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Abstract: Zirconium oxide (ZrO2) being a wide and direct band gap semiconductor used for
fabrication of optoelectronic devices. ZrO: based optoelectronic devices span wide optical range
depending on the band gap of ZrO: material. The band gap of ZrO: can be tuned by fabricating it to
nanoscale. In this paper, we synthesized the ZrO: nanostructures on quartz substrate using ZrO:
ions produced by the ablation of ZrO: pellet due to high temperature, high density and extremely
non-equilibrium argon plasma in a modified dense plasma focus device. Uniformly distributed
monoclinic ZrO:2 nanostructures of average dimension ~ 14 nm have been obtained as found from
X-ray diffraction and Scanning electron microscopy studies. The monoclinic phase of ZrO:
nanostructures is further confirmed from photoluminescence (PL) and Raman spectra. PL spectra
show peaks in ultra-violet (UV), near-UV and visible regions with tunable band gap of
nanostructures. Similar tunability of band gap has been observed from absorption spectra. The
obtained structural, morphological and optical properties are correlated to investigate the potential
applications of ZrO: nanostructures in optoelectronic devices.
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1. Introduction

Zirconium oxide (ZrQOz) is an interesting semiconducting material having wide band gap, which
is being studied extensively to explore its fundamental properties for making high efficient devices.
The band gap of ZrO: decreases on increasing the processing temperature, which makes it more
conductive and hence it can be used in applications-oriented research. ZrO: has high melting point,
high mechanical and thermal resistance, high dielectric constant and low electrical conductivity. ZrO2
is also chemically stable with excellent hardness and biocompatibility, which render it as a suitable
candidate to be used for chemical, optical, dielectric and mechanical applications [1-3]. ZrO: has
potential to be used in making fuel cells [4], protective coatings for mirrors [3] and optoelectronic
devices [5]. ZrO2 possess high dielectric constant, which makes it an ideal candidate for replacement
of conventional gate oxide in field effect transistors in the future generation nanoelectronic devices.

The physical properties of the ZrO: are influenced significantly by its crystal structure. ZrO:
exists in three polymorphic phases depending upon the growth temperature i.e. monoclinic (exists at
low temperatures below 1150 °C and it is a thermodynamically stable phase), tetragonal (exists at
intermediate temperatures within the range of 1150-2370 °C) and cubic (exists a very high
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temperature greater than 2370 °C) [6]. The monoclinic crystal structure being the thermodynamically
stable phase fulfills the stability requirement of ZrO: based nanoelectronic devices. ZrO: when
fabricated at nanoscale results in emission peaks at short-wavelength typically in UV region, which
have applications in making read heads of compact discs (CDs) and increasing storage density of
CDs [7,8]. In addition, the band gap of ZrO: can be tuned at nanoscale which increases the
applications and also the efficiency of fabricated devices.

ZrO2 nanostructures have been fabricated in variety of morphologies such as nanoparticles [9],
nanobars [10], nanobelts [11], nanowires [12] and nanotubes [13]. The fabrication of these different
morphologies of ZrO: nanostructures are mainly by the chemical methods. However, the chemical
methods have used several precursors and other reacting agents which ultimately induces the
impurity in nanostructures making them unqualified for fabricating high efficient devices. Plasma-
assisted methods overcome the disadvantages of the chemical methods in the fabrication of
nanostructures. Moreover, the fabrication of ZrO2 nanostructures using a plasma-assisted methods
has not yet reported in the literature. Thus, it is necessary to study the properties of ZrO:
nanostructures when fabricated using a plasma-assisted technique.

This paper reports the synthesis of ZrO2 nanostructures on quartz substrate using the material
ions produced due to the ablation of ZrO: pellet by the hot, dense and extremely non-equilibrium
argon plasma generated in a modified dense plasma focus (DPF) device. The properties of ZrO:
nanostructures such as morphological, structural and optical have been studied and discussed in
comparison with the earlier reports.

2. Results and Discussion

Figure 1a shows the scanning electron microscopy (SEM) image of deposited sample, indicating
formation of wuniformly distributed ZrO: nanostructures having surface density ~ 4100
nanostructures/um? The size distribution of ZrO: nanostructures is shown in inset of Figure 1a and
the peak of Gaussian profile in histogram gives average dimension of nanostructures ~ 14 nm.
Transmission electron microscopy (TEM) image shown in Figure 1b confirms the formation of
nanostructures with morphology similar to that obtained in SEM results. However, it is difficult to
estimate the size distribution from TEM image thus a typical nanostructure with dimension ~ 15 nm
is shown by arrow in Figure 1b. The morphology and dimension of nanostructures obtained from
TEM results is in good agreement with that obtained from SEM results.

