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Functional oxides with novel physical/chemical properties
have applications from optoelectronic devices, photocatalyst
and information storage to biomedical applications, water
splitting, and energy storage. The fascinating physical proper-
ties are strongly related to their electronic structures, surface
morphology, interface, microstructure, defect, strain, and so
forth [1-4]. Therefore, revealing the effect of these factors on
functionalities is a key step to achieve practical applications
of these oxides.

This special issue presents the synthesis, fabrication,
and potential applications of metal oxide thin films and
nanostructures. It was known that microstructure and strain
play critical roles in physical properties in oxide thin films [5].
The research papers in this special issue further confirm that
microstructures, surface morphology, interface, defect, and
strain are connected with functionalities in different types of
metal oxide thin films and nanostructures.

First set of papers are exploring the chemical synthesis of
ZnO nanostructures to enhance the photocatalytic and pho-
toelectrochemical reactions. For instance, N. A. Abd Samad
et al. in their work titled “Easy Formation of Nanodisk-
Dendritic ZnO Film via Controlled Electrodeposition Pro-
cess” highlighted the newly developed nanodisk-dendritic
ZnO film, which can harvest more incident photons to gen-
erate more photoinduced charge carriers to trigger the pho-
tocatalytic and photoelectrochemical reactions. A.-]. Wang
et al. in a paper titled “Facile Synthesis of Rambutan-Like

ZnO Hierarchical Hollow Microspheres with Highly Pho-
tocatalytic Activity” reported the improved photocatalytic
activity for the degradation of rhodamine B under ultraviolet
irradiation. After 90 min of UV irradiation, almost 100%
of RhB molecules are decomposed for rambutan-like ZnO
hierarchical hollow microspheres, unlike that of commercial
ZnO with 23% of RhB molecules remaining. This work
not only provides a simple method to prepare ZnO hollow
structures but also sheds some light on the improvement
of the photocatalytic performance by designing efficient
catalysts.

Y. Liu et al. in a paper titled “Electrohydrodynamic Pro-
cessing of p-Type Transparent Conducting Oxides” reported
the synthesis of p-type transparent conducting oxide films
such as ZnO and CuAlO, thin films by electrospray elec-
trospinning methods. The optical and electrical properties
of these films have been carefully analyzed. The emerging
applications of CuAlO, as potential nanobuilding block have
been discussed.

Defect significantly affects the properties in thin films
and nanostructures. Oxygen vacancy is an important type
defect in oxides [6]. R. Félix et al. in a paper titled “The
Role of Edge Dislocations on the Red Luminescence of ZnO
Films Deposited by RF-Sputtering” investigated the oxygen
pressure dependence of structural and optical properties of
ZnO films. The major defects have been identified as edge
dislocations. The TEM characterization indicates that films



deposited at low oxygen pressure present a higher density of
threading dislocations. The red band shift has been found to
correlate with the amount of edge dislocations.

C. L. Popa et al. in their work titled “Inhibitory Effect
Evaluation of Glycerol-Iron Oxide Thin Films on Methicillin-
Resistant Staphylococcus aureus” reported the inhibitory
effect of glycerol-iron oxide thin films on methicillin-
resistant Staphylococcus aureus. The results suggest that
glycerol-iron oxide thin films could be used in the future for
various biomedical and pharmaceutical applications.

Interface is another important factor in metal/oxide
multilayers [7]. H. Jiang et al. in a paper titled “Fabrication
and Characterization of AI/NiO Energetic Nanomultilayers”
studied the redox reaction in Al/NiO nanomultilayers. The
interface effect was studied by deposited multilayers with
different periodicity. It was found that the thermal diffusion
time becomes greater as the amount of thermal boundary
conductance across the interfaces increases with relatively
smaller modulation period. Therefore, the interface of the
Al/NiO strongly influences the performance of energetic
igniter.

Strain plays a critical role in controlling the growth
and the properties of functional oxide thin films [8, 9]. B.
Ifland et al. in a paper titled “Strain Driven Phase Decom-
position in Ion-Beam Sputtered Pr;_,Ca,MnO; Films” used
Pr,_,Ca,MnO; films as a model system to study the influence
of strain on the Mn solubility in perovskite oxide thin films.
They observed that large tensile strain during deposition
limits the Mn solubility of the perovskite phase. Mn excess
gives rise to precipitates and the precipitation seems to
represent a stress relaxation path.

The guest editors hope that this special issue can stimulate
further research in the field of functional oxide thin films and
nanostructures.
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Electrohydrodynamic processing is capable of synthesizing various materials in the form of porous/dense thin films, nanofibers,
nanorods, nanobelts, and ribbons, which is highly favorable for functional oxides. The tailored microstructures and properties
derived from electrohydrodynamic forming also give rise to new research interests on some classical oxides, such as transparent
conducting oxides (TCOs). Here a case of feasible electrospray synthesis of classical ZnO is demonstrated with tailored p-type
conductivity. Another p-type TCO, CuAlO,, was prepared by both electrospray and electrospinning methods and the processing-
derived electrical and optical properties are demonstrated. The last part of the paper discusses some emerging applications especially
for CuAlO, as potential nanobuilding blocks enabled by electrohydrodynamic processing.

1. Introduction

The electrohydrodynamic phenomenon, which describes
the interaction between liquid and electrical field, has
been discovered for over one hundred years. However, the
incorporation of this phenomenon into practical material
processing approaches has just become available in recent
decades [1-4]. The basic concept lies in the fact that the
liquid meniscus escaping the capillary tip under electrical
field would deform into a conical shape (Taylor core), from
where the submicrometric liquid jet is formed. The jet could
either go through physical disruption after propulsion to
form monocharged nanodroplets or maintain its single wire
shape, mainly depending on the viscoelasticity and dielectric
properties. The former is called electrospray, while the latter
is electrospinning. These two techniques have been widely
utilized in synthesizing a large variety of materials ranging
from polymers, ceramics, and metals to composites [5-8],
with the forms of thin films, nanofibers, and nanobelts.
The electrohydrodynamic derived technique could also rival
other nanoscale fabrication techniques due to its simple setup
and versatile capabilities in tailoring the nanostructure and
properties. On the other hand, since there has been growing
research interest in nanobuilding blocks for some emerging

technologies such as photocatalyst, thermoelectrics, batteries,
and nanophosphors, this recalls the demand to employ
electrohydrodynamic processing to fabricate classic and new
materials in both low dimensions and various morphologies.
Even though the electrohydrodynamic processing was orig-
inally designed for polymeric products, it is also capable of
fabricating ceramics from either chemical solutions or sus-
pensions. Table 1 lists some low dimensional oxide materials
fabricated by electrohydrodynamic processing from previous
reports. The main idea of fabricating the n- and p-type oxides
through electrohydrodynamic processing is to firstly prepare
and deposit the precursor solutions containing the desired
ion species on substrates and then calcine the precursors to
initiate crystallization. Besides the merits of simple setup and
cost-efliciency, the electrohydrodynamic processing involves
fewer preparation steps and exhibits good repeatability and
potential in large-scale production, which is favorable for thin
film technology and other emerging optoelectronic devices.
In our study, two oxide materials, CuAlO, and ZnO (crys-
tal structure as shown in Figure 1), were discussed, which are
both generally regarded as good candidates for transparent
conducting oxides (TCOs), a class of materials with syner-
gistic electrical conductivity and optical transmittance. Due
to these unique properties, TCO has been widely used as
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FIGURE 1: The delafossite CMO, (a) and wurtzite ZnO structures (b).

TABLE 1: Recent advances in oxide materials synthesized by electro-
hydrodynamic processing.

Materials Morphology Applications Reference
AZO/ITO Thin film TCO [26]
TiO, Core-shell spheres DSSC [27]
TiO, Nanofibers Photocatalyst/batteries ~ [28]
TiO,/SnO,  Nanofibers Photocatalyst [29]
TiO,/ZnO Nanofibers Photocatalyst [30]
NiO-CdO Nanofibers Sensors [31]
YSZ Thin film SOFCs [32]
YSZ Nanofibers — [33]
SnO, Thin film Gas sensor [34]
ZnO Thin film TCO [35]
Cdo Nanofibers TCO [36]
CeO, Nanofibers Capacitors, catalyst [37]
AL O, Nanofibers — [38]
Ga,0, Nanofibers TCO [39]
LiCoO, Wires Cathode [40]
MgO Nanofibers Luminescence [41]

building blocks in architectural applications [9], flat-panel
displays including OLEDs, liquid crystal displays, and plasma
displays [10], light emitting diodes [11], biosensors [12], and
other emerging optoelectronic devices in its form of coatings,
thin films, or wires. Most TCOs exhibit unintentional n-
type conductivity and degenerate doping could be utilized to
achieve a comparable resistivity (in the order of magnitude
107*-10"2 Q-cm) and carrier density (~10* cm™) to con-
ventional semiconductors. Unfortunately, there is no active
junction device using TCOs to the best of our knowledge,
mainly due to the monopolarity of the n-type TCOs [13,
14]. Notwithstanding the lack of research in p-type TCOs
compared to n-type ones, the p-type TCOs are essential for

constructing the p-n functional window in which UV portion
of the solar radiation could be absorbed by the electronics,
while visible light can be transmitted [15]. The combination
of the two types of TCOs not only is an effective approach to
improve the optoelectronic performance but also is of great
futuristic value to build up the “invisible electronics” [16],
such as electronic paper and heads-up displays. CuAlO, is
the first reported p-type TCO without intentional doping by
Kawazoe et al. [17] in 1997. The most distinguished feature
for this material is its anisotropic electrical conductivity
[18] stemming from the delafossite structure (Figure 1(a))
and the linearly coordinated copper atoms. However, the
development of this material has lagged far behind that of
n-type TCOs, mainly due to two reasons. The first reason is
its inherently low conductivity and difficulty in degenerate
doping. Even though there have been a few reports on using
divalent dopants such as Mg and Ca [19-21] to increase the
hole concentration, the dominant O,p states underlying the
conduction band may strongly localize the extrinsic hole
carriers [22]. The second reason lies in the fact that the
conductivity highly depends on processing parameters and
usually a wide range of optical bandgap values are reported
from different synthesizing methods. There have been few
reports [23,24] on CuAlQ, via electrohydrodynamic process-
ing, which would be a reproducible and cost-effective method
for fabricating thin films and fibers. ZnO, on the other hand,
has been long used for n-type optoelectronic devices for
decades. As shown in Figure 1, ZnO with wurtzite structure
possesses large band gap and large portion open space, which
is suitable for doping. However, it encounters the similar pro-
cessing and doping issues as a p-type semiconductor mainly
because of the self-compensation from native donor defects
(Zn; and V) [25]. By using the electrospray technique, we
selected lithium (acceptor, A) and aluminum (donor, D) as
the codopants to achieve the improvement in conductivity
and the mitigation of lattice distortion simultaneously. The
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FIGURE 2: A general setup of electrohydrodynamic processing with
droplets or a single fiber exiting the capillary under the forward bias
electrical field.

enhanced dopant solubility in the present ZnO may shed new
light on constructing homojunction devices.

2. Electrohydrodynamic Synthesis of
p-Type CuAlO,

2.1. Experimental Setup. A combination of electrohydrody-
namic jet forming and modified sol-gel method was devel-
oped to synthesize CuAlO, ceramics directly from chemical
solutions. Stoichiometric Cu(NOs),-3H,0O (Sigma-Aldrich,
puriss. p.a.), AI(NO;);-9H,0O (Sigma-Aldrich, ACS reagent),
and dopant ions (Y?" and Ln*") in nitrate form were used
as the starting agents dissolved in corresponding solvents. In
the case of CuAlO, thin film fabrication through electrospray,
nonaqueous precursor (1:1 ethylene glycol/ethanol, 0.5 M)
was prepared and stirred at 70°C. Then a polyacrylamide
route [42] was used in which acrylamide, N,N bis-methylene
acrylamide, and ammonium persulfate were added to the
solution one by one. The as-formed polyacrylamide gel could
provide a diphasic medium to immobilize the precursor
solution and render the feasible low-temperature synthe-
sis for CuAlO, formation. For electrospinning precursor,
the above metal salts were firstly dissolved in methanol
and then mixed with citric acid solution. Polymeric agent
Polyvinylpyrrolidone (PVP) (Sigma-Aldrich, average mol.
wt. 40,000) was further added to the gel in the attempt to
acquire suitable viscoelasticity for electrospinning. As shown
in Figure 2, a home-built electrohydrodynamic jet forming
setup utilizing DC high voltage was used for both electrospray
(5-8kV, 0.1 and 0.5mL/h) and electrospinning (15-18 kV,
1mL/h). The resultant jet-formed products deposited onto
quartz substrates went through heat treatment at various
temperatures to investigate the phase evolution.

2.2. Microstructure and Crystal Phase Evolution through Elec-
trohydrodynamic Processing and Successive Heat Treatment.
The microstructure through electrohydrodynamic process-
ing could be highly tailored into various forms, while the

crystallite size could remain at the submicron level. The
key challenges to electrospray and electrospinning are to
acquire dense thin films and uniform fiber dimensions
through a stable electrohydrodynamic jetting. Due to the
inherent complexity of the electrohydrodynamic jet forming
and propulsion, the parameter optimization is still on the
experimental basis and solid theoretical models that encom-
pass pertinent variables have yet to be built. We herein show
the examples of several processing parameters influencing
microstructure evolution. Figure 3 is a brief summary of
different microstructures generated under different spray
rate, electrical field, and working time. The as-spray film
exhibited amorphous topography consisting of overlapping
monodispersed droplets. Upon heat treatment (800°C in
argon) and the decomposition of organics, discrete spherical
particles were formed on the substrate, and at an optimum
electrospray condition shown in Figure 3(e) dense films of
~4 pm thickness were obtained (also confirmed from cross
section view from Figure 3(f)). The electrical field required
for electrospinning is higher due to significant dielectric
constant increase in the viscous precursors tuned by high
molecular weight PVP. The jet formed at the capillary would
be a single cylindrical fiber with elongation and thinning
effects, as long as a suitable electrohydrodynamic condition
could be met. At the low voltage applied under 2000 V/cm,
the microstructure of the as-spun fibers prior to thermal
treatment is a mixture of droplets and fibers, indicating a
transitional electrohydrodynamic jet forming deviated from
electrostatic balance in which the conical jet is unstable
with charged droplet encapsulated into the jet stream. Even
though this special microstructure is of great importance in
some applications such as drug delivery, the mixed structure
cannot meet the requirements of producing uniform and
interconnected fibrous ceramic coatings for optoelectronic
applications. By using an electrical field of 2000 V/cm, uni-
form fibers could be formed and the self-sustained network
could survive after thermal treatment, during which poly-
meric fibers were transformed into polycrystalline CuAlO,.
The enlarged micrograph of Figure 4(f) shows one single
submicron fibers with fine polycrystalline grains.

Due to the narrow thermodynamic window of delafossite
CuAlO, phase, various annealing temperatures were exam-
ined on both thin film and fibrous samples. According to
the XRD results shown in Figure 5, at 500°C, only CuO
phase was present due to the thermal decomposition of
copper nitrate. With the help of acrylamide gelification, the
crystallinity significantly improved after annealing in argon at
800°C, whereas this is not the case when no acrylamide was
involved even at a higher annealing temperature. There was
no intermediate phase such as spinel CuAl,O, identified. For
the case of the precursor used for electrospinning, which is
simply a citrate-nitrate system, the spinel CuAlO, was formed
by the following reaction: CuO + ALLO; — CuAlLO, at
900°C. According to the phase equilibria in the system of
Cu,0-Cu0-Al,O; [43], CuAlO, and CuO phases containing
Cu(II) are stable at the temperature range of 625 to 1000°C,
whereas the delafossite CuAlO, is a metastable phase below
1000°C, which could be decomposed to CuAlO,. Single
delafossite phase (CuAlO,, rhombohedral, PDF#35-1401) was
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FIGURE 3: SEM microstructures of electrosprayed CuAlO,: (a) as-sprayed without heat treatment from tilt view; (b) spray rate, 0.1 mL/h,
electrical field, 500 V/cm, and spray time, 5 min; (c) spray rate, 0.5 mL/h, electrical field, 500 V/cm, and spray time, 10 min; (d) spray rate,
0.5mL/h, electrical field, 1000 V/cm, and spray time, 15 min; (e) spray rate, 0.5 mL/h, electrical field, 1000 V/cm, and spray time, 30 min, with

cross section image shown in (f).

formed in its stable form after annealing at 1100°C for 3 hr. The
reaction formula is as follows:

CuO + CuALO, — 2CuAlO, + (%) 0,
2.3. Electrical and Optical Characterizations of CuAlO, Thin
Films and Nanofibers. Due to the poor p-type conductivity
of delafossite CuAlQ,, there have been many attempts to
improve the electrical conductivity, such as divalent doping
[19-21] and nitrogen doping [44]. Trivalent dopant in sub-
stitution of Al site has become a new experimental interest
in recent years. Based on some calculation results [22], the
substitution doping is predicted to increase the density of

states at the top of the valence band. Additionally, the change
of M-O covalency could lead to a decrease of O valance
charge in the Cu-O-Al unit, which finally mediates Cu d states
and an improved conductivity would be expected. Inspired
by CuYO, compounds and the potential alloying effects,
Y ion was chosen to partially substitute Al site. Figure 6
depicts three typical electrical characterization methods. All
the samples exhibited semiconducting conductivity with a
monotonically reduced thermal activation energy as the
yttrium doping increased. Even though the various hopping
mechanisms in CuAlO, have been reported, at the measured
temperature range, the linearity indicted a thermal activation
type hopping. Recalling the change of optical direct band gap
shown in Figure 6(c), the introduction of yttrium modified
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FIGURE 4: CuAlO, nanofibers fabricated through electrospinning: (a) as-spun, 500 V/cm; (b) as-spun, 1000 V/cm; (c) as-spun, 1500 V/cm;
(d) as-spun, 2000 V/cmyj (e) and (f) fully crystallized, annealed at 1100°C.

the band edge and might change Cu-O confinement to a
degree that the excitons underlying the valence band became
more delocalized, thus decreasing the activation energy when
thermally excited from VB to CB. The overall resistivity
obtained from calculating the V-I slope shows a decrease
from 689 O-cm to 580 O-cm as the Y concentration goes up
from 0 to 5 at.%. Even though the improvement is very small,
the consistency lying within the band gap, resistivity, and
thermal activation energy might indicate that the substitu-
tional trivalent doping with orderly alloying effects could be
useful for a better understanding of the doping mechanisms
compared to divalent doping, which may increase the charge
complexity and obscure some underlying phenomena.

