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ZnO nanocones are synthesized as freestanding powder as well as thin film by precipitation in a highly

alkaline aqueous solution. X-ray diffraction demonstrated well-formed wurtzite crystal structure. The

microstructure and morphology of individual nanocone were studied by transmission electron

microscopy. Photoluminescence studies show strong UV emission in both powder and thin film form.

ratio implies purity of the crystallites. However, the ZnO crystallites are also excitable by purple/blue

light to emit in orange/red region and act as down conversion phosphor in the visible range indicating

role of some intragap states. Fluorescence lifetime spectroscopy indicates fast recombination in

hundreds of picoseconds range and complex charge transfer process in the microsecond range

suggesting role of excitons and intragap states in the photophysical process.

& 2008 Elsevier B.V. All rights reserved.
1. Introduction

Recently, there have been extensive studies on optical proper-
ties of zinc oxide due to its size- and shape-dependent optical
responses [1–3]. ZnO has been studied in different growth forms
such as nanoneedles, nanowires, nanorods, flowers, tetrapods, etc.
[4–8] for its luminescence properties. ZnO has a wide direct band
gap of 3.37 eV which makes it promising for fabricating UV-
emitting devices. Efficient excitonic emission at ambient tem-
perature is possible due to large exciton binding energy of 60 meV
which can be tuned up to 120 meV by controlling the active layers
in ZnO quantum structures [9]. Preparation of nanosized ZnO has
been carried out by different methods like pulsed laser deposition,
molecular beam epitaxy, aerosol, micro-emulsion, sol–gel, atomic
layer deposition, solid-state reaction, wet chemical synthesis and
spray pyrolysis [10–18]. Thin films of ZnO with controlled
thickness and conductivity can be fabricated by chemical deposi-
tion technique. Thin films of semiconductor nanoneedles and
nanowires find application in fields requiring high surface area
and pointed geometry, luminescence in general and field emission
devices in particular. Conical crystal growth is expected to be very
ll rights reserved.
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effective for such devices. We report conical growth of ZnO
nanocrystals by simple aqueous solution method both in thin film
form as well as free standing powder and discuss their crystal-
linity, microstructure, luminescence characteristics and photo-
physical processes. The emission properties of ZnO polycrystalline
aggregate as well as thin films are sensitive to growth conditions
which are mostly responsible for inclusion of defects in the
crystal.
2. Experimental details

ZnO was prepared by a wet chemical method using dilute
(0.027 M) zinc acetate aqueous solution as a precursor [19]. A
highly alkaline environment (pH�10) was created by adding
ammonia solution and ultrasonification. On addition of NH4OH,
zinc hydroxide started precipitating. Well-cleaned fused quartz
substrates were then introduced into the liquid to lie horizontally.
The solution was covered and kept in a preheated oven at 90 1C for
18 h. The quartz substrates with deposited thin film of synthesized
ZnO were taken out and cleaned with deionized water and alcohol
repeatedly. The solution was decanted and ZnO powder settled in
the bottom was repeatedly washed with deionized water and
alcohol in ultrasonic bath. Cleaning was necessary to remove the
surface impurities and minimize particle agglomeration. ZnO
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powder was dried in an oven at 90 1C for 4 h. Deposited thin film
was kept in an oven for few days at 90 1C. The chemical route for
formation of ZnO particles in highly alkaline environment can be
expressed as follows:

ZnðCH3COOÞ2 þNH4OH! ZnðNH3Þ4 ðOHÞ2

þ CH3COOH! ZnðOHÞ2 þ NH4CH3COO

Upon heating, Zn(OH)2 decomposes to form ZnO. In the reaction
process, the formation of the amino complex Zn(NH3)4

