometric which can contain many defects in the lattice or
the surface. The UV emission is associated to the excitonic
recombination corresponding to the near band-edge transition,
whereas the visible emission band is commonly attributed to the
defects on the surface or in the bulk of the material. Increasing
concentration of defects in the films prepared at higher RF
powers could result in the decrease of UV emission and the
enhancement of defect emission band in the visible region. The
weak UV emission and strong visible emission band in PL
spectra for the material grown at high power at P = 500 W is
consistent with its increasing oxygen vacancies which might have
stronger influence than the reducing hydroxyl group attached to
Zn lattice.

In most cases, the photoluminescence (PL) of 2ZnO
nanoparticles has two components. A relatively weak and narrow
UV emission band is observed around 370 nm (3.35 eV), just
below the onset of absorption. This band arises due to the typical
exciton emission or near-band-edge emission, i.e., photo-
generated electron recombination with holes in the valence band
or in traps near the valence band, considering the band gap of
ZnO to be ~ 3.37 eV. The radiative lifetime of excitons in pure
ZnO lies in the sub-nanosecond range.®® A much stronger and
broader emission band arises in the visible spectrum. In contrast
to the exciton emission, the lifetime of the visible emission is
much longer, viz. in the ps range.3! This excitonic emission is
directly linked to confinement effects and, consequently, depends
on the size of the nanoparticles. For ZnO, such a confinement
effect can be observed only for sizes below 10 nm.*® In the
samples discussed herein the excitonic emission has been found
near 370 nm (~3.35 eV) and the confinement effects are not
expected, the estimated size of ZnO nanoparticles in the films
being always above 10 nm. The intensity of the visible emission
band is much higher than that of the exciton emission band.
However, the intensity under visible band increases when the

This journal is © The Royal Society of Chemistry [year]
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other band reduces, as both emission processes compete with
each other.

The visible emission process involves efficient trapping of
photogenerated holes somewhere in the particle. The rate of this
hole trapping must be much faster than the radiative
recombination rate of the exciton emission. Because of the large
surface-to-volume ratio of ZnO particles, efficient and fast
trapping of photogenerated holes at surface sites can be expected.
A probable candidate for the trapping of holes is O? ions at the
surface.% The rate for a surface trapping process decreases as the
particle size increases since the surface-to-bulk ratio decreases.
The transition rate of the exciton recombination will not be
influenced strongly by the particle size and thus the relative
intensity of the exciton emission will increase with increasing
particle size, as observed in case of ZnO film prepared at P= 200
W.

Van Dijken et al. have explained the phenomenon at the origin
of green emission around 500 nm by the recombination of a
shallowly trapped electron with a deeply trapped hole.> In this
scheme, the photogenerated hole is first trapped at the surface of
the nanoparticles by surface defects such as 0?70~ and then
migrates to vacancy levels located deep in the particle leading to
the formation of a deep hole trapped level above the valence
band. The emission around 500 nm (~2.48 eV) occurs when the
photogenerated hole trapped in the deep oxygen vacancy
recombines with the photogenerated electron trapped in a shallow
level located just below the conduction band.

Regarding the origin of the blue emission from ZnO QDs a
number of hypotheses have been proposed, such as electron
transition from oxygen vacancies (Vo) to the valence band,* zinc
interstitials (Zn;) to zinc vacancies (Vz,),> Zn; to the valence
band®® or OH- groups at the surface of the particles® which
mostly vary with the synthesis techniques. In a recent
investigation on the blue emission from ZnO QDs synthesized by
a sol-gel method Han et al® found that ZnO QDs with blue
emission can be obtained only in the presence of Li* cations and
excessive OH™ anions, and interstitial oxygen defects (O;) are
determined as the origin of the blue emission. The long lifetime
obtained from PL decay profiles strongly identified the blue
emission originating from a de-excitation process related to
defect states.>*®® Furthermore, blue-emission with an average
lifetime of ~169 ns from ZnO QDs with size larger than those of
green-emission ones with an average lifetime of 256 ns, discarded
any possibility of its origin from the blue shift of the green
emission as a consequence of quantum confinement effect.