The fate of electrohydrodynamic is its simplicity in
producing nanostructured coatings or thin films with high
transparency in the visible region, which is highly favored by

transparent conducting oxides. The samples could be easily
deposited onto glass or quartz substrates due to the strong
attractive force between charged jet and grounded collec-
tor. After annealing, the polycrystalline structure could be
formed. The sample from electrospray (shown in Figure 3(f))
has a lowered transmittance in the visible region in Figure 7.
The dense polycrystalline delafossite anisotropic structure
could enhance the beam scattering, thus decreasing the
transmittance. On the other hand, the electrospun sample
with a stacking thickness of ~20 ym [6] has a porous structure
and due to the stacking of fiber mats and reduced contact area,
the actual coating thickness absorbing the visible light could
not be high. Therefore, the electrospun sample exhibited
higher transmittance compared to the electrospray coating.
Another striking fact about CuAlO, is the room tem-
perature near-band-edge emission in the UV/blue region,
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FIGURE 5: The XRD patterns of the electrospray (a) and electrospinning (b) products with respect to different heat treatment conditions.

making it a promising luminescent candidate. In delafossite
CuAlO,, Cu-O bonds in O-Cu-O dumbbell layers determine
the electronic structure near the band gap and lead to
strong localization of excitons in the x-y plane as well as
larger binding energy. Since the binding energy exceeded the
room temperature thermal energy (kT = 0.025eV), room
temperature PL emissions were presented. Our recent study
[24] also showed that this near-band-edge emission might
be also closely associated with Cu 3d/4p hybridization as a
result of trivalent site mediation. The electrohydrodynamic
processing could enable us to deposit CuAlO, precursors
with different doping species and concentration and obtain
the transparent sample ready for optical characterization.
Figure 8 includes three samples with different trivalent site
configurations. Distinct peak shift is identified, showing
different Stokes shifts of d(3di—4s) — 3d94p1 transition.
However, the trend showing here is in contradiction with
the claim that this Stokes shift decreases as the size of the
trivalent metal atom reduces [45]. The nanostructure fibers
or thin films on the other hand could also contribute to
the Stokes shift, usually a blue shift in the luminescence
spectra. Therefore, the modification of the morphology and
dimension of those nanostructures could generate tunable
luminescence.

While most researchers focus on the electrical properties
of CuAlO, as a p-type transparent conducting oxide,
there are few reports in viewing CuAlO, as a potential
phosphor material. In addition, with the development of
field emission display and other flat display technologies,
new generation of phosphors with good luminescence,
conductivity, and stability is required. CuAlO, could be a
promising host material in which Al site could be substituted
with various trivalent rare earth dopants, without changing
the hole transport within Cu® plane [46]. Since the main
conduction path in delafossite crystals is close-packed Cu*

layers [18], the electrical properties could be sustained in
addition to photoluminescence properties. Conventional
solid-state synthesis of CuAlO, powders or thin films
requires high temperature sintering and repeated thermal
treatments. We hereby prepared CuAlO, fibers via a cost-
effective electrospinning method. The wire-like CuAlO,
nanostructures possess higher surface area and sintering
activity, which could lower the annealing temperature.
Additionally, the one-dimensional material may also present
extraordinary effectiveness in light emitting and transparent
conducting [47-49]. Eu’" cation was chosen as the emission
activator and intense red emission from f-f transition of Eu**
was identified. Eu®* activator center was successfully doped
into AI** site and this delafossite-type material could be used
as potential host for luminescence application.

3. Electrospray Synthesis of Codoped ZnO

3.1 Experimental Setup and Thin Film Topography. The
electrosprayed ZnO with codopants could be synthesized
from a similar chemical solution method, in which
Zn(CH;C0O0),2H,0 (Fisher Scientific), AIN;O4-9H,0
(>98%, Sigma-Aldrich), and CLi,O5 (=99%, Sigma-Aldrich)
were dissolved in 9:1 v/v of Diethylene Glycol (>99%
BioUltra C,H,,0;, Sigma-Aldrich) and deionized water
solution. For electrospray, a deposit rate of 0.06 mL/hr with
applied voltage of 20.0 kV and 15 cm of deposit distance were
used to deposit nanodroplets onto preheated substrate (93 +
5°C) for 60 minutes. The as-sprayed substrates were annealed
in air at 500°C for 5 hr. The crystallized ZnO thin films after
calcination have an average thickness of ~160 nm.

3.2. Effects of Codoping on Morphology and Electrical Prop-
erties. The aim of using codopants is to mitigate lattice
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FIGURE 6: Summary of electrical properties of electrosprayed CuAlO, thin films. (a) Temperature-dependent DC conductivity. (b) Four-probe
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distortion introduced by aluminum ions. From XRD shown
in Figure 9, the degree of crystallinity decreased with the
increase of Al concentration as shown in FWHM (002).
The average introduced stress from the difference radii
between the host and dopant restrained growth process.
Moreover, the substitute defect was formed and increased a
compressive stress that induced a degenerated issue resulting
in small grain size. In contrast, after incorporating Li ions, the
FWHM rarely changed over %Al range of dopant resulting
in crystallite size remaining almost constant, indicating a
stress relaxation and better crystallization took place. Less
stress was introduced in the 3% Li-doped sample due to the
smaller difference of radii between Zn and Li. By employing
the Double-Voigt approach based on the diffraction patterns
(002), the strain e, for undoped ZnO is ~0.0036 and it
increased slightly to ~0.0046 in the 3% Li-doped ZnO thin

film. Therefore, the lattice distortion in Li codoped ZnO
samples was kept constant as %Al increases indicating that
the dopant solubility improved by codoping mechanism.
However, the lattice distortion increased when Al concentra-
tion increased due to the small size of Al and less contraction
at c-axis when being substituted on the Zn site.

The AFM in Figure 10 reveals the general topography of
samples with different doping configurations. Undoped and
Li-doped ZnO samples exhibited larger grain size compared
to other doped and codoped ZnO samples. At 3.0% Al-doped
ZnO has a large size difference compared to host (Zn*"), so
the stress caused a degenerated issue resulting in small grain
size being observed which was consistent with crystallite size
studies. It is noteworthy that introducing of the second Li
dopant could smooth the thin film surface and a significant
drop in RMS was also observed in Table 2. This improvement



TABLE 2: Roughness evolution observed by AFM from undoped and
codoped ZnO samples.

Average RMS
Sample detail roughness  roughness  Skewness
(nm) (nm)
Undoped ZnO 9.1591 11.5280 0.3712
3% Li-doped ZnO 5.3446 6.5457 ~0.2644
3% Al-doped ZnO 33.6361 41.592 ~0.1874
3-3% Al-Li codoped ZnO  13.6971 16.7416 0.0468
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FIGURE 7: Transmittance spectra of CuAlO, coatings from both
electrospray and electrospinning.

in thin film quality is also considered to be associated with
the relaxation of lattice strains allowing growth process. The
Li ions increased dopant solubility and accommodated Al to
localize with minimal stress.

A visible transmittance of 85%-90% could be achieved
in the electrosprayed samples as shown in Figure 11. As A
went up, transmittance in visible range increased because
there was no segregation of Al at grain boundary and
Al; defect as scattering centers. Another plausible reason
lies in the fact that AlOg octahedron was reported [50]
to decrease the surface roughness, which could also help
increase the in-line transmittance. Li promoted solubility
and facilitated grain growth, which improved the transmit-
tance by mitigating grain boundary effect. A presence of
Li in codoped ZnO showed higher transparency suggesting
that there was no interstitial Li (Li;) defect or near-band-
edge defect to increase light absorption in visible range
meaning that the defect complex (Li,,-Li;) was formed.
Therefore, the reduction of charge effective carrier was
observed.

The Burstein-Moss effect or band gap widening was
observed in all doped samples due to the fact that the excess
charge carriers by dopants were blocked at the lowest part
of the conduction band. The double occupation is prohibited
according to Pauli exclusive principle. However, the band gap
energy of Li codoped samples was maintained because the
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FIGURE 8: Room temperature photoluminescence of 3 delafossite
samples synthesized via electrospinning.

defect complex was formed to reduce ionic defects and thus
electronic defects were decreased.

The electrical properties results in Table 3 reveal that all
Li-doped ZnO films showed p-type semiconductor meaning
that hole carriers were dominated in an electrical con-
ductivity. The resistivity and the resistance of as-annealed
films by Hall-effect measurement and in-line 4-point probe
measurement showed the same tendency. A 1.5-3% (Al, Li)
codoped ZnO film showed the lowest resistance, resistivity,
and sheet resistivity of the film of 9.6 Ohm, 9.59 Ohm-cm,
and 29.5Ohm/cm?, respectively. The carrier mobility was
9.51cm?/Vs and the carrier density was 6.85 x 10'®cm™.
This phenomenon can also be explained in terms of mobility
effect which was improved by enhancing dopant solubility
at the optimal acceptor-to-donor ratio of 2:1. The highest
solubility indicated by the lowest lattice distortion suggested
that the incorporation of acceptor improved by forming
acceptor-donor (A-D-A) defect complex resulting in the
electronic band structure being tailored to enhance the
efficiency of charge carrier transportation [51]. This A-D-
A defect complex shifted acceptor and donor energy levels
close to the valence and conduction bands, respectively, by
electrostatic force. These periodical A-D-A defect complexes
or trimmers induced a short-range dipole-like scattering
mechanism resulting in a decrease of mobility scattering
[52]. Moreover, the grain boundary was diminished as shown
in SEM image, so the grain boundary scattering exhibited
the smallest effect compared to other doped ZnO-based
films. The lowest resistivity was observed in the 1.5-3% Al-
Li codoped ZnO due to the increased hole mobility in order
to compensate for the loss of carrier from a native defect or a
defect cluster (Liy,-Li;).

The higher resistivity and low mobility were observed in
3% Li monodoped ZnO film due to the fact that the mobility
was low because p-type dopant preferred to localize at deep
level of acceptor. In addition, the energy band structure of
single doped ZnO was higher than that of the codoped one
[51]. At 3-3% (Al-Li) codoped ZnO due to the hole carrier
density was reduced to more than 50% compared to 3%
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TABLE 3: General electrical properties measured from Li-doped and Li-Al codoped ZnO samples.

Sample detail Resistance Resistivity Mobility Carrier density Sheet resistance Type of carriers
P (Ohm) (Ohm-cm) (cm?/Vs) (em™) (Ohm/cm?) P
3% Li-doped ZnO 15.07 15.06 0.918 452E +17 3.18E + 03 Holes
1.5-3% Al-Li-doped ZnO 9.60 9.59 9.51 6.85E + 16 2.95E + 01 Holes
3-3% Al-Li-doped ZnO 19.05 19.05 1.54 213E+17 3.11E + 03 Holes
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Li-doped ZnO. Al doping at high concentration could form
substitute defect (Al,,,) and induce the population of intrinsic
defect (Zn;), which was in agreement with lattice distortion
studies in Figure 9. Consequently, the higher resistivity p-
type ZnO film could be found.
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4. Emerging Applications of Classical
p-Type TCOs

As mentioned above, the versatile nature of electrohydrody-
namic processing could open new doors for new materials
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with innovative morphologies and tailored properties. In
the case of CuAlO, study, which is basically inspired by
urgent TCO development, we proposed a potential scheme
of multifunctional nanobuilding blocks (Figure 12) which
may pose future implications for emerging applications in
the area of optoelectronics, thermoelectrics, catalyst, and
nanophosphors.

Besides the investigation of near-band-edge emission,
given the anisotropic electronic structure and higher conduc-
tivity along the basal plane, this delafossite material might
be reviewed as a potential host material for luminescence
applications. The large trivalent site in this structure is
highly tunable and any modification on the trivalent site will
unlikely degrade the overall p-type conductivity due to the
strong confinement in this superlattice-resembled structure.
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FIGURE 13: Photoluminescence spectra of CuAlO, as host materials:
(a) doped with Eu’*; (b) doped with Er** and Yb**.

Figure 13 shows the characteristic photoluminescence from
Ln’* color centers. It could be seen that CuAlO, indeed could
actas an effective host material providing trivalent occupancy
and it exhibited the capability of both downconversion and
upconversion.

The intercalation of trivalent dopants was further exam-
ined by XPS as shown in Figure 14. The binding energies for
Cu 2p;, are centered at ~933.4 eV with no shift observed
with respect to Eu doping. It has been widely acknowledged
that in the delafossite structure the strong two-dimensional
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FIGURE 14: XPS core-level spectra of different sites in CuAlO, hosts with different trivalent substitution.

confinement of Cu-O bonds along z-axis restrains the elec-
tronic structure [53]. In contrast to Cu 2p;,, peaks, Al 2p
peaks shift to lower binding energies at higher dopant con-
centrations (74.52 eV for x = 0.001, 74.09 eV for x = 0.003,
and 73.54 eV for x = 0.01) due to the environment change
around MOy octahedra along the ab plane. The different Cu
2p;), and Al 2p BE responses to trivalent ion substitution lead
to the conjecture that the introduced rare earth within MO,
layer would insignificantly disturb the hole conduction path
in Cu" layer. Therefore, the p-type conductivity might not be
impaired. However, when examining the yttrium doping in
the delafossite host, both Cu and Al peaks shifted to lower
binding energies, indicating an overall weakening of binding
environment after introducing yttrium ions. Our study [24]
on the reduced mass of Y doped samples also confirms the
observation from XPS.

Due to the strong Cu-O dumbbell bond and the large
RE ion radii, it is unlikely that the trivalent RE ions will
occupy interstitial sites in the delafossite. On the other

hand, a supplemental site occupancy of trivalent ions onto
pristine Al site in CuMO, delafossite could be revealed from
the change of lattice parameters in terms of trivalent ionic
radius [54]. The lattice constant increases pseudolinearly with
the increase of M site ion radius, while the constant c is
independent of M site ion radius and should remain constant.
Taking the case of Eu doping as an example, according to
our host material, CuAlO,, the lattice constant could be
estimated by a = 2.784 X rp + 1.437, in which the constant
2.784 was calculated from the a value at zero doping level
from the standard powder diffraction file (PDF#35-1401).
The trivalent ion radius 1y follows a weighted sum of both
AP radius and Eu’" radius (r, = (1 — x)ry + xrg,)
[55]. The calculated value is shown as a dashed line in
Figure 15 and the experimental data is extracted from the
Rietveld refinement of the delafossite phase CuAl,_, Eu,O,.
The correlation between lattice constants and trivalent ionic
radii generally follows the calculated rules, indicating the
occupancy of extrinsic trivalent ions on the Al sites.
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5. Conclusion

We have shown two case studies on p-type CuAlO, and
ZnO, respectively, due to the high demand for developing
p-type oxides with enhanced properties. Electrohydrody-
namic processing is capable of fabricating both oxides with
fine microstructures and comparable properties. The major
advantages of employing electrospray and electrospinning
are the low cost and versatility in materials selection and
microstructure control. For the case of CuAlO,, electrospray
through polyacrylamide route is feasible in obtaining highly
crystallized TCO thin films at a lower temperature, while
CuAlO, electrospun fibers with improved visible transmit-
tance could be fabricated in a similar way, yet in completely
different morphologies. For ZnO, even though there have
been some reports on electrohydrodynamic processing, we
testified the feasibility of codoping and observed a simulta-
neous improvement in surface smoothness and conductivity.
The compensated Li exhibited the efficacy to mitigate the
deficiencies introduced by degenerate doping. We believe that

Journal of Nanomaterials

the electrohydrodynamic processing would be applied on a
broader basis and would be beneficial to next-generation
multifunctional materials.
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The existence of extended defects (i.e., dislocations) in inorganic semiconductors, such as GaN or ZnO, responsible for broad
emission peaks in photoluminescence analysis remains unresolved. The possible assignments of these luminescence bands are still
matter of discussion. In this study, two different zinc oxide samples, grown under different oxygen partial pressures and substrate
temperatures, are presented. Epitaxial and structural properties were analysed by means of X-ray diffraction and transmission
electron microscopy techniques. They confirm that the layers are single-phase with a good crystalline quality. Nevertheless,
a different density of threading dislocations, with a higher contribution of edge dislocations, was found. Photoluminescence
spectroscopy has been used to investigate the optical properties. The steady state luminescence spectra performed at 14 K evidenced
the donor bound exciton recombination and deep green and red emission bands. The red band with a maximum at1.78 eV was found
to be stronger in the sample grown at lower oxygen pressure which also shows higher density of threading dislocations. From the
temperature and excitation density dependence of the red band, a donor acceptor pair recombination model was proposed, where

hydrogen and zinc vacancies are strong candidates for the donor and acceptor species, respectively.

1. Introduction

Nowadays ZnO is among other semiconductors, one of the
most studied materials, due to the potentialities offered by
its wide direct band gap (3.37 eV) at room temperature and
high (~60meV) free exciton binding energy [1, 2]. These
characteristics together with the easiness of depositing thin
ZnO films by different techniques with a considerable quality
make this material a suitable semiconductor for a broad
range of applications in optical and electrical devices (light
emitting diodes, transparent thin film transistors, and surface
acoustic wave systems [2-6]). Despite the increasing interest
in this material, a deeper understanding of the role of the
structural defects in the oxide host is still necessary, for

example, to overcome the difficulties in obtaining p-type con-
ductivity, among others. For instance, line defects, and more
specifically threading dislocations (TDs), are known to have
effects on photonic and electronic materials behaviours [7,
8] causing a degradation in the semiconductor device. For
example, TDs produce undesirable phenomena that lead
to the appearance of additional electronic energy levels in
the band gap influencing the semiconductor electrical and
optical properties [8].

From the luminescence point of view, it is well established
that the recombination processes on high quality ZnO layers
occur nearby the band gap with the emission due to free and
donor bound excitons [9]. Additionally, surface excitons and
stacking faults related luminescence effects have also been
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FIGURE 1: Deposition parameters profiles (substrate temperature, O, partial pressure (PPO,), and RF power) of sample Z1 (a) and sample Z2

(b).

reported [10-12]. On the lower energy side, the luminescence
has been attributed to donor acceptor pairs (DAP) and
recombination’s broad bands to often unknown origin [13].
The latter can occur in distinct spectral regions and have been
observed in the blue, green, orange, and red spectral regions,
when the samples are excited with photons with energy
higher than the band gap [2, 14]. Based on the luminescence
behaviour with time, temperature, and excitation density,
several models have been proposed for the emitting centres
including impurity related [15-18], DAP [2, 13, 19], free-to-
bound transitions [14, 20, 21] and potential fluctuations [20,
22]. The observation of the different broad bands is shown
to be sample dependent and their assignment to point or
structural defects are still under debate.

In this work, ZnO thin films were deposited by radio-
frequency- (RF-) sputtering on [0001] c¢-Al,O; for dif-
ferent growth parameters. The samples were character-
ized by diffraction-contrast two-beam transmission electron
microscopy (DC-2B-TEM). Additionally, electron and X-
ray diffraction (XRD), plus photoluminescence (PL), were
used in order to check correlations of structural and optical
properties. The emphasis was placed on the red emission
band with a maximum at 1.78 eV which was found to be
stronger in samples with higher density of TDs. A correlation
between the red luminescence band and the highest TD
density is discussed in the context of this paper.

2. Experimental

Two zinc oxide film samples (Z1 and Z2) were deposited
by RF-sputtering on c-sapphire substrate using the same RF
power.

Sample Z1 was deposited in the absence of oxygen and
sample Z2 with an oxygen partial pressure of 4.0 x 10™* mbar.

The Z1 and Z2 samples were grown at 664°C and 746°C,
respectively. These growth parameters profiles are shown
in Figure 1. The distance from the target to the substrate
was maintained constant and for the deposition processes a
commercial ZnO target with a 99.9% purity was used.

Structural and optical studies were performed by trans-
mission electron microscopy (TEM), selected area electron
diffraction (SAED), XRD, and PL spectroscopy.

The structure of the samples was characterised by TEM
after samples were prepared in cross sections (XTEM) or for
plan-view (PVTEM). They were thinned to reach the elec-
tron transparency with conventional methods of mechanical
grinding and polishing, dimpling (dimple grinder GATAN
TM 656), and ion milling (applied with a GATAN low voltage
precision ion polish system, PIPS). Bright field (BF) and
dark field (DF) DC-2B-TEM micrographs and SAED patterns
were collected with a JEOL-1200EX microscope. The TD
density for each ZnO layer was calculated as the average value
of 8 different areas sizes ranging between 0.5 and 1um? for
PVTEM and 5 different lengths or regions between 0.7 and
3.7 um for XTEM preparation. The ZnO film thickness and
surface roughness were also estimated from the analyses of 10
BF-TEM images, with analysed lengths between 12 and 30 ym
depending on the sample.