2+ is
dependent critically upon the alkalinity (pH) of the solution. By
increasing pH of the solution with addition of more NH4OH, more
amino complex is formed and formation of ZnO would take place.
The crystalline phase and average crystallite size of freestanding
powder and thin film were characterized by powder X-ray
diffraction (XRD) by using Brucker-AXS D8 Advance Diffract-
ometer (with DIFFRAC plus software) using CuKa (0.15408 nm)
radiation. The crystallite shape and microstructural investigation
of the ZnO powder particles has been carried out under
transmission electron microscope (TEM) make JEM, model JEOL
200 Cx operated at accelerating voltage 160 kV. Room temperature
photoluminescence (PL) measurements of the powder and thin
film samples were carried out using Perkin Elmer LS55 fluores-
cence spectrometer with a Xe lamp source. Fluorescence lifetime
spectroscopy was done at room temperature by measuring time-
resolved decay of PL using time-correlated single-photon counting
(TCSPS) technique with FLSP920 fluorescence lifetime spectro-
meter of Edinburgh Instruments, using a microsecond pulse Xe
flash lamp and a nanosecond pulse hydrogen lamp.
3. Results and discussion

The synthesized ZnO powder and thin film look white under
room light. However, under a UV lamp they glow in orange pink.
XRD pattern of synthesized ZnO powder as shown in Fig. 1(a),
suggested well formed pure hexagonal wurtzite phase as
confirmed by Joint Committee on Powder Diffraction Standards
(JCPDS) Card No. 36-1451. All the diffraction peaks were very well
formed for the powder samples whereas thin film sample showed
absence of any preferred orientation in good agreement with
similar work [20]. The broadening of the diffraction peaks
indicated small size of the crystallites with a longer dimension
along c-axis manifested by a relatively sharper (0 0 2) peak for the
Fig. 1. XRD spectra of ZnO nanocrystals (a) powder (b) thin film deposited on

quartz substrate showing formation of hexagonal phase.
powder samples. The average crystallite dimensions calculated by
using Scherrer formula was 19 nm along a-axis and 30 nm along
c-axis for the powder. The calculated average crystallite size was
19 nm along a-axis for thin film samples. The length of a- and
c-axis was calculated to be 0.3257 and 0.5235 nm for the thin film
sample. The length of a- and c-axis was 0.3246 and 0.5200 nm for
the powder sample. The discrepancy in the interplanar spacing
(d values) and lattice parameter, e.g., c-value in the free standing
powder and film is due to residual stress in the films [20].
The strain on the c-axis is calculated as e ¼ (cfilm�cpowder)/
cpowder ¼ 0.0067 GPa. As film deposition and powder formation
was done from the same solution, the growth conditions are
exactly identical. The film stress parallel to the film surface has
been calculated, by using a formula suitable for hexagonal lattice
and using biaxial strain model [21], to be 1.5682 GPa. As the films
were deposited on fused quartz substrate, residual stress on films
parallel to the surface is high. Usually oriented growth is done on
lattice-matched substrates, but as the residual stress is high for
films on amorphous fused quartz slides oriented growth was not
observed.

Microstructure as shown in TEM micrograph (Fig. 2a) clearly
revealed presence of elongated conical particles. However, some
needle-like particles are also seen in the micrograph. Average
length of cone-shaped particles is about 235 nm and the length of
the needle-like grains was calculated to be 350 nm. Selected area
electron diffraction (SAED) pattern of the corresponding area was
also recorded and shown as inset in Fig. 2(a). SAED pattern clearly
indicated the polycrystalline nature of such grains. Electron
diffraction pattern was carefully analyzed and it confirmed the
formation of single-phase hexagonal ZnO structure. On indexing
the SAED pattern, the (h k l) planes (10 0), (10 1), (10 2), (110),
(0 0 4) and (10 4) were identified (JCPDS Card No. 36-1451).
Microstructure of these ZnO particles were also recorded at very
high magnification (250,000� ) which reveal inclusions of very
fine round-shaped particles of average size 8 nm in some of the
conical grains (Fig. 2b). Ratio of bottom to tip diameter of cone-
shaped particles are 8:1. In the present case simple ZnO
nanocones as well as complex conical overgrowth in stand-alone
particles was observed.