The excessive OH™ ions cause a stoichiometric excess of
oxygen in ZnO QDs, which favours the formation of specific
defects, including interstitial oxygen (O;), oxygen antisite (Oz,)
and zinc vacancies (Vz, Vzn, Vz.>).8' As all of the above
defects are acceptors in nature and an acceptor-to-acceptor
transition is forbidden, the only possible transition path for the
blue emission happens to be from the conduction band to an
acceptor. For ZnO bulk material, energy levels of O;, Oz, V0,
V5, and V.2 are 3.06, 2.66, 0.56, 2.28 and 2.38 eV below the
conduction band, respectively.®® For the present set of ZnO
samples a narrow and very sharp blue luminescence peak appears
exactly at 2.66 eV (~467 nm) which identifies oxygen antisite
(0z,) as the responsible defects. Although the formation energy
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of Oz, is very high in Zn-rich environment, it reduces

s substantially in O-rich ZnO network.%? Oxygen antisites could

potentially be created under non-equilibrium conditions such as
under irradiation or ion implantation which is highly probable in
case of formation of ZnO films during magnetron sputtering at
sufficiently high RF power ~200 W or above.

However, at very high RF power, P ~500 W, ZnO system
deviates from its O-rich state due to out-diffusion of O from the
network. Accordingly, the formation energy of Oz, increases
substantially and defects with high formation energies will occur
in low concentrations, thereby reducing the blue PL intensity.
Simultaneously, Zn; defects increases significantly at higher P
because of its grossly reduced formation energy.®? Increasing Zn;
defects introduces enhanced violet emission which has been
attributed to electron-hole recombination between Zn; defects
level and the valence band.%® Using full-potential linear muffin-tin
orbital method, Sun® calculated the energy levels of the intrinsic
defects in undoped ZnO films and identified interstitial zinc (Zn;)
defect levels at 2.90 eV (~428 nm) away from the valence band
which lies exactly at the middle of violet spectrum of PL
identified in our samples. Systematic increase in the intensity of
the violet PL relative to that of blue PL at increasing applied RF
power beyond 200 W is evident from Fig. 3(a).

The visible emission over a wide energy range around 380—
460 nm could be nicely deconvoluted into four satellite
components in each case, as shown in Fig. 3(b). Analysis on the
possible origin of individual component has been made from the
available energy positions of various defect centres existing
within Zn-0 system.**% An UV-violet emission luminescence
peak at 399 nm (3.10 eV) could be attributed to possible electron
transition from the conduction band to single ionized oxygen
vacancy (V") as the responsible acceptor defects located at 0.27
eV above the valence band. Two satellite components of the
violet luminescence are observable in each spectrum. The violet-I
luminescence peak at 417 nm (2.96 eV) is occurring through
possible transition of electrons trapped at Zn interstitial (Zn;)
defects to the valence band, while the violet-11 luminescence peak
at 438 nm (2.83 eV) arises through possible electron transition
between ionized Zn interstitial (Zn;") defects level and the
valence band. Radiative recombination of electrons from the
doubly ionized Zn vacancy (V2> ) to holes in the valence band
leads to the evolution of violet-blue component of PL peak
located at around 450 nm. At higher RF power, out diffusion of
oxygen from the network increases oxygen vacancies (Vo, Vo©)
thereby enhancing PL intensities of green and UV-violet
components, increasing Zn interstitial defects (Zn;, Zn;")
enhances the violet (I & Il) components, while the simultaneous
reduction of Zn vacancy (V2,2 ) systematically reduces the violet-
blue to violet intensity ratio, as evident from careful observation
in Fig. 3(a).