The XRD measurements were carried out with a Philips
XRD X’pert diffractometer with the Cu K« in out-of-plane
configuration for symmetric planes and in skew geometry for
asymmetric ones. XRD reciprocal space maps (RSM) were
obtained for the symmetric (0002) reflections and ¢-scans
for asymmetric planes (2021). The PL studies were carried
out using a 325nm He-Cd laser line as excitation source,
and a Spex 1704 monochromator (with a 1200 grooves/mm
grating) coupled with a cooled photomultiplier (Hamamatsu
R928) was used to disperse and detect the luminescence,
respectively. The temperature dependent PL measurements
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FIGURE 2: DC-2B-BF XTEM images of Z1 (a) and Z2 (b) samples displaying screw + mixed dislocations (they were taken in [1120] zone axis

using the (0002) excited reflection).

were acquired in the temperature range between 14 K and
room temperature (RT) using a closed-cycle-cryostat. For
the excitation intensity dependence commercial calibrated
neutral density filters were used. All the PL spectra were
corrected to the spectral response of the collection and
detection system.

3. Results and Discussion

3.1 Structural Properties. TEM was applied to get informa-
tion about the structural quality and the presence of defects
at the ZnO films. The thickness and surface roughness of
the layers were analysed from lengths of 12 ym for sample Z1
and 30 ym for sample Z2 (see Table 1). According to a higher
growth deposition time (as present in Figure 1), the ZnO layer
in sample Z1 is thicker and less rough.

Concerning TD characterization by TEM, the method
used in this work is based on the combination (cross-
correlation) of DC-2B-BF TEM images from XTEM and
PVTEM preparations [23] which allows obtaining on the one
hand edge + mixed and screw + mixed TDs and on the other
hand density of TDs at different depths of the ZnO layers.

Images of TDs in DC-2B-TEM conditions were obtained
when the samples are oriented taking into account the
invisibility criterion g - b = 0. Therefore, dislocations become
invisible if this criterion is satisfied, where “g” is the excited
reflection and “b” is the Burgers vector [24]. Besides, depend-
ing on Burgers vector, TDs are classified in three different
groups, that is, screw, edge, and mixed, which in the con-
cerned wurtzite system correspond to b, = (0001), b, =

(1/3)(1120), and b,.=b,= (1/3)(1123), respectively.

TaBLE 1: Thickness and roughness of ZnO layers for samples Z1 and
Z2.

Sample Thickness (nm) Roughness (nm)
71 322 +12 38+12
72 195 + 20 84 + 20

TABLE 2: Groups of TDs that can be observed in TEM for each
preparation and two-beam conditions.

Preparation  Zone axis Reflection (g) Type of TDs
PVTEM [0001] (1120) Edge and mixed
XTEM [1120] (0002) Screw and mixed

Traditionally, dislocations are given in groups (edge +
mixed or screw + mixed) because images with only one type
of dislocations are not geometrically possible to be obtained.
For this reason, in the present work, the TD density data will
be given together, that is, screw + mixed and edge + mixed.
Table 2 shows the crystallographic direction (zone axis) and
the related reflection (g) selected to acquire the TEM images
for each preparation, together with the type of TDs that are
observed.

The number of TDs is directly measured from DC-2B-
BF TEM micrographs (a couple of examples are shown in
Figures 2 and 3). Thereupon, as indicated in Table 2, edge +
mixed dislocations were calculated by using the g = (1120)
excited reflection near the [0001] zone axis of ZnO from
PVTEM preparations. Likewise, screw + mixed dislocations
were calculated by using the (0002) excited reflection near the
[1120] zone axis of ZnO from XTEM.
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TaBLE 3: TD densities at ZnO surface and annihilation for samples Z1 and Z2.
Surface dislocation densities
Sample Edge + mixed Screw + mixed Annihilation of screw + mixed TDs (%)
(10% cm™) (10* cm™)
71 84.9+10.3 121+£0.7 44
72 31.7 £3.9 45+0.3 51

200 nm

(®)

FIGURE 3: PVTEM DC-BF micrographs of Z1 (a) and Z2 (b) samples
where edge + mixed dislocations are visible. They were taken using
the g = (1120) excited reflection.

Since it is well known that TD density values measured
from PVTEM preparations are more accurate than those
estimated from XTEM [25], the screw + mixed TD density
on the ZnO surface has been determined through the edge
+ mixed TD density. In order to do that, we have relied on
previously reported results [26, 27] that claim that edge +
mixed dislocations are about 80-90% of the whole, while
screw + mixed dislocations range between 10 and 20 per
cent. Consequently, the edge + mixed TD density (directly
calculated from the PVTEM preparation) is assumed as 85%
of the whole, whereas the remaining percentage belongs to
the screw + mixed TD density. The thickness of each XTEM
preparation is evaluated by equalling the screw + mixed
TD density directly measured value at the ZnO surface,
to that calculated from the PVTEM. Once the thickness
is determined, the density of TDs propagating from the
sapphire/ZnO interface towards the ZnO surface (TD density

Density of TDs,, , along ZnO

30
25 4
L 204 m
| [}
8 &
0 -
=) B
T 1545
z [ |
< [ |
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FIGURE 4: Density of screw + mixed (s + m) dislocations for Z1
(red) and Z2 (green) samples in dependence on the distance from
sapphire/ZnO interface. The densities of TDs were measured at
different height rate (20%, 50%, and 70%) of the ZnO layer, where 0%
belongs to sapphire/ZnO interface and 100% refers to ZnO surface.

evolution) can be evaluated, and therefore the annihilation
rate can be estimated (see Table 3 and Figure 4). Additionally,
data of TD density at ZnO surface obtained by using the
aforementioned method are shown in Table 3. The errors
in this table were calculated through the minimum square
method (for the directly measured densities) and the well-
known statistical formula for mean value errors.

Evaluating the TEM results, it is found that sample Z1 has
ahigher TD density than sample Z2 (Table 3). This can be also
seen in Figure 2, where pictures for Z1 and Z2 samples have
the same scale marker and a higher number of screw + mixed
TDs are predicted for sample Z1 at first glance. Besides, it has
been evidenced from Figures 2 and 3 that the main structural
defects observed in the ZnO layers correspond to TDs (screw
+ mixed and edge + mixed) with densities ranging from
10% to 10° cm™ from the interface to the surface (Table 3).
These values have a good agreement with previously reported
results on good quality state of the art ZnO layers [3, 28-30].
For the analysed samples no stacking faults were identified
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FIGURE 5: SAED patterns of the complete heterostructure in XTEM preparations. (a) and (b) SAED patterns in [1 120] and [0110] zone axis
of ZnO layers, respectively, for sample Z1. (c) and (d) SAED patterns in [1120] and [0110] zone axis of ZnO layers, respectively, for sample

Z2.

and the TD density was found to be dependent on the depth
inside the film. Attending to the screw + mixed annihilations,
the results reveal that about 44% for sample Z1 and 51% in
the case of sample Z2 annihilate when they reach the ZnO
surface.

SAED patterns for XTEM preparations were also
recorded giving indications of the good single-crystallinity
of ZnO in regions around the Al,O; and ZnO interface
and at ZnO surface and of its heteroepitaxial placement
on the whole heterostructure. Figure 5 shows well-defined
characteristic reflections of ZnO wurtzite and «-AlO;.
Therefore, the following heteroepitaxial relationships
can be concluded: [1120]ZnO//[0110]y-AL,O; and
(0110]Zn0O//[1120]y-AlL, 0.

Figure 6 shows the 2 theta-omega (20-w) scans for Z1
and Z2 samples. The data indicate that only one diffraction
maximum attributed to the (0002) ZnO reflection is observed
for the investigated layers. This result specifies that the
crystallites grow preponderantly oriented with the c-axis
normal to the substrate. To evaluate the samples structural
quality, the RSM for the reflection (0002) were carried out
as shown in Figure7. The shape and broadening of the
symmetric RSM are very similar for both samples, indicating
that the type of defects should be similar. The broadening can
be accounted by stoichiometry/strain gradients, tilt, and the
limited size [31]. In the investigated layers the stoichiome-
try/strain gradients should be one of the major effects on the
broadening, as suggested by the TEM measurements. We also
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FIGURE 6: XRD 2 theta-omega scans for the reflection (0002)
obtained in out-of-plane geometry for Z1 (red) and Z2 (green)
samples.

performed ¢-scans in order to evaluate the azimuthal rotation
of the crystallites by calculating the twist angle, o, [32].

Figure 8 shows the ¢-scans of the asymmetric (2021)
reflection, corresponding to a plane with an inclination angle
of 74.83" with respect to the [0001] direction. A distinct
broadening can be clearly identified for both samples. This
result evidences that dissimilar twist angles (estimated as
0.290° and 0.109°, for samples Z1 and Z2, resp.) occur
among the crystallites. Assuming that the twisted angle is
proportional to the density of the edge dislocations [31, 32],
these results suggest that a high density of edge dislocations
is present in the sample ZI.

3.2. Optical Properties. Figure 9 shows the 14 K PL spectra
of the two ZnO layers obtained with above band gap exci-
tation. On the high energy side, the samples luminescence
corresponds to the free (FX), donor bound (D°X) and surface
(SX) excitons, followed by the two-electron satellite lines and
LO-phonon replicas of the bound excitons [9, 20, 33-36].
Additionally, a structured green luminescence (~2.4 eV) and
an unstructured red band (~1.78 V) are observed. The LO-
phonon-assisted structured green band has been ascribed
as a Cu-impurity related defect [37]. Copper impurities are
known to be trace contaminants in low purity commercial
ZnO targets, as the ones used in this work. Intrinsic defects
such as Zn;, O;, Vg, Vy,, and their complexes have been
reported in the literature as being responsible for the unstruc-
tured broad emission bands in ZnO [38, 39]. When the
growth conditions are performed under oxygen deficiency, as
the case of Z1 sample, V and Zn, are expected to be the main
intrinsic point defects. However, first-principles calculations
have shown that these defects have a high energy formation;
consequently their occurrence is unlikely [40]. According
to Janotti and Van de Walle [40] the neutral V leads to a
deep donor level located at ~1 eV below the conduction band,

Journal of Nanomaterials

V,, are deep acceptors, and Zn; are shallow donors. The
latter is also known to form unstable defects due to their low
energy migration [40]. Nowadays, it has been widely accepted
that V,, (and their aggregates) are the most likely acceptors
in ZnO [41-44], introducing energy levels between 1.6 and
2.1eV below the conduction band [44].

Previous studies have also shown a strong correlation
between the screw dislocations and the near band edge PL
intensity [45]. Namely, the generated strain fields around
screw dislocations leading to heterogeneous spatial distribu-
tion of the carriers are known to disturb the density of states
reducing the PL recombination efficiency. On the other hand,
it has been pointed out that the edge dislocations assume an
important role on the deep level emission in semiconductors
by trapping point defects and impurities in their strain fields
[3, 46].

As can be seen in Figure 9 (in logarithmic scale), besides
the already stated transitions, a broad red band of unknown
origin was detected in both samples, however, with a stronger
emission in sample Z1, which is the sample with the highest
estimated value of the TD density (~10° cm™). In order to
establish a coherent interpretation of the 1.78 eV emission,
band temperature and excitation dependent PL studies were
carried out for Z1 sample, presented in Figures 10 and 11.

The evolution of the red band PL intensity with tempera-
ture depicted in Figure 10(a) evidences a decrease in the over-
all intensity when the temperature increases. Furthermore,
a shift to lower energy of the band maximum is observed
for temperatures above 40 K (Figure 10(b)). By assuming a
Gaussian band shape to fit the deep level recombination,
the evolution of the integrated intensity of the red band
can be established as shown in Figure 10(c). Considering
a classical model to describe a single thermally activated
nonradiative recombination channel, the evolution of the
integrated intensity, I(T), with temperature follows a Mott
law according to

-1
I(T)=Io[l+a-exp<—&>] , )
kg
where I, stands for the low temperature intensity when
the nonradiative processes are neglected; a is a temperature
independent effective degeneracy, E, is the activation energy
for the nonradiative processes, and kg is the Boltzmann
constant. The best fit is achieved for an activation energy of
14 + 2 meV.

It should be mentioned that similar broad red bands have
been reported in bulk, films, and nanostructures of ZnO and
GaN materials [38, 47]. Particularly, Reshchikov et al. [38]
found in bulk material of ZnO an emission band (denoted as
RLI) with the maximum near the same energy and a thermal
quenching described by similar activation energy. However,
while in the latter case no shifts of the RL1 band maximum
were identified between 14K and the RT, in our work the
red luminescence maximum shifts following the band gap
shrinkage (Figure 10(b)). This behaviour suggests that the
defect related with the 1.78 eV band should involve electronic
energy levels sensitive to the band gap reduction, described
by the effective mass theory.
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Increasing the excitation density, the measured 14 K PL
spectra (Figure 11(a)) promote a high energy shift of the band
maximum. This is a common behaviour in DAP transitions
due to the saturation of distant pairs, which have low
transition probabilities [48]. In our case a ~20 meV shift can
be observed among the low and high excitation intensities
(Figure 11(b)). An additional indication that the red 1.78 eV
band behaves as a DAP transition is provided by the sublinear
dependence (Figure 11(c)) of the integrated PL intensity with
the excitation intensity (Ip; oI, *) expected for this type of
recombination processes [49]. The emission energy of a DAP
(Epap) with a separation r is given by [48]

2
(4

Epap = By~ Eg— Eg + )

>
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FIGURE 9: The PL spectra of the ZI (red) and Z2 (green) samples
obtained by the He-Cd excitation at 14 K (the spectra are presented
in logarithmic scale).

where E stands for the band gap energy, E; and E,, stand for
the donor and acceptor binding energies, and the 1/r term
corresponds to the Coulomb interaction among the ionized
species.

Considering that under the low excitation intensity con-
ditions an infinite pair separation is reached, the Coulomb
term could be neglected, and an (E, + E;) ~168¢eV is
estimated by assuming a band gap energy of 3.437¢V at
14 K. If the 14 meV determined from the red band quenching
corresponds to the binding energy of an exciton bound to
the donor (E, ;) by using the Haynes rule derived by Meyer
et al. [9] for shallow donors, E, ; = 0.365E; — 3.8 (meV), a
donor binding energy of ~49 meV is estimated. This energy
value suggests that H participate in DAP [9]. The acceptor
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FIGURE 10: Sample Z1. (a) Temperature dependent deep level PL spectra obtained with above band gap excitation, (b) temperature dependence
of the red band peak energy, and (c) dependence of the integrated emission intensity with the temperature for the red band.

level should be placed at ~1.75eV above the valence band,
if in agreement with the expected energy level for zinc
vacancies [44]. Taking into account the discussion provided
on the nature and energy level location of the intrinsic defects
referred to above, the red emission band could be associated
with a DAP involving the hydrogen shallow donor and
zinc vacancies as deep acceptors. Consequently, the stronger
intensity of the red emission for sample Z1 (with the higher
TD density) suggests that higher amount of point defects
could be induced in samples with the highest threading
dislocations density.

4. Conclusions

In this work, ZnO films have been deposited on ¢-Al,O,
substrate under presence and absence of oxygen. These

different oxygen pressures have strong effects on the struc-
tural and optical properties of ZnO layers. The films are
monocrystalline with a highlighted quality. However, the
TEM characterization has revealed that the sample grown
without oxygen atmosphere presents a higher density of TDs,
the majority of them being edge dislocations type. Moreover,
it was found that both samples evidence heterogeneity in
depth, displaying a decrease of the TD density from the
sapphire/ZnO interface to the sample surface. In agreement
with the TEM results, the asymmetrical ¢-scans for (2021)
reflection reveal a high value of twist angle for the sample
process with null oxygen pressure, indicating high density
of edge dislocations. In addition by optical characterization,
a green band at ~2.4eV and a red band at ~1.78¢eV are
observed. The green structured band is similar to the one
previously assigned to the presence of Cuy, acceptor due
to copper impurities likely due to trace contaminants in
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the precursor target. The red luminescence is more pro-
nounced in the sample with the uppermost density of TDs.
Hence, this red band has been analysed in detail, in order
to find a correlation with the different amount of edge dislo-
cations. From the temperature and excitation dependence of
the red band, a donor acceptor pair recombination model has
been proposed, where hydrogen and zinc vacancies are strong
candidates for the donor and acceptor species, respectively.
These results suggest that such optically active point defects
are promoted in the sample with higher amount of edge
dislocations.
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The main purpose of this study was to evaluate the inhibitory effect of glycerol- iron oxide thin films on Methicillin-Resistant
Staphylococcus aureus (MRSA). Our results suggest that glycerol-iron oxide thin films could be used in the future for various
biomedical and pharmaceutical applications. The glycerol-iron oxide thin films have been deposited by spin coating method on a
silicon (111) substrate. The structural properties have been studied by X-ray diffraction (XRD) and scanning electron spectroscopy
(SEM). The XRD investigations of the prepared thin films demonstrate that the crystal structure of glycerol-iron oxide nanoparticles
was not changed after spin coating deposition. On the other hand, the SEM micrographs suggest that the size of the glycerol-
iron oxide microspheres increased with the increase of glycerol exhibiting narrow size distributions. The qualitative depth profile
of glycerol-iron oxide thin films was identified by glow discharge optical emission spectroscopy (GDOES). The GDOES spectra
revealed the presence of the main elements: Fe, O, C, H, and Si. The antimicrobial activity of glycerol-iron oxide thin films was
evaluated by measuring the zone of inhibition. After 18 hours of incubation at 37°C, the diameters of the zones of complete inhibition

have been measured obtaining values around 25 mm.

1. Introduction

During the last decade, iron oxide nanoparticles such as
magnetite (Fe;O,) and/or maghemite (y-Fe,O5), with var-
ious coatings and diameters of 3-30 nm, have been used
in biological applications [1] for diagnostics and/or cancer
treatment. Recently, functionalized magnetic nanoparticles
have been applied in a range of new biomedical and diagnos-
tic applications such as magnetic resonance imaging (MRI),
contrast agents [2, 3], targeted drug delivery [4], molecular
biology [5], DNA purification [6], cell separation [7], and
hyperthermia therapy [8].

The biocompatibility and low toxicity of functionalized
iron oxide magnetic nanoparticles [9-11] with different
biopolymers are crucial parameters for various applications.

Two of the phases of iron oxides, Fe;O, and y-Fe,0;,
present a major interest in numerous applications due to

their particular magnetic properties and because iron oxide
nanoparticles consist of nontoxic elements several new
researches have focused on iron oxide thin films [12].

In previous studies, the growth of hematite («-Fe,0;)
thin films by reactive evaporation of iron in an oxygen
atmosphere [13] was reported. Akl [14] in her studies on
optical properties of crystalline and noncrystalline iron oxide
thin films deposited by spray pyrolysis showed that the
film structure changed from noncrystalline to crystalline at
the same substrate temperature. Moreover, Akl [14] demon-
strated that the effect of substrate temperature as well as the
deposition time can influence the optical properties, with
the optical constants being dependent on the film thick-
ness and independent of the growth temperature. Previous
studies have proved that nanoparticles can contribute to
bactericidal effects [15]. According to Taylor and Webster
[16], iron oxide nanoparticles may bring some supplementary



benefits for biofilm treatment. In their studies on the use
of superparamagnetic nanoparticles (SPION) for prosthetic
biofilm prevention, they showed that SPION can be used for
numerous anti-infection orthopedic applications [16].