One-dimensional nanostructure has attracted lot of attention
for field emission devices due to their small device size, high
efficiency. ZnO has a specific advantage due to low electron
affinity and its shape can be tailored to have high aspect ratio.
Field emission is mainly dependent on tip morphology as sharper
and smaller the tip, lower will be the turn on voltage. The present
ZnO nanocones prepared by a simple aqueous solution growth
have very sharp tips of few nanometer diameter and such
structures can be potentially used in field emission devices.

Photoluminescence excitation (PLE) and emission spectra of
ZnO nanoparticles are shown in Fig. 3. ZnO in both powder and
thin film form show an excitation peak at 242 nm. PL emission
spectra show strong UV emission at 393 nm (3.15 eV) and much
smaller visible (orange) emission. The UV emission showed
Stoke’s shift as the emitted energy is lower that the band gap
energy of ZnO. In the thin film form, the intensity of UV emission
improved considerably and visible emission was negligible when
excited by 242 nm light. UV emission is due to band edge excitonic
recombination and visible emission arises from defect levels in
ZnO. The intensity ratio of UV (393 nm) to orange (595 nm) peak
emission was calculated to be 14 for powder sample and 96 for
thin film samples. The high-intensity ratio of band edge emission
to defect level emission indicates very less number of point
defects in the samples. Green emission in ZnO has been widely
reported in the literature [22–25] and has been attributed to
oxygen vacancy-related centre. Negligible green emission in our
samples suggests very low concentration of oxygen vacancy in the
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Fig. 2. TEM images of freestanding nanocrystals of ZnO in the powder form (a)

inset shows SAED pattern, (b) highly magnified image shows conical overgrowth

on cone-shaped particle as well as inclusion of small particles.
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Fig. 3. (Colour online) PL excitation and emission spectra of ZnO powder and thin

film. The emission spectra is taken at peak excitation wavelength 242 nm. The

visible part of the emission is multiplied 10 times.
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Fig. 4. (Colour online) PL excitation and emission spectra of ZnO powder and thin

film showing the down conversion property in the visible region. The excitation

spectra peaks at 410 and 480 nm and corresponding emission is in orange and red.

The inset indicate the excitation wavelength for the respective emission spectra.
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ZnO nanocones. Moreover, prolonged low-temperature (90 1C)
annealing of ZnO film in air reduced the oxygen vacancy centres
so that visible emission in green is negligible. The excitation
spectra for the orange emission show additional peaks around
410 nm (3.02 eV) and 480 nm (2.58 eV) as shown in Fig. 4. It is
encouraging to note in Fig. 4 that ZnO nanocrystals can be excited
by purple/blue light to emit in orange and red. The excitation
spectra of Fig. 4 cover the wavelength range of commercially
available blue LEDs. Since ZnO can be produced in a cost-effective
process, the possibility of using ZnO to make a phosphor-
converted LED to produce white light can be a feasible application.
Such property of ZnO has not been reported before.

Time-resolved PL decay measured for two emission wave-
lengths when excited by 242 nm light of ms pulse width is shown
in Fig. 5(a). The decay curves (Fig. 5a) could be expressed
mathematically as

RðtÞ ¼ Aþ
Xn

i¼1

Bie
�t=ti
where ti represents characteristic lifetime and denotes the time
taken to decay from the beginning of the decay to 37% of the
original value, Bi is a pre-exponential factor, which includes both
instrumental and sample parameters. In a multiexponential
decay, Relative contribution ratio of individual components can
be inferred from values of Bi. Exponential fitting of the decay
curves yield luminescence lifetimes and the results are listed in
Table 1.