The photo excitation and the emission phenomena in the
present scenario can then be summarized as follows, along with a
schematic presentation in Fig. 6:

i) A relatively weak and narrow UV emission band around 370
nm (~3.35 eV) arising due to the typical exciton emission or near-

us band-edge emission, i.e., photo-generated electron recombination

with holes in the valence band or in traps near the valence band.
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Fig. 6 Schematic band diagram, demonstrating various PL emission
components originated due to electronic transitions between different
defect levels and the band edges of ZnO films, prepared by RF magnetron
sputtering system.

ii) An UV-violet emission peak at 399 nm (~3.10 eV)
attributed to possible electron transition from the conduction band
to single ionized oxygen vacancy (Vo) as the responsible
acceptor defects located at 0.27 eV above the valence band.

iii) The violet-1 luminescence peak at 417 nm (~2.96 eV)
appearing through possible transition of electrons trapped at Zn
interstitial (Zn;) defects to the valence band.

iv) The violet-1l luminescence peak at 438 nm (~2.83 eV)
arises due to electron transition between ionized Zn interstitial
(Zni") defects level and the valence band.

v) Radiative recombination of electrons from the doubly
ionized Zn vacancy (Vz,>) to holes in the valence band leads to
the evolution of violet-blue component of PL peak located at
around 450 nm (~2.75 eV).

vi) A narrow and very sharp blue luminescence peak appearing
at 467 nm (~2.66 eV), occur through potential electron transition
from the conduction band to oxygen antisite (O, as the
responsible acceptor defects.

vii) An emission band around 500 nm (~2.48 eV) arising when
the photogenerated holes trapped in the deep level oxygen
vacancy (Vo) recombine with the electrons trapped in a shallow
level located just below the conduction band.

Conclusion:

Among the possible Raman-active phonon modes in the
hexagonal ZnO crystal with wurtzite structure, the appearance of
only those two preferred peaks in the first-order spectra which are
permitted by the Raman scattering selection rule viz., the E,""
and A; (LO) modes, identify the improved structural quality of
the undoped ZnO film grown at P= 200 W of RF power. A; (LO)
mode appears only when the c-axis of wurtzite ZnO remains
parallel to the incident light. The backscattering Raman spectra
for highly c-axis oriented ZnO thin films do possess E,"9" mode,
as well. Substantial c-axis orientation of the ZnO crystals
prepared at P= 200 W identified from XRD studies corroborates
the Raman observations. At higher applied powers, disorder-
activated Raman scattering introduces well resolved B;"" mode
and gradually growing second order Raman peaks, (E,"¥"— E,"")
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and (B,""- B,'™), which are caused by the breakdown of
translational symmetry of the lattice by defects or impurities and
lead to ZnO wurtzite structure deviated from preferred c-axis
orientation with lygy/l193< 1.

The XPS results revealed the as-grown films as non-
stoichiometric which can contain many defects in the lattice or
the surface. Presence of substantial amount of hydroxyl group
attached to Zn lattice, at P= 200 W, could be correlated to the
dominant c-axis orientation of the ZnO crystals which exhibited
distinct UV luminescence band that arises as a result of the
typical exciton emission or near-band-edge emission, i.e., due to
recombination of photo-generated electrons with holes in the
valence band or in traps near the valence band. With the increase
in applied RF power out diffusion of oxygen from the network
creates considerable volume of oxygen vacancy which induces on
favouring the growth along (103) crystallographic orientation. In
addition to increasing oxygen vacancies in neutral (Vo) and
ionized (V') states, a number of other defects are generates,
which include Zn interstitial (Zn;, Zn;*), doubly ionized Zn
vacancy (Vz2) and oxygen antisite (Oz,) as the dynamic
acceptor defects which act as the defect origins of different
visible photoluminescence components classified in the UV-
violet, violet, violet-blue, blue and green regions. The origin and
the evolution of photoluminescence in the UV and various visible
segments have been schematically demonstrated.
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