The spin coating method used to deposit glycerol-iron
oxide thin films is a simple, inexpensive technique and a
promising candidate for obtaining biocompatible surfaces for
potential applications in the medical field. The specific char-
acteristics of nanoscale iron oxides particles were determined
in order to use them in a variety of different applications.
On the other hand, glycerol is a natural antimicrobial agent
and a common ingredient found in food and cosmetics.
According to Projan et al. [17], low concentrations of glycerol
can inhibit various staphylococci. Moreover, recent studies
[18] have shown that the monolaurate glycerol can inhibit
growth of Candida and Gardnerella vaginalis bacterial strains
in vitro and in vivo, inhibiting the signal transduction at
microbial plasma membranes.

This study also reports the preparation and character-
ization of glycerol-iron oxide layer. Firstly, we synthesized
glycerol stabilized with iron oxide nanoparticles in normal
atmospheric conditions by coprecipitation method. Secondly,
glycerol-iron oxide thin films were prepared by spin coat-
ing deposition. The glycerol-iron oxide nanoparticles and
glycerol-iron oxide thin films were characterized by X-
Ray diffraction (XRD) and scanning electron microscopy
(SEM). The qualitative chemical analysis of the glycerol-iron
oxide thin films was evaluated by glow discharge optical
emission spectroscopy (GDOES). Finally the inhibitory effect
of glycerol-iron oxide layer on methicillin-resistant Staphylo-
coccus aureus (MRSA) was investigated.

2. Experimental Section

2.1. Thin Film of Glycerol Coated Iron Oxide. Ferrous chlo-
ride tetrahydrate (FeCl,-4H,0), ferric chloride hexahydrate
(FeCl;-6H,0), chlorhydric acid (HCI), natrium hydroxide
(NaOH), and ammonia (NH;) were purchased from Merck
Glycerol. C;HgOs, (99.5%) was purchased from Sigma.
Deionized water was used in the synthesis of nanoparticles
and in the rinsing of clusters. The @6" Silicon Wafer, Type
P/(100), was purchased from TED PELLA, INC. Microscopy
Products for Science and Industry.

The glycerol-iron oxide nanoparticles (GIO) were syn-
thetized by coprecipitation method in air at room temper-
ature. The ferric and ferrous chlorides (molar ratio 2:1)
were prepared by dissolving 0.30 M of FeCl;-6H,O and
FeCl,-4H,0 in 60 mL of HCI (0.16 M) [19, 20]. The resulting
solution was added drop by drop into 200 mL of NaOH (1 M)
containing 50 mL glycerol. The suspension was vigorously
stirred for 1h and heated another 2h at 80°C. Glycerol
coated magnetic iron oxide nanoparticles were purified by
ultrafiltration after centrifugation at 10000 rpm for 60 min.
The resulted glycerol-iron oxide nanoparticles were redis-
persed in ethanol solutions containing 25mL (GIO-1) and
50 mL (GIO-2) glycerol under vigorous stirring. Finally, one
milliliter of the solution was pipetted onto the substrate (com-
mercially pure Si), and the substrate was spun at 1000 rpm for
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30ss. The resulting films were annealed in air at 60°C for 2h
immediately after coating and then heated at 100°C for 1h in
vacuum to remove excess solvent and to further densify the
film [9].

2.2. Characterization Methods. The samples were character-
ized for phase content by X-ray diffraction (XRD) with a
Bruker D8-Advance X-ray diffractometer in the scanning
range 25-70° using Cu Ka (1.5416 A) incident radiation. The
morphology of the material was studied using a Quanta
Inspect F scanning electron microscope (SEM). The top
surface analysis of the samples was studied by Glow Discharge
Optical Emission Spectroscopy (GDOES) [21, 22] using a GD
Profiler 2 from Horiba/Jobin-Yvon. The technique is suitable
for thin film analysis and permits determining the chemical
gradient composition from the surface to the bulk and, if the
ablation rate can be estimated, to determine the thickness of
different layers of the nanocomposite materials [23, 24].

Methicillin-resistant Staphylococcus aureus (MRSA) bac-
terial strain was obtained from Polymed Medical Center,
Bucharest, Romania. The MRSA strain used in this study was
isolated from an abdominal wound after right hemicolec-
tomy. The MRSA strain clinically isolated is believed to be
most representative for this type of bacteria. The bacteria
were cultured at 37°C in blood agar with 5% sheep blood
and a chromogen agar medium CPS3 (Biomerieux Franta).
The final working concentration was of 1 x 10° CFUmL™".
MRSA was typed with the latex agglutination assay Slidex
Staphylococcus Detection (no. 73117, Biomerieux, Marcy
I’Etoile, France) using a cefoxitin disk [25] according to [26].
For this strain a resistance profile was determined using the
Kirby-Bauer method with multidisc (Bio-Rad, DE Mexico)
and CLSI guide 2014 edition.

3. Results and Discussions

The XRD investigations of dried GIO nanoparticles are illus-
trated in Figure 1. Based on XRD data refinement, the GIO
nanoparticles synthesized by coprecipitation method showed
characteristic peaks which are assigned to the (220), (311),
(400), (422), (511), and (440) reflections of the mixture of the
spinel phases maghemite (y-Fe,05) and magnetite (Fe;O,).
The proportion of the two phases was calculated by Rietveld
refinement for the GIO nanoparticles. The maghemite (a =
0.835nm) was found in proportion of 91.9116% =+ 0.119 while
the magnetite (@ = 0.840nm) was found in proportion
of 8.0884% + 0.236. According to previous studies [27] it
should be noted that the standard XRD patterns of (y-Fe,O;)
and (Fe;0,) are difficult to distinguish. The calculated mean
size of the nanoparticles was about 7.7 + 0.023 nm.

SEM analysis was used to observe the morphology of
GIO nanoparticles and GIO thin films (GIO-1 and GIO-
2). In Figure2 the SEM image of GIO nanoparticles is
presented. The SEM image shows that the glycerol coated
iron oxide nanoparticles are spherical and their average
diameter is about 9 + 1 nm. Therefore, the average size of
the nanoparticles deduced by SEM investigations is in good
agreement with XRD analysis.
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FIGURE 1: Experimental (blue), calculated (solid line gray), and difference plots (lover line) of the glycerol coated iron oxide nanoparticles
(mixture of the spinel phases y-Fe, O, (44517-ICSD) and magnetite Fe;O, (1011032-ICSD)).

FIGURE 2: SEM image of the glycerol coated iron oxide
nanoparticles.

The XRD patterns of GIO-1 and GIO-2 thin films are
also similar and conserve the structure of GIO nanoparticles
(Figure 3). The reflections were assigned to the spinel phases
(y-Fe,O; magnetite Fe;O,). The sizes of GIO-1 and GIO-
2 thin films were calculated by Sherrer’s formula [28]. The
average particle sizes of GIO-1 and GIO-2 thin films were
estimated to be 18.7 + 1 nm and 24.8 + 1 nm, respectively,
deduced from the position of characteristic peaks assigned
to the (311), (400), (511), and (440) reflections.

The XRD investigations of GIO-1 and GIO-2 thin films
demonstrated that the crystal structure of GIO nanoparticles
does not change after spin coating deposition.

The morphology and mean nanoparticle diameters of
GIO thin films (GIO-1 and GIO-2) are illustrated in Figure 4.
The SEM images of GIO thin films (GIO-1 and GIO-2)
show a homogenous surface structure. The sizes of the
glycerol-iron oxide microspheres obtained on the thin film
surfaces exhibit a narrow size distribution (Figure 4). After
acquiring SEM micrographs on different areas of the two
thin films (GIO-1 and GIO-2), statistical histograms have
been performed. These histograms showed that the mean
nanoparticle diameters have values around 19.9 + 0.07 nm for

Intensity (a.u.)

50 60

26 (deg.)

30 40 70

FIGURE 3: X-ray diffraction patterns of GIO-1 and GIO-2 thin films.

the GIO-1 thin film (Figure 4(c)) and around 23.9 £ 0.11 nm
for the GIO-2 thin film (Figure 4(d)).

Furthermore, the size of the spherical microspheres
increases with the increase of glycerol amount (GIO-2).

Glow discharge optical emission spectroscopy (GDOES)
is an atomic emission spectrometer system that can be used
mainly to analyze elemental composition of solids, liquids,
and gases [29]. In our studies, the GDOES method was used
for qualitative determination of the constituent elements in
the films. According to Jakubéczyova et al. [30], from the
concentration profiles it is possible to approximately deduce
the layer thickness. However, errors are to be expected in
this type of recalculation. Moreover, Vnoucek [31] in her
studies on “Povrchové efekty pfi GDOES (Surface Effects
at GDOES)” affirms that there is no universal way for the
elimination of these inaccuracies and it is necessary to carry
out individual calibrations. Similarly, Payling et al. [32] in
their studies showed that depth calculation from GDOES
measurements is the result of several steps, “each bringing
potential uncertainties”
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FIGURE 4: SEM images of GIO-1 (a) and GIO-2 (b) thin films. The mean nanoparticle diameters of GIO-1 (c) and GIO-2 (d) thin films.

The elemental distribution from coating to substrate
with glycerol-iron oxide nanoparticles was investigated using
GDOES depth profile. GDOES spectra were acquired for
thin films of glycerol-iron oxide nanoparticles dispersed in
ethanol solution containing 25 mL (GIO-1) and 50 mL (GIO-
2) glycerol under vigorous stirring and deposited on a pure Si
substrate (Figure 5).

The results shown in Figure 5 reveal the distribution of
the main elements of the coating and substrate along the
depth direction including Fe, O, C, H, and Si. Interpretation
is not easy but it is clear that the oxygen content increased
at the top surface of the GIO-1 and GIO-2 thin films and
the iron content remained constant up to a certain depth for
the coating obtained for the two layers. Also, the carbon and
hydrogen contents were higher in the coating obtained from
glycerol-iron oxide nanoparticles dispersed in the ethanol
solution containing 50 mL glycerol (GIO-2). From Figure 5
we also observe that the GIO-2 profile exhibits higher silicon
concentrations compared to GIO-1 profile, while the oxygen

concentration is slightly higher for GIO-1 compared to the
GIO-2; this might be linked to the coverage of the layer on Si
over the sputtered area (4 mm).

The objective of our study was to investigate the antibacte-
rial activity of glycerol-iron oxide thin films (GIO-1and GIO-
2) on Methicillin-Resistant Staphylococcus aureus bacterial
strain. The second substrate, from Figure 6(B), is faded
because the glycerol-iron oxide ratio is greater than the one
used in Figure 6(A). The increase of the amount of glycerol
in the sample leads to a discoloration of the solution used for
layer deposition. The antimicrobial activity of glycerol-iron
oxide thin films was evaluated in triplicate by measuring the
zone of inhibition after 18 hours of incubation at 37°C. After
incubation, the diameters of the zones of complete inhibition
(seen with the naked eye) were measured. Around glycerol-
iron oxide thin films onto commercially pure Si substrate we
can see the bright inhibition zones indicating the antibac-
terial activity (Figure 6). The antibacterial activity increased
from 22 + 1 mm (Figure 6(A)) to 27 + 1 mm (Figure 6(B)).
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0-20s.

The values of antibacterial activity diameter of the three
samples utilized in the study of antimicrobial activity of
glycerol-iron oxide thin films are presented in Table 1.

To highlight the antimicrobial effect of GIO thin films,
the GIO thin films deposited on commercially pure Si (100)
were exposed to the MRSA. After 2, 4, 6, 12, and 24 h the
suspension was collected. After collection, the suspension
was incubated on agar medium for 24 h. More than that, the
number of colonies forming units per milliliter (CFU/mL)
was established. In Figure7 the antimicrobial -effect

depending on the time of contact with the surface of
the GIO thin films for MRSA was presented.

After 24 h a drastic decrease of the MRSA CFU for the
two samples (GIO-1 and GIO-2 thin films) was noticed. As
you can see in Figure 7, the antimicrobial effect occurs just 2 h
after the time of contact with the surface of GIO-1 and GIO-2
thin films with MRSA. After 6 h of contact with the surface
of GIO-1 thin films, the CFU of MRSA decreased linearly
up to 24 h. For the GIO-2 thin films, the antimicrobial effect
increased linearly in time between 0 and 24 h. After 24 h,
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FIGURE 6: Antibacterial activity of glycerol-iron oxide thin films on Methicillin-resistant Staphylococcus aureus bacterial strain. A: GIO-1; B:

GIO-2.
TaBLE 1: The values of antibacterial activity diameter of the three samples utilized for antimicrobial evaluation.
Diameter of the Diameter of the Diameter of the Mean diameter of the
Sample complete inhibition complete inhibition complete inhibition complete inhibition
zones (D1) zones (D2) zones (D3) zones (D)
GIO-1 21.6 mm 23.4mm 21mm 22mm
GIO-2 25.8 mm 25.9 mm 29.3 mm 27 mm
LE + 06 reported by Ciobanu et al. [39, 40]. Iron oxide nanoparticles
, have been widely used in biomedical research areas due to
= 8.E+05 their special magnetic properties, their surface properties,
E Lo and their biocompatibility. A major challenge is represented
2 GEXO0S A% by the production of a magnetic drug delivery system in
g * : which magnetic nanoparticles coated with drugs can be
< 4E+05| % - - - . . . ) .
e ; - directed to infection sites by an external magnetic field
S ol N + [41]. Along this line, we try to find an alternative treatment
; : e based only on iron oxide nanoparticles, without the use of
0.E + 00 antibiotics. Touati [42] in his research on iron and oxidative
0 4 8 12 16 20 24

Time (hours)

—x— GIO-1
e GIO-2

FIGURE 7: The antimicrobial effects depending on the time of contact
with the surface of GIO thin films.

the number of MRSA CFU approached to zero. According
to the experimental results of the antibacterial studies, the
survival bacteria are meaningfully reduced when the amount
of glycerol increased. The generation of OH could be the
reason why the antimicrobial effectiveness of glycerol layer of
iron oxide increased when the amount of glycerol increased.

It is well known that in recent years nanotechnology has
made major progress. Thus, different types of metals and
metal oxides at the nanoscale with antimicrobial properties
were obtained [33-37]. Due to their low toxicity to humans
and their antimicrobial activity, silver nanoparticles have
been intensively investigated [34, 38]. More recently, the first
studies on antimicrobial silver doped hydroxyapatite were

stress in bacteria showed that reactive oxygen species (ROS)
generated by magnetite nanoparticles could kill bacteria
without killing healthy cells (cells nonaffected by the bacte-
ria). Our present study on the evaluation of the inhibitory
effect of glycerol-iron oxide layer on MRSA bacterial strain
could be included in the common effort to find alternative
solutions to antibiotics for the treatment or prevention of
microbial infections.

The results of our studies are in good agreement with
previous studies conducted by Saegeman et al. [43]. In the
study on short- and long-term bacterial inhibiting effect
of high concentrations of glycerol used in the preservation
of skin allografts [43] it was shown that glycerol certainly
induces bacteriostasis. Poirier et al. [44] have demonstrated
that a prolonged stay at a specific activity of the water activity,
a,, (measure of the amount of unbound water that is freely
avaijlable for microorganisms), is not supported by bacteria.
This could demonstrate the bacterial inhibition effect of
glycerol because most organisms cannot cope with a low
specific water activity a,,. Moreover, Mille et al. [45] showed
that glycerol solutions reduce the water content necessary for
the bacterial cells.
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According to the results presented in this research, it can
be concluded that the glycerol-iron oxide thin films possess
antimicrobial properties against MRSA bacterial strain. It can
be stated that the glycerol-iron oxide layer could be used in
the medical field to prepare a new antimicrobial product.

4. Conclusions

In this research, the glycerol-iron oxide thin films were
obtained simply by spin coating deposition method on a
silicon (111) substrate. The XRD patterns of glycerol-iron
oxide thin films conserve the structure of glycerol coated
iron oxide nanoparticles. The structure of glycerol-iron oxide
thin films is homogenous and the size of the spherical
microspheres increases with the increase of glycerol amount.
The GDOES spectra performed on glycerol-iron oxide thin
films reveal the distribution of the main elements Fe, O,
C, H, and Si. The thickness of thin films has been affected
by the concentration of glycerol in the glycerol-iron oxide
nanoparticles solution.

MRSA bacterial strain presented an inhibition zone
which increased when the glycerol amount in the samples
increased. In addition, the glycerol-iron oxide thin films
showed better antibacterial performance when the amount of
glycerol increased. In conclusion, we can say that the present
research proposes a new antimicrobial product that could be
used for various medical applications involving inhibition of
antibiotic-resistant bacteria.
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A facile electrodeposition synthesis was introduced to prepare the nanodisk-dendritic ZnO film using a mixture solution of
zinc chloride (ZnCl,) with potassium chloride (KCI) that acted as a directing agent. This study aims to determine the best
photoelectrochemical response for solar-induced water splitting. Based on our results obtained, it was found that an average
diagonal of nanodisk was approximately 1.70 ym with the thickness of =150 nm that was successfully grown on the surface of
substrate. The photocatalytic and photoelectrochemical responses of the resultant wurtzite type based-nanodisk-dendrite ZnO
film as compared to the as-prepared ZnO film were monitored and evaluated. A photocurrent density of 19.87 mA/cm” under
ultraviolet rays and 14.05 mA/cm” under visible light (500 nm) was recorded for the newly developed nanodisk-dendritic ZnO thin
film. It was believed that nanodisk-dendritic ZnO film can harvest more incident photons from the illumination to generate more
photoinduced charge carriers to trigger the photocatalytic and photoelectrochemical reactions. Moreover, strong light scattering

effects and high specific surface area of 2D nanostructures aid in the incident light absorption from any direction.

1. Introduction

Behind the rapid development of social, economic, and
technology, energy becomes a crucial issue around the globe.
A global warming devastation occurs from time to time
and is becoming severe in the 21st century. Abrupt climate
change happens around the world. Intergovernmental Panel
on Climate Change (IPCC) is the responsible body to control
the global temperature variation; it had announced that the
global temperature absolutely increased with the estimation
of 0.4 and 0.8°C for the past century and this phenomenon
was the 10 warmest years over the last 15 years [1]. In the North
Atlantic, the atmospheric circulation above Greenland also
changed abruptly due to the global warming [2, 3]. Global
warming phenomenon occurred as a result of greenhouse
effect which led to the increasing in atmospheric temperature
[3]. Increases in concentration of greenhouse gases such as
nitrous oxide (N,0), methane (CH,), and carbon dioxide
(CO,) were the main causes of the drought in the areas from
East Africa coastal area to the Arabian Sea, South Asia, East
Asia, and South China. In the case of water (sea/river) level

rising during the 21st century, global warming resulted in the
melting of remaining ice masses. IPCC forecasts global mean
sea levels (GMSLs) are likely to increase with the variation
of 4-5 mm/year by 2050, 0.5-0.9 m by 2100, thus the losses of
up to 30% of coastal wetlands [4]. Two major net heat sources
had documented (1) net heating generated by human activi-
tiesand (2) geothermal heat flow. In addition, the exploitation
of nuclear energy and nonrenewable energy thus produces
an additional heat in the world [5]. These driving forces lead
the researchers to reduce the greenhouse effect and envi-
ronmental protection with presenting creative ideas. In this
paper, we are focusing on the alternative energy, hydrogen gas
production. Today’s hydrogen production is produced from
fossil fuels, methane, and coal gasification [6]. The produc-
tion of hydrogen gas determines the environmental impact
and energy efficiency. Light-induced water splitting system
is attractive to be studied. Thus, the photocatalysed degen-
eration of water with nanodisk-dendritic zinc oxide film was
chosen to be the catalyst.