The three-dimensional display of time-resolved emission
spectra (TRES) is shown in Fig. 5(b) in which a family of decay
curves are plotted as a function of emission wavelength. The
lifetime contour map is shown in Fig. 5(c) which shows an
overview of the complex decay pattern. The cursors indicate both
a time-resolved emission spectrum and the corresponding decay
kinetics simultaneously at a particular incidence. In Fig. 5(c), the
cursors indicate that at 275ms after the excitation, the near band
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Fig. 5. (Colour online) (a) time-resolved decay of PL when excited by 242 nm light, the inset signifies excitation and emission wavelength, respectively, (b) 3D TRES-

emission time map and (c)100 emission contour map of ZnO nanocones. The variation in decay characteristic between UV and visible (orange) emission is apparent.

Table 1

Emission

wavelength (nm)

t1 (ms) Relative

contribution (%)

t2 (ms) Relative

contribution (%)

393 6.1 43 46.6 57

595 111 100
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edge UV emission has completely decayed whereas the visible
emission still persists.

The decay of near band edge UV emission also has a
component in the nanosecond range as observed by excitation
with a nanosecond flash lamp. The observed single exponential
decay gave a lifetime of 800 ps. The fast decay gets masked in the
microsecond scale decay curve. The fast decay of UV emission
suggests the role of excitonic recombination process.

UV emission in ZnO crystal is usually attributed to the near
band edge emission due to radiative recombination of electron
and holes in form of excitons. It is argued [23] that enhancement
of UV emission could result from desorption of water which leads
to reduction of nonradiative centres. Hydrogen doping can also
passivate the visible emission while strongly enhancing the UV
emission. As the UV emission energy (3.15 eV) is less than band
gap energy of ZnO, the UV emission may be arising from a donor-
bound exciton [24]. The orange 595 nm (2.08 eV) emission
possibly arises from recombination of trapped electrons from a
shallow donor level (Zni) with holes trapped in oxygen interstitial
(Oi) centre. The energy location of Zni and Oi level is reported to be
below the conduction band by 0.22 eV [24] and 2.28 eV [25],
respectively. This recombination can then explain the 2.08 eV
orange emission. Due to large diameter of oxygen atom,
probability of oxygen atoms being in the interstitial site is low
and hence the intensity of the orange emission is less. Single
exponential decay of 595 nm emission when excited by 242 nm
light (Fig. 5a), supports the mechanism. The conductivity
measurement of the thin film indicates it to be almost intrinsic.
In the undoped ZnO the room temperature conductivity could
only arise from point defects, which also give rise to visible
luminescence. As negligible visible luminescence is observed in
the ZnO films, the point defects are very few and the lumines-
cence is dominated by near band edge UV emission. However,
lower than band gap excitation ((3.02, 2.58 eV) suggest the role of
some intragap states in the charge transfer process. Excitation of
electrons can be from valence band to donor level Zni or between
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donor–acceptor (DA) pair. Recombination of these electrons to
different acceptor point defects/ surface states may give rise to the
visible emission. Due to large surface area of the nanocones,
surface states may form intragap states and can play a role in the
emission process. The broad visible emission is probably asso-
ciated with distant DA pairs which has long radiative lifetime [26].
This also account for the afterglow in 595 nm emission compared
to the near band edge emission (Fig. 5a). As the number of
intragap states is few, a random distribution of donor- and
acceptor-type states can be assumed throughout the crystal.
4. Conclusions

Nanocones of ZnO as freestanding powder as well as thin film
were synthesized by a simple aqueous solution method. Sharp
pointed geometry of ZnO nanocones could be useful for field
emission devices. Strong UV emission and negligible visible
emission in ZnO nanocones indicate dominance of near band
edge excitonic recombination compared to defect-related emis-
sion. However, orange/red emission in ZnO nanocrystals when
excited by purple/blue light suggest the possibility of using ZnO as
a down conversion phosphor in the visible with possible
application in phosphor-converted LED for producing white light.
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