5 10 15 20 25 30 35 §
Dimension (nm)

Figure 1. (a) SEM image (inset show size distribution) and (b) TEM image of ZrO:z nanostructures.

In order to investigate the crystalline phase of ZrO: nanostructures, X-ray diffraction (XRD)
studies have been carried out. XRD pattern shown in Figure 2 have crystalline diffraction peaks at 20
values of 28.2°,31.5°, 38.5°, 50.1° and 59.8° corresponding to [-111], [111], [120], [022] and [131] planes,
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respectively of monoclinic ZrO: (ICDD File No. 37-1484). The grain dimension is found from Debye
Scherrer’s equation
0.94

D= :
S cosd M

[-111]

Intensity (arb. units)

2 theta (degrees)

Figure 2. XRD pattern of ZrO: nanostructures.

where D is grain dimension in nm, A is wavelength in nm, 3 is full width at half maxima (FWHM) in
radians and O is angle of diffraction corresponding to peak. The grain dimension has been found for
each peak of XRD pattern individually and the average has been taken. The average grain dimension
is found to be about 14 nm, which is in good agreement with the dimension of nanostructures
obtained from SEM and TEM results. The length of dislocation per unit volume i.e. dislocation
density (0) depends upon grain dimension (D) as
1
In addition, the strain (€) produced in the film or nanostructures due to presence of such dislocations
can be calculated using the relation
coso
g = Bcos?
4

The obtained values of 20, 6, 3, D, o and € have been summarized in Table 1. The average strain
produced in nanostructures is ~ 2.5 x 10< indicating good quality of deposited nanostructures.

, 6))

Table 1. Structural parameters of ZrO:2 nanostructures obtained from XRD pattern.

20 (°) 0 (°) P (radians) D (nm) 0 (x 103 nm?2) e (x 10%)
28.2 14.1 0.01166 12 6.94 2.83
31.5 15.75 0.01307 11 8.26 3.14
38.5 19.25 0.00865 17 3.46 2.04
50.1 25.05 0.00936 16 391 2.12
59.8 29.9 0.01089 15 4.44 2.36

The monoclinic structure of ZrO:2 nanostructures has been confirmed using photoluminescence
(PL) and Raman spectra. The PL spectrum shown in Figure 3a has peaks at 376 nm (3.29 eV), 408 nm
(3.04 eV) and 478 nm (2.59 eV). The peak obtained at 376 nm lies in UV region and it arises due to
presence of oxygen vacancies in the nanostructures. These oxygen vacancies make the extrinsic states
between valence band and conduction band yielding radiative transition at energy lower than band
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gap of ZrOz(~ 5 eV). The decrease in energy of this radiative transition is also associated with the size
and crystal quality of nanostructures which ultimately shift the emission spectra. Similar peaks near
376 nm have also been observed by several researchers [8, 14-16] for ZrO: nanostructures. In the
present experiment, ZrO: get ionized into zirconium and oxygen ions which subsequently upon
reaching the substrate recombine to form ZrO: nanostructures. However, in the process of
recombination several oxygen-oxygen atoms recombine to form oxygen gas molecule which is lost
from the material yielding oxygen vacancy in ZrO: nanostructures.

The PL peak at 408 nm lies in near-UV region and it arises due to transition from mid-gap trap
state to valence band. The mid-gap trap states are formed mainly due to surface defects such as
dislocations which are prominent in smaller dimension nanostructures. Similar peak has been
observed in literature [14,17,18] by other researchers for ZrO: nanostructures. On the other hand,
peak at 478 nm is characteristic peak of monoclinic ZrO2 [19]. The monoclinic phase of ZrO: obtained
in PL spectra is in confirmation with that obtained in XRD results. PL spectra reported in most of the
earlier research papers [8, 14-16,18,19] consists only one broad band arise from defect states such as
oxygen vacancies. The ZrO: nanostructures deposited in the present experiment using high fluence
ions in modified DPF device have multiple peaks in PL spectra lying mainly in UV and near-UV
regions. The observation of multiple peaks in PL spectra of nanostructures is due to tuning of band
gap of ZrO2 by the action of highly energetic and high fluence ions. This tuning of band gap and
emission in UV, near-UV and visible regions render the deposited ZrO: nanostructures suitable
candidate for optoelectronic device applications. Moreover, the use of plasma-assisted method such
as modified DPF device results in multiple peaks in PL spectra, which render these ZrO:
nanostructures to be used in wide optical range for fabrication of optoelectronic devices. On the other
hand, in chemical methods the optical range of optoelectronic devices is narrow due to single broad
band in PL spectra. This shows the clear advantages of plasma-assisted method i.e. modified DPF
over chemical methods for making ZrO:z nanostructures more viable to be used in device applications.