Zinc oxide is an n-type semiconductor, with direct wide
band gap (3.37 eV) due to its electrons conductivity, and it has
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TaBLE 1: The different types of hexagonal ZnO disk based on preparation method.
Researcher Preparation methods Findings References
Complex superstructure was
. Simple double-solvothermal assembled by hexagonal disks;
Yin et al. (2014 25
in et al. (2014) method in the presence of glycine the thickness of the disk is about (23]
300 nm
Uniform single-crystalline ZnO
7 L2 nanodisks were well developed 1
eng et al. (2009) Hydrothermal method with L5 im in diameter and (17]
300 nm in thickness
Zinc/ZnO core-shell hexagonal
Electrodeposition method, nanodisk dendrites were
Zhang et al. (2007) HBO, as an electrolyte with zinc produced with diameter from [15]

foil as anode, voltage 180 V, and
the system kept at 2°C

about 100 nm to several hundred
nanometers and thicknesses are
about 20-40 nm.

Electrochemical deposition

Li et al. (2007) method

The shape of the ZnO dendritic

structure is similar to the branch

of a fern; ZnO dendritic (26]
structure is in the range of

6-10 ym and 200 nm of thickness

Vapour phase transport (VPT)

Xu et al. (2004) method

Zinc oxide nanodisk; 3 ym in
diagonal and 300 nm in thickness

the wurtzite hexagonal crystal structure. The stoichiometric
excess of zinc ions is believed to cause the electrons con-
ductivity where the zinc ions live in interstitial locations in
the crystal lattice [7]. The other property of ZnO is the high
exciton binding energy (60 meV) in ZnO crystal which can
produce efficient excitonic emission under room temperature
ultraviolet (UV) luminescence [8-10]. Moreover, rectifica-
tion, optical properties, and chemical properties of ZnO bring
great interest to the research world [9-16]. Synthesis method
will determine the crystal shape from acicular needles to plate
shaped crystal. By all means, this is the uniqueness of zinc
oxide which can be made to form into a variety of crystalline
shapes [17]. Furthermore, nearly neutral (pH ~ 6) system
applied to the formation of ZnO nanostructures supports the
environmental protection [17]. According to Table 1, electro-
chemical deposition method is likely to produce nanodisk-
dendritic ZnO and disk-shape morphology is less familiar in
research. At the same time, it has unique properties and leads
to potential applications such as water-splitting process [18],
electrodes for dye sensitized solar cells [19], and nanosensors
[20, 21]. Equally important, the low active surface area and
fast recombination losses of photoinduced charge carriers
remain as a great challenge for ZnO nanostructures. There-
fore, in this paper, the formation of nanodisk-dendritic zinc
oxide was studied. The ability of nanodisk-dendritic ZnO
photoelectrode in current-voltage characteristics and methyl
orange (MO) degradation also has been studied.

2. Experimental Section

2.1. Synthesis of Nanodisk-Dendritic ZnO. ZnO nanostruc-
tures films were produced by electrodeposition process of
zinc (Zn) foil (thickness 0.25 mm, 99.9% trace metals basis,
Sigma-Aldrich) in a bath with electrolytes composed of 50 mL

of 0.5mM zinc chloride (ZnCl,) and 50 mL of 0.1 M potas-
sium chloride (KCI) at 3.0V at temperature of 80°C. From
our literature studies, 3.0V and 80°C were selected in our
study because the polycrystalline structure of ZnO will start
to evolve at this potential difference and temperature with
obviously and randomly oriented grains. The as-prepared pH
of electrolyte is about 5-6, which was measured using a pH
meter Mettler Toledo InLab Expert Pro. The electrodeposi-
tion process was conducted with two-electrode configuration
system, where platinum electrode served as anode and Zn foil
served as cathode. This closed system was then connected to
a DC power supply. After electrodeposition process, the nan-
odeposit has been rinsed thoroughly with acetone for analysis
Emsure Acs, Iso, Reag. Ph Eur for analysis and dried at atmo-
sphere. The deposited ZnO nanostructured film was then
annealed at 600°C for 3 hours because the zinc peaks will be
negligible and completely oxidised [15].

2.2. Characterizations of Nanodisk-Dendritic ZnO. The crys-
tallinity and phase transition of the samples were analyzed by
using Bruker D8 Advance equipped with EVA-Diffract Soft-
ware (Germany) X-ray Diffraction (XRD) with CuK, radi-
ation and wavelength A = 1.5418 A. Meanwhile, the surface
and cross-sectional morphologies of the samples have been
viewed by Field Emission Scanning Electron Microscopy
(FESEM) Quanta FEG 450 and the elemental analysis of ZnO
nanostructured film was determined with Hitachi Energy
Dispersive X-Ray Spectroscopy (EDX) analysis.

To study the photocurrent density of the sample, a three-
electrode PEC cell with nanodisk-dendritic ZnO film served
as anode, a platinum rod as the cathode, and a saturated
calomel electrode (SCE) as the reference electrode arranged
ina quarts cell filled with 1 M sodium hydroxide (NaOH) con-
taining 1v% of ethylene glycol. A 150 W xenon lamp (Zolix
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FIGURE I: XRD pattern of (a) as-prepared ZnO and (b) annealed
nanodisk-dendritic ZnO.

LSP-X150) was set to focus on the immersed portion of the
photoelectrode to stimulate solar irradiation. The three elec-
trodes were connected to the potentiostat (Metrohm Autolab
PGSTAT204); the current-voltage value was measured. The
photocurrent density has been measured by using Metrohm
Autolab PGSTAT204, with linear sweep voltammetry poten-
tiostatic procedure (-1 to 1V potential applied). Photocat-
alytic degradation studies were implemented by dipping the
nanodisk-dendritic ZnO thin film in 100 mL of 15 parts per
million (ppm) of methyl orange (MO) solution in a quartz
glass tube and placed in the photoreactor. The samples were
photoilluminated at room temperature by using TUV 18 W
UV-C Germicidal light. After leaving it in a reactor for 30
minutes in dark environment, 5mL solution was withdrawn
for every 1 hour from the quartz tubes to study the degra-
dation of methyl orange (MO) after UV irradiation. A UV-
Vis Spectrophotometer (UV-3101PC Shimadzu) was used to
analyze the degradation percentage of MO solution.

3. Results and Discussion

3.1. Phase Transformation for Nanodisk-Dendritic ZnO. In
this part of experiment, XRD analysis was used to investigate
the crystallinity of the nanodisk-dendritic ZnO thin film and
as-prepared ZnO thin film as presented in Figure 1. The XRD
pattern of the as-prepared ZnO thin film exhibited major Zn
phase, which points to the existence of amorphous nature
(Figure 1(a)). The Bragg reflection of Zn phase was detected
at 260 values 0f 36.30°, 39.00°, 43.23°, 54.33°,70.08°, 70.65°, and
77.02° in entire XRD patterns, corresponding to (002), (100),
(101), (102), (013), (110), and (004) crystal planes, respectively.
The presence of Zn phase was identified by ICDD file of
00-004-0831. Meanwhile, for nanodisk-dendritic ZnO thin
film (Figure 1(b)), the result showed that the samples were in
line with reference code ICDD 00-036-1451 which indicates
the ZnO phase. The Bragg reflection of ZnO phase was
detected at 260 values of 31.75°, 34.51°, 36.31°, 47.60°, 62.29°,
66.41°, 67.94°, 70.02°, and 77.0° in entire XRD patterns,
corresponding to (100), (002), (101), (102), (103), (200), (112),

TABLE 2: Average compositional ratio of nanodisk-dendritic ZnO
and as-prepared ZnO using EDX spectroscopy analysis.

Atomic percentage (%)

Element

Nanodisk-dendritic ZnO As-prepared ZnO
Zinc 42.59 84.32
Oxygen 57.41 15.68

(004), and (202) crystal planes, respectively. It showed that
the sample was crystallized and uniform lattice strain was
obtained after calcination process. All peaks were shifted to
the left as the ZnO crystals were well and denser after calcina-
tion process. In addition, the nanodisk-dendritic ZnO sample
is matched with the chemical formula ZnO (referring to XRD
test) and consists of hexagonal crystal system. Besides, it
also matched the wurtzite type because a = 3.2498 A, b =
3.2498 A, and ¢ = 5.2066 A. The wurtzite type is important
in semiconductor application as compared to other crystal
structures of ZnO: zinc blende and rocksalt. The significance
of wurtzite type ZnO was obtained from the ideal arrange-
ment, by changing the c¢/a ratio or the u value. From experi-
mental observation, c/a ratios are smaller than ideal ones. In
addition, c/a ratio also showed the association of difference
for two constituents’ electronegativity. Consequently, compo-
nents with the greatest difference show largest departure from
the ideal c/a ratio [22-24].

3.2. Morphological Structure of Nanodisk-Dendritic ZnO.
Substrate was shrill of nanodisk-dendritic ZnO (Figure 2(a)).
The nanodisk-dendritic zinc oxides have a perfect hexagonal
shape with diagonal of approximately 1.7 yum and thickness
of approximately 150.4 nm. This result is in line with past
researches at which nanodisk-dendritic ZnO exhibits unique
characteristics and consists of overlapping nanodisks and
self-tiered structure [15]. The stem and the leaflets were
built of hexagonal nanodisks where they were self-arranged
and self-assembled and became little leaves. The EDX spec-
troscopy analysis was performed and it showed average
atomic percentage of 42.59% and 57.41% of zinc and oxygen,
respectively, for nanodisk-dendritic ZnO and average atomic
percentage of 84.32% and 15.68% of zinc and oxygen, respec-
tively, for as-prepared ZnO (Table 2). In this study, two-step
process took place under dynamic electrolyte for the forma-
tion of nanodisk-dendritic ZnO. The first step was the for-
mation of zinc hydroxide (Zn(OH),), followed by formation
of zinc oxide (ZnO). However, this process occurred at all
time until the reaction stopped. In the first place, the process
started with dissolution of zinc chloride, potassium chloride
and water to potassium ion (K*), zinc ion (Zn"), chloride ion
(CI7), and hydroxide ion (OH™) and formation of hydrogen
gas (H,) occurred in the electrolyte by electrochemical
process with energy supplied from direct electric current that
separated the electrolyte into ions [27, 28] (1). Second, for
the formation of zinc hydroxide (Zn(OH),) (intermediate
growth stage), the K" (as directing agent) attracted the OH™
to the cathode and produced increases in local pH, and satu-
ration level changed at the cathode. When a supersaturation
condition is reached, the nucleation of Zn(OH), precipitation
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FIGURE 2: FESEM image of (a) x6k magnification of nanodisk-dendritic ZnO; (inset) x20k magnification of stacked hexagonal-shape
nanodisk ZnO and (b) x10k magnification of nanodisk-dendritic ZnO; (inset) X100k magnification hexagonal-shape nanodisk ZnO.

occurred on the substrate surface (cathode) (2). The forma-
tion of zinc oxide (ZnO) occurred by dehydration process of
Zn(OH), on the substrate (3). At the beginning of deposition
process, the Zn** concentration at the substrate surface
decreased when pH is increased leading to slowest growth
rate towards (0001). Diffusion of Zn** from (0001) to the
substrate surface leads to the unit growing at preferential
growth of [1000] direction. When many nanodisks stacked
together, it is important to realize that their arrangements on
the substrate were on horizontal position (1000) which is in
the x-axis direction and it is clearly seen in symmetry shape.
The crystal growth velocity along various planes depended
on the atomic packing density [15]. (Figure 2(a) inset and
Figure 2(b) inset). Below are the equations related to the
formation of ZnO:

Dissolution of KCI + ZnCl, + H, O is as follows:
KCl — K" (aq) + CI” (aq)
ZnCl, — Zn** (aq) + 2C1" (aq) 1)

2H,0 — H, T +20H " (aq)

Formation of zinc hydroxide (Zn(OH),), KOH, and
KCl is as follows:

K" (aq) + OH (aq) — KOH
Zn** (aq) + 20H (aq) — Zn (OH), )

H, 1 +2CI" — 2HCI

Formation of zinc oxide (ZnQ) is as follows:

Zn (OH), — ZnO + H,0 (dehydration process)

©)
HCl + KOH — H,0 + KCl

Past researches found the formation of dendrite shape due to
the fast growth velocity of Zn ion in the electrolyte [29, 30].

Growth mechanism occurred in global diffusion and later
oriented attachments were localized. Dislocation from the
early crystal growth happened due to the high velocity
of electrolyte (>350 rpm). Therefore, the second hexagonal
nanodisk has grown slightly dislocated from the earlier crys-
tal. Another key point is that nanodisk-dendritic tips were
known to grow in the direction of maximum surface energy.
The (1000) facet was out of sorts; therefore it contributed to
highest effective surface energy [15, 31].

3.3. Photocatalytic Activity Evaluation. The photocatalytic
activities of the nanodisk-dendritic ZnO and as-prepared
ZnO were investigated using the MO degradation method
under UV light radiation with the purpose to support
the photocatalytic activity argument of nanodisk-dendritic
ZnO. It was confirmed that nanodisk-dendritic ZnO exhib-
ited good photocatalytic property when MO solution was
degraded for approximately 80% after 6 hours under UV irra-
diation. Nanodisk-dendritic ZnO exhibited higher photocat-
alytic activity compared to as-prepared ZnO with MO con-
centration 18% after 6 hours (Figure 3(a)). Decomposition of
MO solution can be explained by an oxidation process that
took place on the surface of nanodisk-dendritic ZnO via
photogenerated hole. In other words, an electron-hole pair
existed in the absence of light intensity [32-34]. Under
UV light illumination, energy produced was higher than
nanodisk-dendritic ZnO band gap energy. Therefore, elec-
trons at the conduction band and holes at the valence band
were generated. Holes at the nanodisk-dendritic ZnO sur-
faces react with water to form highly reactive hydroxyl radi-
cals (OH"), and at the same time oxygen acts as an electron
acceptor by being a superoxide radical anion [35]. The
superoxide radical anions from hydroxyl radicals have an
excellent oxidation ability [36] which may degrade organic
dye, and, in MO decomposition, it was degraded to carbon
dioxide and water [31]. Nanodisk-dendritic ZnO showed high
photocatalytic property due to its high surface area and active
photoresponse (2D structure).
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FIGURE 3: Photodegradation of MO solution by (a) nanodisk-
dendritic ZnO and (b) as-prepared ZnO with increasing degrada-
tion time.
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FIGURE 4: Current density-voltage characteristics for (a) nanodisk-
dendritic ZnO and (b) as-prepared ZnO under ultraviolet ray and
(¢) nanodisk-dendritic ZnO without illumination.

3.4. Photoelectrochemical Response. A scanning potentiostat
by mean to measure current (I) under an applied potential
(V) could test the efliciency of nanodisk-dendritic ZnO
photocatalytic activity. For water electrolysis application, the
efficiencies of over 90% are at —1 to 1V [37, 38]. From
now on, in order to understand the efficiency nanodisk-
dendritic ZnO thin films in water electrolysis, sample was
evaluated and tested their I-V characteristics between -1V
and 1V. Figure 4 was plotted to exhibit -V characteristic
curves for the (a) nanodisk-dendritic ZnO, (b) as-prepared
ZnO under ultraviolet ray, and (c) nanodisk-dendritic ZnO
without illumination. The significant photocurrent density j,,

of an average value of 19.87 mA/cm? for nanodisk-dendritic
ZnO under ultraviolet ray (Figure 4(a)) was obtained as com-
pared to 6.45 mA/cm? for as-prepared ZnO under ultraviolet
ray (Figure 4(b)) and 1.49 mA/ cm? for nanodisk-dendritic
ZnO without illumination (Figure 4(c)). The catalytic activity
contribution can be observed from photocurrent density
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FIGURE 5: Current density-voltage characteristics for (a) nanodisk-
dendritic ZnO, (b) as-prepared ZnO under visible light, and (c)
nanodisk-dendritic ZnO without illumination.

differences under ultraviolet ray illumination and without
ultraviolet ray illumination. However, the current density j
value decreased with the increasing of spectrum wavelength
until visible light spectrum (390-700 nm) is reached. Under
visible light, average j, of 14.05 mA/cm” was observed for
the nanodisk-dendritic ZnO (Figure 5(a)), which is relatively
higher when compared to as-prepared ZnO under visible
light: Jp 214 mA/cm? (Figure 5(b)) and nanodisk-dendritic
ZnO without illumination: 1.49 mA/cm? (Figure 5(c)).
Based on the results of j-V characteristic curves (Figures
4 and 5), as-prepared-ZnO film showed poor result due
to the existence of oxygen vacancies inside the ZnO bulk,
which points to the increasing number of recombination
centers. The recombination centers clearly contributed to
the decreasing of photoinduced e™ mobility and back to the
contact of Zn substrate because of series of resistance caused
by increasing trap states. Besides, the amorphous phase com-
prises high concentration of other material defects such as
impurities, dangling bonds, and microvoids, which similarly
act as recombination center and result in a decrease of j o [39].
Predominantly, as-prepared-ZnO film is basically unable to
develop a regular depletion region [40]. It was found that
the Jp of heat treated (600°C) nanodisk-dendritic ZnO sam-

ple was slightly increased to 19.87 mA/cm?, which suggests
that crystal structure of nanodisk-dendritic ZnO sample can
improve the photocurrent generation effectively. In addition,
the high specific surface area of nanodisk-dendritic archi-
tecture might have contributed to the strong light scattering
effects and incident light absorption from any direction. In
the electrolyte, the large active surface area established the
photoinduced electrons and these electrons transferred to the
substrate. By the use of external circuit, the photoinduced
electron travels to counter electrode (platinum electrode) and
enhances the photocatalytic activity and photoelectrochemi-
cal response significantly.



4. Conclusions

In this paper, nanodisk-dendritic ZnO with perfect hexag-
onal shape was fabricated by a simple one-step electrode-
position process with 600°C calcination temperature. From
the characterization methods, it indicates that the sample is
nanodisk-dendritic zinc oxide; with chemical formula, ZnO,
and consists of hexagonal crystal system. It lies under tetrag-
onal wurtzite type because a = 3.2498 A, b = 3.2498 A, and
¢ = 5.2066 A. The photocatalytic test (photocurrent density
and methyl orange degradation) confirmed that nanodisk-
dendritic zinc oxide has excellent photocatalytic activity. Pro-
longed electrodeposition time or increase of the ZnCl, con-
centration may increase the volume of nanodisk-dendritic
ZnO and produce better photocatalytic activity.
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The redox reaction between Al and metallic oxide has its advantage compared with intermetallic reaction and Al/NiO
nanomutlilayers are a promising candidate for enhancing the performance of energetic igniter. AI/NiO nanomutlilayers with
different modulation periods are prepared on alumina substrate by direct current (DC) magnetron sputtering. The thicknesses of
each period are 250 nm, 500 nm, 750 nm, 1000 nm, and 1500 nm, respectively, and the total thickness is 3 ym. The X-ray diffraction
(XRD) and scanning electron microscope (SEM) results of the as-deposited Al/NiO nanomutlilayers show that the NiO films are
amorphous and the layered structures are clearly distinguished. The X-ray photoelectron spectroscopy (XPS) demonstrates that
the thickness of Al,O; increases on the side of Al monolayer after annealing at 450°C. The thermal diffusion time becomes greater
significantly as the amount of thermal boundary conductance across the interfaces increases with relatively smaller modulation
period. Differential scanning calorimeter (DSC) curve suggests that the energy release per unit mass is below the theoretical heat

of the reaction due to the nonstoichiometric ratio between Al and NiO and the presence of impurities.

1. Introduction

In recent years, film ignition bridge devices have been
widely reported, such as doped polycrystalline silicon [1-4],
platinum [5], titanium [6], and chromium bridge [7], which
can function in a few tens of microseconds and operate at
one-tenth the input energy with over 30 times smaller in
volume compared with the hot-wire devices. Thermal plasma
is generated to ignite explosive powder by passing current
through film bridge. A variety of energetic nanomultilayers,
which can provide large negative reaction heats, consist of
alternating nanoscale layers of metal or metal oxide such
as AUNi [8-11], B/Ti [12], Al/CuO [13-15], and Al/MoO,
[16]. In order to improve the transient ignition temperature
and output energy, the nanomultilayers integrated on the
semiconductor or metal film bridges have been investigated
in many research groups. In the discharge mechanism of
integrated ignition bridge, thermal plasma generated by the
semiconductor or metal film bridges transfers along the
nanomultilayers to make atoms diffuse normal to the layers
and result in a rapid self-propagating exothermic reactions.

Hence, the integrated structure combines the advantages of
film ignition bridge devices and reactive multilayer films,
which may improve the ignition performance and reliability
in the case of low electrical energy consumption, fast energy
release rate, and large amount of reaction heat.

According to the literature [17], the amount of reaction
heat released in redox reaction such as Al/CuO, Al/MoO,,
and AI/NiO is almost two times than that of intermetallic
reaction. In addition, Al/NiO nanomultilayer redox reaction
shows its advantage among the vast range of Al/metallic oxide
reactions, which have been confirmed by the investigation of
Al/metallic oxide nanocomposites such as nanowire [18, 19]
and nanohoneycomb [20]. The various oxidation state of
nickel in nickel oxides is an important parameter for released
reaction heat. A number of nickel oxides with various
oxidation states of nickel such as NiO, NiO,, Ni, 05, Ni;O,,
and NiO, have been reported, showing that the presence of
nickel cation vacancy or interstitial oxygen in NiO crystalline
lattice results in nonstoichiometric NiO,.

It is well known that the coefficient of heat conduction,
elements diffusivity, and grain boundary in nanomultilayers
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FIGURE 1: XRD spectrum of Al/NiO nanomultilayers with modulation period thickness of 1500 nm where the thickness ratio of Al to NiO

per period is maintained at 1: 1.5.

are mainly influenced by the film interfaces existing in nano-
multilayers and deposition conditions, which can enhance
the interfacial contact area. In this study, we focus on the
preparation and characterization of the Al/NiO nanomul-
tilayers with different modulation periods. The fabricated
Al/NiO nanomultilayers are characterized by X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), ultrafast measurement
system of thermal properties of thin film materials, and
differential scanning calorimetry (DSC).

2. Experimental

Al and NiO films are sputter-deposited from Al (purity >
99.99%) and Ni (purity > 99.95%) targets of diameter 50 mm
on alumina substrate (10mm x 5mm x 0.5mm) in a
multilayer form by direct current (DC) magnetron sputtering
and DC reactive magnetron sputtering, respectively. Before
deposition, the substrates are cleaned using acetone, alco-
hol, and deionized water in an ultrasonic bath for 10 min,
respectively, which subsequently are dried by nitrogen gas
and placed in the oven at 200°C for 20 min for further drying.
The substrates move alternately under the afterglow from
sputtered Al and Ni targets through a shield with optimized
shape to allow for homogeneous film, where the distance
between target and substrate is 60 mm. The sputtering power
is fixed at 100 W for Al and Ni targets. In addition, the Al
target is sputtered under argon ambient and the Ni target is
sputtered under argon and oxygen ambient with argon partial
pressure at 1.5 Pa and oxygen partial pressure at 0.25Pa in
order to obtain amorphous NiO film. After NiO monolayer
is deposited at a time, the work gas argon and reactive
gas oxygen in the chamber are pumped out completely to
remove oxygen for preventing alumina. The base pressure
is 4 x 107*Pa and the substrate temperature remains at
room temperature in order to prevent the interdiffusion and
reaction during deposition. The growth rates of Al monolayer

and NiO monolayer are a calculation of monolayer thickness
divided by deposition time. The thickness ratio of Al to NiO
per period is maintained at 1:1.5 to obtain final products
with alumina and metal nickel. The total thickness of Al/NiO
nanomultilayers is 3 um with NiO monolayer on the bot-
tom and Al monolayer on the top and the thicknesses of
each period keep at 250 nm, 500 nm, 750 nm, 1000 nm, and
1500 nm, respectively.

The crystallographic structure of Al/NiO nanomultilayers
is determined by Bede D1 XRD using Cu Ka radiation. The
cross-sectional and top-view morphologies are performed
using a JEOL-7500F SEM. The diffusion process is confirmed
after postdeposition annealing at 450°C in flow argon gas
using XPS (Axis Ultra DLD, Kratos Analytical Ltd.). The
scanning pass energy is 40eV and the step size is 0.1eV.
Ultrafast measurement system of thermal properties of thin
film materials (NanoTR, PicoTherm) is performed to qualify
the influence of the interfaces on the characteristic of heat
conduction at room temperature with laser pulse width 1ns
and laser wavelength 1550 nm. The sample surface is coated
with a thin molybdenum monolayer with thickness 100 nm
so that the change in reflectivity of the sample surface is
an indication of the change in temperature of the Al/NiO
nanomultilayers. The onset temperatures and energy release
values are investigated by DSC, the samples for DSC analysis
are scraped from the substrates with a sharp blade, and the
DSC experiment is carried out at a temperature range from
20 to 850°C at a heating rate of 5°C/min under a N, flow with
a sample mass of 12 mg.

3. Results and Discussion

The XRD spectrum of the as-deposited Al/NiO nanomulti-
layers with modulation period thickness of 1500 nm is shown
in Figure I; metal Al diffraction peak can be clearly seen
from the XRD spectrum. There are no peaks for metal Ni or
NiO, indicating that the metal Ni is completely oxidized into
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FIGURE 2: The cross-sectional (a) and top-view (b) SEM morphologies of Al/NiO nanomultilayer with modulation period thickness of

1500 nm.

amorphous NiO. Although there are no peaks for the Al,O,
in the XRD spectrum, part of the metal Al on the top surface
of AI/NiO nanomultilayers is oxidized as the amorphous
Al,O;, which is confirmed by SEM and XPS analysis in
Figures 2 and 3. This means that the redox reaction between
metal Al and NiO has not happened for as-deposited Al/NiO
nanomultilayers, ascribing to the deposition condition of
room temperature.

Figure 2 shows cross-sectional and top-view SEM mor-
phologies of Al/NiO nanomultilayer with modulation thick-
ness of 1500 nm. All the monolayers exhibit a columnar struc-
ture with the growth direction perpendicular to the interfaces
alternately. As can be seen in the figure, the layered structures
of AI/NiO nanomultilayers are clearly distinguished and the
interfaces are sharp. As described previously, there is an
obvious Al,O; oxide layer on the top of Al monolayer. It can
be identified that the diameters of the grain on multilayer
surface are relatively not uniform because of oxidized metal
Al surface.

The XPS spectra in Figure 3 indicate the presence of
Al, Ni, O, and some organic contamination on the top of
nanomultilayers. It can be observed that there is an obvious
Al, O, layer at the surface in the range of 1-2 nm in Figure 3(a).
The Ni atoms are also detected in the as-deposited nanomul-
tilayers; this means that only a small number of Ni atoms are
not oxidized and diffuse into Al monolayer on the top; this
is because the melting point of Ni is higher than that of Al
making it much easier for Ni atoms to diffuse into Al lattice
due to the weaker bonds between Al atoms. After annealing
at 450°C, when more oxygen atoms diffuse into Al monolayer
significantly, the thickness of Al,O5 layer increases and much
larger amount of Ni atoms accumulates at the surface as can
be seen in Figure 3(b), indicating that redox reaction has
happened and more metal Al is oxidized.

The change in thermoreflectivity of the sample surface
in Figure 4 is an indication of the change in temperature
of the AI/NiO nanomultilayers as described previously. The
characteristic of heat conduction is determined by thermal
diffusion time in monolayer film model where the heat
diffuses from the surface to the substrate. Thermal diffu-
sion time with different modulation thicknesses at 1500 nm,

1000 nm, 750 nm, 500 nm, and 250 nm is 5 X 107° s, 8 X 1078 S,
9.6 x 1075, 1.1 x 1075, and 1.4 x 1077 s, respectively. The
amount of the interfaces between Al monolayer and NiO
monolayer increases as the modulation period decreases,
which indicates that the amount of the thermal boundary
conductance across the interfaces increases and the thermal
diffusion time becomes greater significantly. In addition,
there is much smaller change in the rate of reduction of
thermal diffusion time with increased interfaces.

Figure 5 shows the DSC data measured from Al/NiO
nanomultilayers with modulation period thickness of
250 nm. The first exotherm is not easily distinguished
starting at around 460°C and the second one is with an onset
temperature of about 566°C, where the energy generation
from the redox reaction is clearly visible and it reacts before
the metal Al melts, suggesting the solid-solid diffusion
reaction mechanism. There is a sharply rising endothermic
peakat 635°C as the metal Al begins to melt; the remaining Al
reacts with NiO by the liquid-solid diffusion mechanism with
an onset temperature of about 812°C. The area integration of
exotherm with an onset temperature of about 566°C based
on the heat flow curve provides the energy release per unit
mass of 2440 J/g, which is below the theoretical heat of the
reaction (3440 J/g); this could be because the masses between
Al and NiO are at nonstoichiometric ratio and the deposition
process results in the presence of impurities and the oxidized
Al on the surface. In addition, the smaller modulation period
nanomultilayers can enhance the interfacial contact area and
surface area, which will reduce the onset temperature and
increase energy output of nanomultilayers. From this point
of view, the nanomultilayers with much smaller modulation
period are more suitable for energetic igniter.

4. Conclusions

The technique of integrating nanomultilayers on the semi-
conductor or metal film ignition bridge has been proven to
be an effective approach for increasing the output energy
in a short time. AI/NiO nanomultilayers with different
modulation thicknesses of 250 nm, 500 nm, 750 nm, 1000 nm,
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and 1500 nm are successfully prepared, showing the clearly
layered. The XPS result indicates that the thickness of Al,O5
increases at the monolayer of Al after annealing at 450°C.
The thermal diffusion time becomes greater significantly
as the amount of thermal boundary conductance across
the interfaces increases with relatively smaller modulation
period. DSC curve suggests that the reaction is based on the
solid-solid diffusion mechanism at the early stage and the
energy release per unit mass is below the theoretical heat
of the reaction due to the nonstoichiometric ratio between
Al and NiO and the presence of impurities. In general,
the parameters including thermal diffusion time, onset tem-
perature, and energy release need an overall consideration
and a continuously optimized fabrication process. It should
be noted that AI/NiO nanomultilayers could be realized

by standard microfabrication techniques that allow batch
fabrication and high level of integration.
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The deposition of heteroepitaxial thin films on single crystalline substrates by means of physical deposition methods is commonly
accompanied by mechanical strain due to lattice mismatch and defect generation. Here we present a detailed analysis of the influence
of strain on the Mn solubility of Pr,_yCa,MnOj, thin films prepared by ion-beam sputtering. Combining results from X-ray
diffraction, transmission electron microscopy and in situ hot-stage stress measurements, we give strong evidence that large tensile
strain during deposition limits the Mn solubility range of the Perovskite phase to near-stoichiometric composition. Mn excess gives
rise to MnO, precipitates and the precipitation seems to represent a stress relaxation path. With respect to size and density of the
precipitates, the relaxation process can be affected by the choice of substrate and the deposition parameters, that is, the deposition

temperature and the used sputter gas.

1. Introduction

Pr,_xCayMnO; (PCMO) belongs to the class of Perovskite-
type oxides with the general formula ABO; which exhibit rich
and fascinating electronic and magnetic properties. These
properties can be tailored via doping. In the case of the hole-
doped PCMO, the replacement of rare-earth element Pr on
the A-sites by the alkaline-earth element Ca gives rise to
a series of different electronic and magnetic ground states.
Above X = 0.3, charge ordered phases are observed which
show colossal resistance effects in external fields such as the
colossal magnetoresistance (CMR) [1].

These remarkable properties are sensitively related to
the subtle balance between the interactions of spin, lattice,
charge, and orbital degrees of freedom which can dramat-
ically change due to defects and strain. Small changes in
bonding angles or bonding lengths of the octahedral tilt
system can significantly alter the transfer integral [2] and
therefore the magnetic exchange interactions and charge car-
rier mobility [3]. Consequently, without taking into account
lattice disorder and stress-strain state, the understanding of

structure-property relations of manganite thin films is hardly
possible.

Strain appears in heteroepitaxially grown thin films due
to the lattice mismatch (difference in lattice constants) and
the thermal mismatch (difference in thermal expansion
coeflicients) between the substrate and the film. The effect of
strain on charge ordering and the CMR in PCMO have been
indeed observed in many studies [4-6].

In addition to lattice and thermal mismatch, the strain
state of thin films is influenced by preparation induced
defects. Sputter deposition of oxide films is commonly
accompanied by the formation and annihilation of point-like
intrinsic defects (e.g., Schottky defects) or nonstoichiometric
defects (e.g., oxygen vacancies). Such defects can change the
global lattice constant and can induce local disorder in the
octahedral tilt system. Nonstoichiometric defects can also
change the doping level. The role of electron-doping oxygen
vacancies and A-site as well as B-site cation deficiencies in
transport and magnetic properties has been, for example,
studied in [7, 8].
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FIGURE 1: SEM pictures of three PCMO samples with X =~ 0.3 and an A-to-B site ratio close to 1 (§ = 0) on different substrates: (a) STO
(sample F03_1Ia), (b) MgO (sample E03_1), and (c) epitaxially grown Pt film on MgO (sample B03_1). The main parameters of these samples

are summarized in Table 1.

In this contribution, we focus on a further important
aspect of strain, that is, its effect on the appearance of
crystallographic phases and solubility ranges which can
induce pronounced differences to the equilibrium bulk phase
diagram (e.g. [9]). Well-known examples for the change of
solubility ranges are the strong increase of the Hydrogen
solubility in Niobium thin film samples [10] and stress-
induced precipitations of a second phase in semiconductors
[11] and highly deformed metal alloys (e.g. [12]).

We show that a strain-induced precipitation of the
nonequilibrium MnO, phases takes place in ion-beam
sputter (IBS) deposited PCMO thin films with near-
stoichiometric composition. In contrast to film deposition
by pulsed-laser deposition, where the strain strongly relaxes
with increasing film thickness [4], films prepared by IBS
remain in a highly strained state up to thicknesses of the
order of 500 nm. The precipitation in these films takes place
over the whole nominal hole-doping range from X = 0 to
0.5 and gives rise to the generation of growth disturbances
(Figure1). In order to investigate the influence of lattice
mismatch and defect formation on the precipitation, we have
used three different substrates (SrTiO; (STO), MgO, and
Pt-coated MgO) and two different working gases (Xe and
Ar). Although the nominal mismatch of PCMO to the used
substrates is tensile which would give rise to compressive out-
of-plane strain, the experimentally observed strain state at
room temperature is quite different. Depending on the exact
deposition parameters, PCMO films commonly reveal out-
of-plane strains in the range from —0.3% to —1.2% on STO,
from +0.3% to +1% on MgO, and from —0.5% to +0.4% on

Pt-coated MgO. The discrepancy between nominal lattice
mismatch and strain state is due to lattice expansion by
preparation induced point defects and stress relaxation which
eventually poses strong bounds to the upper Mn solubility
limit.

2. Materials and Methods

Figure 2(a) shows schematically the ion-beam sputter set-
up. The Kaufman source (2.5cm beam diameter, Ion Tech
Inc.) generates a noble gas (Ar or Xe) ion beam with a
small divergence which is directed onto the target. The
outgoing ion beam is neutralized by an electron emitting
Ar plasma source, enabling sputtering of metallic as well as
dielectric compounds. In our experiments, the beam current
density and the beam voltage were fixed (4 mA/ cm?/1000 V).
During deposition, the background pressure of impurity
gases amounts to about 107" mbar. The partial pressures are
Pa; = 3x10™* mbar for neutralization and sputtering with Ar
ions with an additional Xe inlet of py, = 1 x 107 mbar in the
case of Xe sputtering. In order to enable nearly stoichiometric
oxygen content in the films, an oxygen inlet corresponding to
Po, = 14 X% 10" mbar is supplied. Unless otherwise stated,
the deposition temperatures T, (on top of the substrate) were
T, =750°Cor T, = 800°C.

The sputter targets were prepared by a repeating milling
and calcination process starting from mixture of Pr,O,;,
CaCOj;, and Mn, O, powders. According to Pr;_yCayMn, s,
the composition of targets and films is characterized by the
Ca content (X, and X) and the Mn excess (8, and 9),
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FIGURE 2: (a) Scheme of an ion-beam sputtering device with Kaufman source, target, and substrate holder. (b) Variation of the Mn excess
(Pr, Ca);Mn,,s and Ca excess AX = X — X, along the substrate holder (lateral position x,). The nominal composition of the target

corresponds to & = 0 and X,

= 0.28. A 1.9 ym thick film was deposited at T, = 800°C on MgO in order to measure the composition

by means of microprobe. (c) Variation of the Mn excess (Pr, Ca), Mn, s and Ca content X along the substrate holder for 300 nm thick films

prepared from the off-stoichiometric target with nominal composition § = —0.02 and X

= 0.34. Solid symbols correspond to Xe and

target

open symbols correspond to Ar as sputter gas. The composition was measured by means of EDX including a thin film correction.

where X and 6 are the determined values of the thin films. We
have used targets with X;;o; = 0,0.28,0.34,0.5 and 8y =
0 as well as one off-stoichiometric target with X, = 0.34
and 8y,ge; = —0.02. The main parameters of the film samples
are summarized in Table 1. Single crystalline (100) SrTiO,
(STO) and (100) MgO and almost single crystalline (100) Pt
films on MgO (Pt-MgO) were used as substrates. The size of
the substrates is 5 x 10 x 1 mm. The epitaxial 300 nm thick Pt
films were deposited via IBS at T = 750°C.

X-ray diffraction (XRD) studies of 0-20 scans were
carried out with a Bruker D8 Discover system with Cu K,
radiation (A 0.15418 nm). The film composition was
determined by means of Energy Dispersive X-Ray Analysis
(EDX, AN 10000, Link) incorporated in a Scanning Electron
Microscope (SEM, Stereoscan 360, Cambridge Instruments)

and by microprobe (JEOL 8900 RL electron probe microana-
lyzer). For surface topology investigations, we have used a FEI
Nova NanoSEM and a Nova Nano Lab 600 SEM. The latter
is equipped with a Focused Ion Beam (FIB) etching device,
allowing the preparation of electron-transparent lamellas
for cross-sectional transmission electron microscopy (TEM)
investigations. The TEM investigations were performed in a
Phillips CM12 and in a FEI Titan 300 keV equipped with an
Electron Energy Loss Spectrometer (EELS) Gatan Quantum
ER/965P. EDX measurement on TEM samples was done in
the CM12 with a Si drift detector from Oxford with an energy
resolution of 136 eV.

We have also measured the stress evolution of the PCMO
films during high-temperature deposition on STO and Pt-
coated MgO substrates by using a SIG-2000SP system from



TABLE 1: Ca content X, Mn excess §, substrate type, used sputter
gas and thickness d of the different samples, and the deposition
temperature T,. Samples with the same capital letter but different
numbers were prepared in the same deposition run. Small letters
indicate that samples were prepared at the same lateral position x;
but at different vertical positions y,. Therefore, composition and
thickness of these samples are equal.