The monoclinic phase of ZrO: nanostructures obtained from PL and XRD results is further
confirmed from Raman spectra. The Raman spectra shown in Figure 3b have peaks at 178, 189, 476
and 520 cm! which all are attributed to monoclinic phase of ZrO: [15,18,20].

(a) - (b)
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Figure 3. (a) PL spectra and (b) Raman spectra of ZrO:z nanostructures.

The band gap of nanostructures has been tuned as obtained from PL results and to ascertain the
value of band gap, absorption spectra has been taken which is shown in Figure 4a. It shows a peak at
292 nm which arise due to transition from valence band to conduction band [8,14,18]. As the ZrO2
nanostructures have monoclinic structure thus the transition involved in this peak is mainly due to
Zr% jons in the interstitial [21]. Tauc plot given in Figure 4b gave the band gap of nanostructures ~
2.67 eV. Hence the ZrO:2 nanostructures have tuned band gap which lies in the region of observed PL
peaks. The tunability of band gap also suggests possible applications of nanostructures in
enhancement of solar cell efficiency.
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1n . =292nm (a)
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Figure 4. (a) Absorption spectra and (b) Tauc plot of ZrOz nanostructures.

3. Materials and Methods

ZrO2 nanostructures were synthesized on quartz substrate in the modified DPF device. The
target used for deposition was ZrO: pellet, which was made using ZrO: powder (99.99% pure) by
compressing it to a pressure of 10 MPa and subsequently sintered them at a temperature of 800 °C
for 6 hours. The quartz substrates were cleaned ultrasonically and were placed at an optimum
distance of 5.0 cm from anode top. Two bursts of focused plasma were used for deposition of ZrO:
nanostructures. The process of formation of high temperature, high density and extremely non-
equilibrium argon plasma on the top of anode along with the modifications to DPF device for
nanofabrication have been reported in earlier literature [22,23]. The focused argon plasma formed at
top of modified anode ablates ZrO: pellet and ablated material ions move vertically upward in
fountain like structure and get deposited on quartz substrates. The obtained samples were analyzed
to study their morphological, structural and optical properties using different characterization
techniques. The surface morphology was studied using SEM and TEM on Environmental scanning
electron microscope model Quanta 200 FEI and transmission electron microscope model FEI G2
Tecnai, respectively. Structural properties were studied using XRD pattern taken on D8 DISCOVER
X-ray diffractometer having Cu Ko radiation of wavelength 1.54 A. The room-temperature PL was
done on Fluorolog (HORIBA JOBIN-YVON) spectrofluorophotometer using 270 nm (4.59 eV)
excitation wavelength from a xenon flash lamp. Raman spectra were measured on in-Via Reflex
(Renishaw) spectrometer equipped with Ar-Ne laser. Absorption spectra were taken on Perkin Elmer
Lambda 35 ultra violet-visible (UV-VIS) spectrophotometer in absorption mode.

4. Conclusions

ZrO2 nanostructures have been fabricated using material ions in the modified DPF device. The
nanostructures have uniform distribution with average dimension of ~ 14 nm. ZrO: nanostructures
have monoclinic phase, possess nanograins and have low strain obtained from XRD pattern. UV and
near-UV peaks are obtained in PL spectra due to defects and dislocations. PL and Raman spectra
confirm the monoclinic phase of ZrO:2 nanostructures. ZrO: nanostructures have tunable band gap
obtained from PL and absorption studies. The optical band gap so obtained from PL and absorption
spectra suggest possible applications of nanostructures in optoelectronic devices and efficiency
enhancement of solar cells.
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