Sample X 0  Substrate Sputtergas d, [nm] T, ['C]
A0_1 0 0 STO Xe 410 675
B03.1 0.3 0 Pt/MgO Xe 300 800
C03.1 035 0 STNO Xe 110 800
D03_1a 0.33 0 STO Ar 175 750
D03.1b 0.33 0 MgO Ar 175 750
E03.1  0.35 0 MgO Xe 300 800
F03_1a 0.36 0 STO Xe 130 750
F03_1b 0.36 0 MgO Xe 130 750
G031 0.35 -0.02 STO Xe 165 750
HO0511 0.5 0 Pt/MgO Xe 380 800

Sigma-Physik Messtechnik. Deposition of a stressed film on
single-side clamped bar-shaped substrates (3 mm X 15 mm
x 0.lmm) gives rise to a bending of the substrate with
increasing film thickness. This bending is monitored by the
change of distance between two laser spots being reflected
from the substrate to the detector. The thickness dependent
stress can be then calculated from Stoney’s formula [13].

3. Results

Ion-beam sputtering takes place at a very low total pressure.
Since the ejection angle of the individual target-forming
elements (Pr, Ca, and Mn) is different [14] and scattering in
the gas phase is almost negligible, the composition of the
deposited film varies with the position along the substrate
holder x,. A typical example of this variation in composition
is shown in Figure 2(b). The measurement has been per-
formed by microprobe on a 1.9 ym thick film, where no thin
film corrections are required. The Ca content X as well as the
Mn excess § varies almost linearly with the position on the
substrate holder, but the film composition does not reach the
target composition. It should be noted that the concentration
does not significantly vary perpendicular to the x direction;
that is, in the vertical y, direction the homogeneity range
amounts to about 15 mm. Therefore, it is possible to prepare
two films with the same composition in one run (see also
caption of Table 1).

Figure 2(c) shows that the Ca content and the A-to-B
site ratio depends on the used sputter gas, that is, Xe or
Ar. The film compositions across the sample holder were
measured by EDX on about 300nm thick film sample.
We have also performed a comparison between EDX and
microprobe analysis. Within the scattering of the data, the
slope of the concentration profiles (Ca content, Mn excess)
is equal for both methods. However, most probably due to
the limited energy resolution, EDX measurement reveals a
slightly lower Mn content and a higher Ca content than

Journal of Nanomaterials

TABLE 2: Lattice parameters a, b, and ¢ for Pr,_yCa,MnO; (a)
according to [15]. (a,) is defined as the mean value of the
pseudocubic lattice constant, that is, the mean value of a/~/2, b/+/2
and ¢/2. The lattice mismatch to STO, Pt, and MgO deduced from the
pseudocubiclattice constant is also included using ag;o = 0.3905 nm,
ap, = 0.3923 nm, and ay;,o = 0.4213 nm. We have also used the atom
positions in the unit cell from [15] to calculate the intensity ratios by
means of the CaRlIne software (b).

()

X a [nm] b [nm] ¢ [nm)] ng;l)] A[g/:]o [A%}:j A[g//ig]o
0.0 0.5445 0.5809 0.7585 0.3917 030 -0.16 -7.03
0.2 0.5442 0.5552 0.7657 0.3867 -0.96 -1.42 -8.20
0.3 0.5426 0.5478 0.7679 0.3850 -1.41 -1.86 —8.62
0.4 0.5415 0.5438 0.7664 0.3835 -1.78 -2.23 -8.96
0.5 0.5395 0.5430 0.7612 0.3814 -2.34 -2.78 -9.48
(b)
(hkl) dyy [nm] I [%]
a12) 0.2720 100.0
(200) 0.2713 44.9
(220) 0.1928 13.7
(004) 0.1920 13.4

microprobe analysis. In the following, we use the EDX results.
Therefore, we may underestimate § by an amount of 0.02 and
overestimate X by 0.028.

PCMO films prepared by ion-beam sputtering reveal
the commonly observed epitaxial relations between the
deposited films and all three underlying cubic substrates.
Using the Pbnm notation for PCMO, two different growth
directions are observed:

[001] // PCMO [001] and [001] // PCMO [110]

In-plane, the a and b directions of (001)-grown PCMO
are aligned along the (110) directions of the substrate while
the c-direction of (110)-grown domains is aligned along the
(100) and (010) directions. Additional exchange of a and b
directions gives rise to all in all six different twin domains.
As a reference for samples with different Ca contents, we are
using the Pbnm bulk lattice parameters determined by Jirak
et al. [15]. These parameters and the most relevant reflection
intensities are summarized in Table 2.

The Ca content, the substrate choice, and the exact
deposition conditions only influence the volume fractions of
the misorientations and the twin domains. PMO films (X =
0) on STO reveal no misorientations and the dominating
growth direction is (110) for samples deposited at T, >
750°C. A preferred [001] growth direction is only observed
for lower deposition temperatures (Figure 3(a)).

Figure 3(b) shows an overview of XRD scans for two
samples with a Ca content of X = 0.36 and Mn excess of
d = 0 prepared both on STO (top) and on MgO (bottom) in
the same deposition run. In contrast to PMO, the two growth
directions are almost indistinguishable in XRD because the
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FIGURE 3: X-ray diffraction pattern of PCMO films. (a) Detailed scans in the vicinity of the (004)/(220) reflection of 400 nm thick PMO films
on STO prepared by Xe sputtering at different deposition temperatures. The vertical lines have been calculated from the bulk data in Table 2.
(b) Overview: PCMO (§ = 0, X = 0.36) on SrTiO; (top) and MgO (bottom) prepared by Xe sputtering in the same run (samples F03_la
and F03_1b). The stars mark reflections which correspond to the respective substrate. This was confirmed by X-ray analysis of the noncoated
substrate backsides. (c) Detailed scans in the vicinity of the (004)/(220) reflection. In addition, samples prepared by Ar sputtering (§ = 0 and
X = 0.33) are also shown (D03_1a, D03_1b): the straight lines correspond to the bulk plane spacing of d,,, (left) and d, (right) for X = 0.33
and 0.36. The plane spacings have been calculated from the bulk data in Table 2.

plane spacings dy,, and d,,, are very similar. It has been
pointed out that the preferable growth direction depends on
the Ca content; that is, [001] growth dominates for X = 0.5
and [110] growth dominates for X = 0.3 [16]. However, we
observe by means of TEM that films with X = 0.3 reveal large
volume fraction (~75%) of the [001] growth direction.

Films prepared on MgO show an additional pronounced
peak in XRD which corresponds to [200] or [112] growth
direction. Since the structure factors of [112]/[200] are much
larger than the structure factors of [220]/[004] (see Table 2),
the volume fraction of this misorientation amounts only to a
few volume percent for X = 0.3. This is also observed for films
on Pt/MgO. In contrast, PCMO films with X = 0.5 on MgO
reveal large volume fraction of the [112] orientation, which
has been also reported in [6].

Regardless of the details of composition and deposition,
films prepared by ion-beam sputtering are highly strained
and the strain depends on the substrate type and the used
sputter gas. Figure 3(c) shows detailed scans in the vicinity of
the [220]/[004] reflection for samples prepared on STO and
MgO using Ar and Xe as sputter gases. The main observations
are as follows:

(i) Deposition on STO results in a decrease of the lattice
spacing perpendicular to the substrate (out-of-plane)
with respect to bulk lattice spacing. This implies a
tensile in-plane strain state. In contrast, deposition on
MgO causes a compressive in-plane strain state.

(ii) The asymmetry of the four reflections may indicate
that the [220] volume fraction is higher on MgO
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0). (a) PCMO (X = 0.5) film on Pt-coated MgO (H05.1), bright-field

image of an area with two twin domains (left) and a pronounced growth disturbance (right). (b) EDX element mapping of the same area. (c)
Growth disturbance in an 110 nm thick PCMO film (X = 0.35) on Nb-doped (0.1wt.%) STO substrate (C03_1). (d) Surface precipitate on top
of a 410 nm thick PMO (X = 0) film on STO (A0_1). The sample was postannealed for 20 h at 900°C in air.

substrates but not strongly affected by the choice
of the sputter gas. Large volume fractions of this
orientation have been also observed for X = 0.5 by
means of TEM.

(iii) The in-plane strain seems to be higher in case of
Ar sputtering, presumably due to higher Ar incor-
poration. The small difference in the Ca content
(X = 0.33 for Ar sputtering and X = 0.36 for Xe
sputtering) cannot explain the large difference in
lattice parameters.

In ion-beam sputtering, the emitted target atoms and,
especially, the target-reflected noble gas atoms give rise
to pronounced defect and strain generation [17]. This is
partly compensated by defect annihilation due to the rather
high deposition temperatures. The impact of reflected Ar
atoms can be directly measured because of Ar-incorporation.
Energy Dispersive X-Ray Analysis (EDX) of PCMO samples
prepared by Ar as working gas reveals an Ar content of
about 1 at.%. It is interesting to note that the usage of Ar
instead of Xe increases the compressive strain on MgO and
the tensile strain on STO. This excludes that a simple atomic
volume argument related to Ar-incorporation can explain the
strain state. We rather assume that point defect generation by
impinging Ar atoms is additionally influencing the substrate
induced strain states.

In contrast, the Xe atoms with large atomic radius are
hardly implemented. Xe reflection at the target only con-
tributes to defect formation at the surface of the growing
film. The full-width-half-maximums (FWHM) of the XRD
reflections are larger for films prepared by means of Xe
sputtering. This points to a higher degree of lattice disorder.

Independently from the Ca content and the used sub-
strate type, PCMO films with near-stoichiometric composi-
tion (§ = 0) contain precipitates of a MnO, phase which
give rise to pronounced growth disturbances as shown in
Figure 1. Figures 4(a) and 4(b) reveal a cross-sectional TEM
bright-field image and the corresponding EDX mapping of
the different elements for a PCMO film with X = 0.5 on
Pt/MgO. A precipitate nucleated at the interface between
Pt and PCMO provokes a pronounced outgrowing PCMO
misorientation. Within the resolution of the EDX system only
manganese and oxygen are detected in the precipitate. The
low Pr and Ca signal in the grain boundary between the
PCMO outgrowth and the surrounding PCMO matrix points
to a pronounced grain boundary wetting with MnO,,.

Precipitation can take place at the interface to the sub-
strate as well as in the interior (Figure 4(c)) and at the surface
of PCMO (Figure 4(d)). We have no reliable statistic with
respect to preferred nucleation sites, but it seems that all
three nucleation types are present in PCMO films with X =
0.3 and 0.5. In contrast, PMO films seem to only reveal
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FIGURE 5: Detailed analysis of surface precipitates in PMO (sample shown in Figure 4(d)). The underlying PMO reveal two different twin
domains with common [110] growth directions. (a) High-resolution image of a surface precipitates and top area of PMO. (b) FFT image of
the surface precipitate. The selection for the FFT is marked in (a). (c) EELS spectrum of the oxygen K edge of a surface precipitate, which
reveals the typical features of MnO [18]. (d) SEM image of the PMO surface showing very regular and well-orientated surface precipitates.
The precipitate edges are parallel to the (110) directions of the STO substrate.

surface precipitates, even in thick films. For example, the
PMO film presented in Figure 4(d) is about 400 nm thick.
Therefore, precipitation can induce different microstructures,
such as embedded precipitates, surface precipitates, and
near substrate precipitates leading to PCMO misorientations
which protrude from the film surface.

Manganese can form different oxides, for example, MnO,
Mn,0;, Mn;0,, and MnO,. In order to identify the crystal
structure of the MnO, precipitates, we have analyzed the
precipitates in more detail. Figure 5 shows a high-resolution
image (a) and the local Fast Fourier Transformation (FFT)
image of the surface precipitate (b). By taking into account
the lattice parameters (see Table 3) of the different MnO,
phases, the FFT of the surface precipitate with an in-plane
lattice parameter of a,, = 0.41nm and an out-of-plane
parameter of a,,, = 0.48nm is only compatible with a
highly distorted MnO or MnO, phase. Mn,0O5 and Mn;0O,
can be excluded because the lattice parameters are too large.

TABLE 3: Space group and lattice parameters a, b, and c of the
different manganese oxides.

Space group a [nm] b [nm] ¢ [nm] Ref.
MnO Fm3m 0.445 0.445 0.445 [31]
MnO, Pbnm 0.452 0.927 0.286 [32]
Mn, 0,4 Pcab 0.941 0.942 0.940 [33]
Mn,0,  I4l/amd 0.575 0575 0942  [34]

Comparing the EELS spectra at the oxygen K edge of the
precipitates (Figure 5(c)) with reference data of the various
manganese oxides [18] here points to the MnO phase.

The sample shown in Figure 5 was additionally postan-
nealed for 20 h at 900°C. From the viewpoint of the equilib-
rium phase diagram [19], a transition from the MnO phase
which is only stable at low oxygen partial pressures to the
Mn,O; phase is expected but not observed. Consequently,
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FIGURE 6: Outgrowth density and the influence of Mn excess for samples with X =~ 0.3. (a) SEM picture of a PCMO film (G03_.1) with a
small Mn deficit (§ = —-0.02) on STO. (b) Surface density of outgrowths in dependence on the Mn excess. The Mn excess 6 was deduced
from EDX measurements using linear fits of the concentration profile (see also Figure 2(c)). The error bar represents the uncertainness in the
concentration measurement. Same symbols belong to samples prepared in the same deposition run. The respective stoichiometric samples
(6 = 0) are B03_1 (black squares, substrate Pt/MgO, and sputter gas Xe), F03_1a (red circles, STO, and Xe), and D03_1a (blue diamonds, STO,
and Ar). (c) SEM picture of a PCMO film on MgO (F03_1b). The film has the same composition (X = 0.36, § = 0) and was prepared in the
same run as the sample F03_la on STO shown in Figure 1(a). (d) XRD patterns of two PCMO films (X = 0.36, § = 0) on MgO prepared in

different runs. The sample marked by solid symbols reveals outgrowths; the second film (F03_1b, solid line) is free of outgrowths.

the MnO phase seems to be stabilized by coherent or
semicoherent growth on the underlying PMO film. Since the
MnO lattice constant is larger than the PMO lattice con-
stant, such growth should give rise to compressive in-plane
strain within the precipitate, that is, to the experimentally
observed relation @;, < a,,,. The preferred orientation of
the precipitate edges parallel to the [110] directions of STO
also points to an epitaxial relation between MnO and PMO
(Figure 5(d)). However, since quantitative EDX investigations
on precipitates in different samples point to MnO, and
precipitation might be different in PMO and PCMO because

of different misfits, we currently only would like to conclude
the formation of MnO, phases.

The TEM results imply a correlation between growth
disturbances visible at the PCMO surface (Figurel) and
the presence of MnO, precipitates. The link becomes also
apparent by comparing samples prepared with different Mn
contents. Figure 1(a) (§ = 0) and Figure 6(a) (6 = -0.02)
show that the surface number density of outgrowths n
decreases by orders of magnitude in Mn-deficit films. Plotting
n versus the Mn excess & (Figure 6(b)) reveals the same

trend for samples on STO and Pt-coated MgO substrates
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and for different sputter gases: the outgrowths vanish if
the films become Mn deficient. Since § was deduced from
EDX measurements, we may slightly underestimate the Mn
content by about 2%. Therefore, we only state that the
outgrowth vanishes close to the stoichiometric composition
6 =0.

Depending on small change in the detailed deposition
conditions, films prepared on MgO can reveal no MnO,
precipitates for near-stoichiometric compositions § + 0.02.
The sample on MgO shown in Figure 6(c) is outgrowth-
free and also cross section TEM analysis shows no MnO,
precipitates in the volume of the thin films. In contrast,
the film on STO (Figure1(a)) prepared in the same run
and with the same composition (at the same position x,
but at different positions y,) reveals a high density of
growth disturbances. However, the precipitation is not only
controlled by the substrate choice, for example, by interfacial
energies or lattice mismatch. Sometimes, PCMO films on
MgO substrates grown under the same deposition conditions
show the formation of precipitates (cf., e.g., Figures 6(c)
and 1(b)). It is interesting to compare samples with and
without precipitates with respect to their strain state. The X-
ray diffraction pattern in Figure 6(d) shows that the out-of-
plane strain in precipitate-free samples is significantly higher.
Therefore, the precipitation is related to both the Mn content
and the strain.

4, Discussion

As far as we know, no phase diagram of Ca-doped PMO has
been published which takes Mn excess into account. The Mn
solubility in the Perovskite phases of LaMnO; and PrMnO,
corresponds to § = 0.1. Ca-doping of LaMnO; seems to
increase the solubility [20-22]. Such large solubilities are
not observed in our PCMO thin film samples (Figure 6(b)).
By taking into account the uncertainness in concentration
measurement, the maximum solubility seems to be smaller
than § = 0.02. Low deposition temperatures T, prohibit
the formation of outgrowths. However, such films commonly
reveal no CMR [23] and are of minor interest. Because of the
limited statistic of TEM investigations and the uncertainness
in concentration determination, we cannot quantitatively
relate Mn excess, outgrowth density, and typical size of
precipitates. However, assuming that precipitation takes place
if§ > 0, one may write (A represents A-site cations Pr and Ca)

A+(1+8)Mn+3+28

0, — AMnO; + 6MnO, (1)

Since there is a clear correlation between MnO, formation
and outgrowth density n, we assume that each precipitate
gives rise to a visible growth disturbance. Consequently,
the volume fraction of precipitates for a small excess & is
expressed as

1 Vyno,
bl
dy

m
VMnOZ VMnOZ

2)

~8 —
VMno, + Veemo Vicmo

where V" are the mole volumes, vy, is the mean volume of
the precipitates, and d is the film thickness. Using the ratio

of mole volumes of about 0.46, Mn excess of 2%, and small
(large) precipitates with a volume vp = 2.4 x 10> nm® (2.0 x
10" nm?) should result in a surface density of outgrowths of
n = 4.2/um* (0.14/um?). This coarse estimations support the
main trends shown in Figure 6(b): the formation of a high
density of small precipitates on STO and a lower density of
large precipitates with pronounced grain boundary wetting
on Pt-coated MgO (see also Figure 4(b)).

The most probable origin of the limited solubility is the
strain accompanying heteroepitaxial growth. Incorporation
of Mn excess in the Perovskite phase is compensated by the
formation of A-site vacancies which gives rise to a reduced
unit cell volume (e.g., for LaMnO; [20] and for PrMnO;
[24]). It has been shown by means of DFT calculations that
compressive in-plane strain favors the formation of cation
vacancies [25]. Although the change of the lattice constants
is rather small (of the order of —0.06% for PrMnO; with
0 = 0.01 [24]), a tensile lattice mismatch to the substrate may
favor the formation of the stoichiometric Perovskite phase
with its larger unit cell and therefore drive the precipitation
of MnO,,.

However, the different strain states on different substrates
at room temperature cannot be directly compared without
taking into account the pronounced influence of phase for-
mation which depends on the deposition parameters. PCMO
undergoes a phase transition from cubic to orthorhombicin a
temperature range of 1100-1200 K [26] which is very close to
the typical deposition temperature of about 1073 K. The strain
generated by this transition relaxes partly by twinning.

In addition to the twinning induced strain relaxation
during film growth, the precipitation of MnO, is affected
by the mobility of cations. MnO, formation requires a
sufficiently high surface mobility of adatoms. Because of the
pronounced wetting (Figure 4(b)), grain boundary diffusion
also seems to play a significant role. It is therefore important
to determine the strain evolution during deposition and
cooling down to room temperature.

In order to determine the stress state during film deposi-
tion and cooling, we have performed in situ stress measure-
ments with the hot stage. The thickness dependent stress for
deposition on STO (at T, = 800°C) and Pt-coated MgO (at
T, = 700°C) is shown in Figure 7. It is out of the frame of this
contribution to discuss all details of these measurements, we
will therefore mainly focus on the main observations:

(i) The stress in the early growth state of PCMO on STO
is tensile and rather large (up to 4 GPa). Due to the
large lattice mismatch A = (aye) — ay)/a; between
PCMO and STO of Agpg = —1.6% (see Table 1), the
growth mode is most probably 3D growth and the
island coalescence may give rise to the pronounced
stress maximum at a film thickness of about 10 nm
[27]. Although the misfit to Pt (Ap, = -2.0%) is
larger, the tensile stress is lower on Pt-coated MgO
substrates because the elastically softer Pt film partly
accommodates the misfit. Nevertheless, the stress in
the early growth state is also of the order of GPa.

(ii) After the early growth stage, the stress decreases with
increasing thickness but still stress remains high. The



10
4
3 -
5
o 2
S
L
1 -
”—r\\‘-’\
0 T T T T T T T T T T T
0 20 40 60 80 100 120

df (nm)

—— STO T, = 800°C
— Pt-MgO T, = 700°C

FIGURE 7: In situ determination of the thickness dependent stress
during deposition of PCMO (X = 0.33, § = 0) on STO and Pt-
coated MgO substrates. The actual film thicknesses were calculated
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moved back and the stress evolution could be measured.

almost linear decrease is not very different for samples
on STO and Pt-coated MgO.

(iii) Cooling down the samples from deposition tempera-
ture to room temperature strongly modifies the stress.
For the 100 nm thick films, the stress decreases from
about 1GPa to 490 MPa on STO and from 250 MPa
to —260 MPa in the case of Pt-coated MgO. Postmea-
surement values in XRD at room temperature show
that the PCMO film on STO (Pt-coated MgO) reveals
an out-of-plane strain of &,,,, = —0.5% (+0.4%) which
implies a tensile (compressive) in-plane strain.

It is worthwhile to note that this strong change of the
stress during cooling cannot be attributed to the thermal
strain induced due the difference in thermal expansion coeffi-
cient between film and substrate. Assuming for simplicity an
isotropic biaxial strain state with a reasonable Poisson ratio
for PCMO of v = 0.35, the stress change due to cooling from
T, down to room temperature T}, is given by

Ao o(T)-0o(Ty)  Ae

o (T,) o (Ty) - €ip (Ty)
2.y (TO_TS)
Tl my
- (S 1p) soop(TO)’
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TABLE 4: Linear thermal expansion coefficient of PCMO and
substrate materials. The thermal strain Ae generated in PCMO films
on the different substrates during cooling von 800°C down to room
temperature is also mentioned.

a [107/K] Ae [%]
Pr,,Ca,;MnO, 11.9 [35]
SrTIO, 9 0.23
Pt 8.8 0.24
MgO 8 0.3

where og and «, are the almost constant linear thermal
expansion coefficients of the substrate and the PCMO film in
the high-temperature range, respectively. Since o, is larger
than oy, only small additional tensile strain contributions
are expected (see Table 4) in contrast to the experimental
findings. For PCMO on STO, for example, the observed
stress change Ao/o = 1 corresponds to the generation of an
additional compressive in-plane strain which is of the order of
the room temperature out-of-plane strain Ae = ¢, = 0.5%.

The defect structure of the PCMO thin films strongly
affects the correlation physics of the PCMO thin films.
Hoffmann et al. [23] show a systematic study of the influence
of preparation induced octahedral disorder on the CMR in
thin film PCMO samples with X = 0.32-0.34 prepared
by means of PLD and IBS deposition on STO and MgO.
Independent of the deposition method, the CMR only can be
observed if the deposition temperature is high enough (about
750°C). Postannealing at temperatures above the deposition
temperature increases the CMR transition temperature due
to defect annihilation.

In addition to octahedral disorder, point like defects
have a strong effect on the correlated electron properties.
Oxygen vacancies which are formed by resistive switching
can suppress the CMR effect in Pt-PCMO-Pt sandwich
structures [28] and can even give rise to vacancy induced
metal-insulator transitions [29]. However, the influence of
point defects on the correlation properties is rather complex
due to specific features of defect chemistry in manganites. For
example, oxygen vacancy formation can significantly affect
the A/B cation site ratio [30] with drastic effects on the
ferromagnetic properties.

In the IBS PCMO films presented in this paper, Mn
excess has only a minor influence, because the high stress
state results in MnO, precipitation and therefore drives the
formation of a near-stoichiometric PCMO phase. Our results
show that the evolving strain state and its influence on the
correlation effect, for example, the CMR, are rather complex.
Beside the lattice mismatch, the generation of most likely
point-like defects due to the high-energy impact and the
annihilation due to the high deposition temperatures has
to be taken into account. In general, the flexibility of the
octahedral tilt system allows for accommodation of the misfit
in very thin films, which has been indeed observed for PLD
films [4]. For IBS films, we observe only a moderate decrease
of stress with increasing film thickness. This implies that
the net defect generation rate during deposition significantly
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contributes to the stress state. This contribution does not
strongly depend on the substrate choice. Defect annihilation
might be the origin of the pronounced compressive stress
contribution, which appears during the slow cooling down
to room temperature after the deposition.

The formation of MnO, precipitates also seems to be an
important pathway of stress relaxation, because the room
temperature strain of precipitate-free samples is significantly
higher. Large tensile stress during deposition seems to favor
the precipitation. We have not measured the stress during
deposition for MgO substrates. Although the nominal lattice
mismatch between PCMO and MgO is highly tensile, the
room temperature strain state is compressive. We therefore
expect that the misfit stress contribution to the stress-strain
state of PCMO on MgO during deposition is not so high
due to the presence of a coincidence lattice. Conclusively, the
observed compressive stress must evolve because of the defect
relaxation processes including twins and point defects, which
are not strongly affected by the substrate choice.

Deposition at temperatures close to the cubic-orthor-
hombic phase transition and pronounced stress relaxation
during deposition and cooling seems to be the reason for
the rather broad ranges of possible strain states at room
temperature on the same type of substrate. However, the
appearance of precipitation is not only controlled by the
lattice mismatch. Using Ar instead of Xe changes the number
density of precipitates at the same Mn excess (Figure 6(b)).
We suggest that the precipitation as stress relaxation takes
place if the stress during deposition exceeds a critical thresh-
old. This might explain why deposition with Xe with its high
defect generation rate can result in a room temperature state
with a low strain (Figure 3(b)).

5. Conclusions

The deposition of Pr;_yCayMnO; with X ranging from 0 to
0.5 by means of ion-beam sputtering is accompanied by high
density of point defects which is determined by the balance
of generation and annihilation rates. After termination of
the film deposition, defect generation is stopped and some
of the strain may be relaxed via point defect relaxation
channels. However, we conclude that the formation of MnO,
precipitates represents another important relaxation path if a
stress threshold is overcome. The high tensile strain during
the early growth stage on STO seems to favor the formation
of a high density of precipitates due to the reduction of
misfit. Even if the stress is lower for the Pt-coated MgO,
the remaining stress is in the order of GPa and seems to
be high enough to result in the formation of precipitates.
We do not expect large tensile strain on MgO. Therefore,
precipitation only takes place if the stress caused by defect
formation exceeds the critical stress.
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Rambutan-like ZnO hierarchical hollow microspheres (ZnO HHMs) were constructed under hydrothermal conditions, using
carboxyl methyl starch (CMS) as a soft template. The resulting products were characterized by using X-ray diffraction
(XRD), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). The experimental parameters and
growth mechanism of rambutan-like ZnO HHMs were discussed in some detail. The as-prepared samples displayed improved
photocatalytic activity for the degradation of rhodamine B under ultraviolet (UV) irradiation.

1. Introduction

ZnO has attracted global interest as a promising alternative
semiconductor to TiO, in dye-sensitized solar cells, owing to
its direct wide band gap (3.37 V) and high electron mobility
(17cm* - V7' - s7!) for single-crystal ZnO nanostructures
[1, 2]. Furthermore, single-crystalline ZnO displays efficient
electron transport collection and a faster charge transfer for
its 2/3-fold electron mobility than TiO,. As a result, single-
crystalline ZnO with a variety of sizes and shapes have been
prepared, including nanowires [3, 4], nanofiber [5], nanodiscs
[6], nanorods [7, 8], nanotubes [9, 10], nanonails [11], core-
shell [12], and hierarchical structures [13, 14].

Now, one-dimensional (1D) ZnO nanostructures such
as nanowires and nanotubes have been prepared to reduce
recombination phenomena upon the electron transport pro-
cess and improve the electron collection efficiency [15].
However, these 1D structures suffer from a rather low specific
surface area. To solve this issue, ZnO hollow structures have
attracted great attention because of their huge active surface
area, stability, high porosity, and permeability (mesoporous
nature) (16, 17].

To date, hollow ZnO spheres have mainly been synthe-
sized by hard template [18]. For instance, ZnO hollow spheres

have been prepared using spherobacterium Streptococcus
thermophilus as a biotemplate [19]. However, the incubation
of bacteria is time-consuming and complicated and requires
special agents. Furthermore, expensive raw materials, com-
plex process control, and sophisticated equipment are often
needed, which is unfavorable for potential large-scale synthe-
sis of single-crystal ZnO structures.

Alternatively, soft templates are expected to be more
flexible in preparing ZnO hollow structures. For example,
hierarchically nanoporous ZnO hollow spheres were facilely
obtained using glucose as a template [20], where calcining
the products is essential. Lately, flower-like and double-caged
peanut-like ZnO hollow structures were prepared in our
group [21, 22], which showed enhanced surface area and
improved catalytic activity. Moreover, hollow microsphere
assembled by the units (e.g., nanoparticles and nanorods)
have some additional advantages such as enlarged surface
area, easy separation, rich interface, and good stability [20-
22].

Hydrothermal method is usually used for the synthesis of
high-crystallized powders, owing to its simplicity, facility, low
cost, and scalability [23, 24]. Besides, the products will own
high purity and narrow particle size distribution. Herein, a
simple hydrothermal method was developed for large-scale



synthesis of rambutan-like ZnO hierarchical hollow micro-
spheres (HHMs) under low temperature (120°C) without the
calcination procedure, using carboxyl methyl starch (CMS) as
a soft template. The catalytic activity of the resulting product
was examined by the photodegradation of rhodamine B as a
model system.

2. Experimental Section

2.1. Chemical and Reagents. All the reagents were of analyti-
cal grade and were purchased from Aladdin Industrial Cor-
poration and used without further purification. All aqueous
solutions were prepared with twice-distilled water.

2.2. Preparation of Rambutan-Like ZnO HHMs. The rambu-
tan-like ZnO HHMs were prepared with the assistance of
CMS under hydrothermal conditions. In a typical procedure,
0.65 g of CMS was dissolved in 25 mL of water under stirring,
followed by the addition of 6.25mL of zinc nitrate solu-
tion (50 mM) into the above solution under stirring. Next,
0.625mL of ammonia solution (25%, w/V) was dropwise
put into the mixed solution. After stirring for 15 min, the
mixture was transferred to a 50 mL Teflon-lined autoclave,
sealed, and kept at 120°C for 12h and finally cooled to
room temperature naturally. The final white precipitate was
collected by centrifugation, thoroughly washed with water
and ethanol, and dried at 60°C in vacuum.

Control experiments with different amounts of ammonia
and CMS and different temperature were performed, respec-
tively. And the time-dependent experiments were conducted
to investigate the formation mechanism of rambutan-like
ZnO HHMs.

2.3. Characterization. Field emission scanning electron
microscopy (FESEM) was performed with a JSM-6390LV
microscope. Transmission electron microscope (TEM) and
high-resolution TEM (HRTEM) images were recorded on
a JEOL JEM-2100F using an accelerating voltage of 200 kV.
X-ray diffraction (XRD) analysis was carried out on a Rigaku
Dmax-2000 diffractometer with CuK« radiation. The
surface areas were calculated by the Brunauer-Emmett-Teller
(BET) method, and the pore size distribution was calculated
from the adsorption branch using the Barett-Joyner-Halenda
(BJH) theory. The UV-vis spectra were recorded on a Lambda
950 UV/vis spectrometer (PerkinElmer, USA).

2.4. Photocatalytic Experiments. The photocatalytic activity
of the samples was evaluated by the photocatalytic decol-
orization of rhodamine B (RhB, Amresco Inc.) in aqueous
solution at ambient temperature. To improve the degree of
crystallinity, the product was calcined at 400°C for 2 h. Photo-
catalytic experiments were performed as follows: the reaction
system containing 50 mL of RhB with an initial concentration
of 2.5 x 10> M and 15 mg of the ZnO samples was stirred in
the dark for 1h to reach adsorption-desorption equilibrium
before ultraviolet (UV) light irradiation. A 300 W high-
pressure Hg lamp (Yaming Company, Shanghai, 8 cm away
from the suspension) was used as a light source to trigger
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the photocatalytic reaction. The solutions were collected and
centrifuged every 10 min to measure the degradation of RhB
in solution by UV-vis spectroscopy.

3. Results and Discussion

3.1. Characterization of Rambutan-Like ZnO HHMs.
Figure 1(a) shows the typical SEM image of rambutan-like
ZnO HHMs with the average diameter of ~1 ym, where ZnO
nanorods perpendicularly grow outwards on the surface of
the shell, regardless of the curvature of ZnO microspheres
(Figures 1(a)-1(c)). This observation is different from that
of commercial ZnO samples with irregular nanoparticles
(Figures S1 and S2A in Supplementary Material available
online at http://dx.doi.org/10.1155/2015/242798, supporting
information). Higher magnification SEM image of the
cracked one demonstrates their hollow spheres again
(Figure 1(c)).

As illustrated by the XRD pattern of typical ZnO HHMs
(Figure 1(d)), all the diffraction peaks are well indexed to
the wurtzite hexagonal ZnO with lattice constants a =
3249A and ¢ = 5207 A (JCPDS card 36-1451) [25, 26],
respectively. No any other peaks from impurity are observed,
revealing complete removal of the soft template in our system,
as further proved by FTIR analysis (Figure S3, supporting
information) in which all the characteristic peaks match well
with pure ZnO nanoparticles [27].

TEM measurements were conducted to provide more
detailed information about ZnO HHMs (Figure 2). Notably,
the slight pale center together with the deep dark edge
outside evidences the sphere with a large void space
inside (Figure 2(a)). Similar spheres were observed using
polystyrene microspheres as a hard template [28], while solid
spheres were obtained with larger sizes (5 ym) in their system.
The selected area electron diffraction (SAED) patterns taken
from the selected area of the TEM image (Figure 2(b)) show
their single-crystalline nature. Additionally, Figures 2(c)-2(d)
show that all parts of the nanorods on the ZnO spheres
surface only have the fringes of planes with d value of
0.25 nm [29], suggesting that the nanorods exhibit the {1011}
orientation. The commercial ZnO samples are also highly
crystalline with a plane spacing of 0.26 nm, corresponding
to the distance between two (0002) crystal planes, which
indicates that they preferentially grow along the [0001]
directions [29] (Figure S2B, supporting information).

Figure 3 provides the nitrogen adsorption-desorption
isotherm of the typical sample calcined at 300°C. The
isotherm displays a typical IV curve, while the hysteresis
loop is associated with narrow slit-like pores in the sample,
as confirmed by the pore size distribution curve (Inset in
Figure 3). The BET specific surface area of the product is
about 41.5m> - g”', which is much larger than that of
commercial ZnO powders with a value of 3.64 m? - g_1 [30].
This value is also higher than those of ZnO hollow spheres
with the value of 9.77 m? - g_1 [30] and ZnO flowers with
the value of 2516 m* - g [31]. The corresponding pore size
distribution curve exhibits that most of the pores have the
size of ca. 20 nm. The enlarged surface area of ZnO HHMs
is expected to have excellent photocatalytic performance.
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FIGURE 1: Morphological and structural characterizations of rambutan-like ZnO HHMs: the corresponding low (a) and high ((b)-(c))
magnification of the SEM images and the XRD patterns (d). The inset shows the high magnification of the SEM images of (b).

FIGURE 2: (a) TEM image of rambutan-like ZnO HHMs. (b) The SAED patterns corresponding to the selected area of the TEM image. HRTEM
images of the tip (c) and the main body (d) of the nanorods on the hollow sphere.
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FIGURE 3: Typical N, gas adsorption-desorption isotherm of
rambutan-like ZnO HHMs. Inset shows the corresponding pore size
distribution.

3.2. Effects of Ammonia. The amount of ammonia is crucial
for the formation of unique rambutan-like ZnO HHMs
(Figure 4). When 0.3 mL ammonia is put into the reaction
system, ZnO spheres are basically formed with rough surface
(Figure 4(a)), while some ZnO spheres were obtained with
a few nanorods on the surface (Figure 4(b)) by using 0.5 mL
ammonia. However, the density of the nanorods decreases on
the spheres in the case of 0.7 mL ammonia (Figure 4(c)), and
bald ZnO particles emerge by the addition of 1.2 mL ammonia
to the reaction system (Figure 4(d)).

3.3. Effects of CMS. CMS is served as prior nucleation sites
for ZnO at the initial crystallization process. When the
CMS concentration is low (2mg-mL™"), there are a lot of
bare ZnO spheres with rough surfaces (Figure 5(a)). And
vertical ZnO nanorods grow on the ZnO spheres in the
presence of 2.6 mg-mL~" CMS, resulting in rambutan-like
morphology (Figure 1(a)). However, sufficient CMS such as
4mg-mL™" would prevent the growth of nanorods on the
surface of ZnO hollow spheres, causing the lower density of
the nanorods (Figure 5(b)). Besides, 6 mg-mLf1 CMS induces
the emergence of many deformed and even broken ZnO
flowers (Figure 5(c)), because the nucleation takes place
along the prior nucleation sites. When the amount of CMS
further increased to 12 mg‘mL_1 (Figure 5(d)), disordered
aggregates are formed.

3.4. Effects of the Reaction Temperature. Different morpholo-
gies are obtained by adjusting the reaction temperature from
80 to 160°C. The aggregation of ZnO spheres (Figure 6(a))
transforms to immature rambutan-like crystals below 100°C
(Figure 6(b)), and well-defined rambutan-like ZnO HHMs
were obtained at 120°C (Figure 2(b)). However, the density
of the nanorods on the surfaces of ZnO HHMs drops down
at 140°C (Figure 6(c)), and broken bald spheres show up as
the temperature is up to 160°C (Figure 6(d)). These results
demonstrate that the rates of the nucleation and crystal

Journal of Nanomaterials

growth are sensitive to the reaction temperature [22]. At
lower temperature, the crystal growth rate is higher than
that of nucleation. The increase of the temperature greatly
facilitates the nucleation rate and the newly generated crystal
nuclei are easy to aggregate together, realizing crystal growth
for adequate space present, leading to the formation of
rambutan-like ZnO HHMs. On the contrary, at much higher
temperature, the nucleation rate is much higher than that of
crystal grain growth, and thereby crystal nuclei are produced.

3.5. Effects of the Reaction Time and Formation Mechanism.
Time-dependent experiments were carried out to deeply
understand the formation mechanism of ZnO HHMs (Fig-
ures 7(a)-7(d)). Firstly, the products are just composed of
solid spheres with the reaction time of 2h (Figure 7(a)).
When the reaction time is 5h, small nanorods emerge on
ZnO spheres (Figure 7(b)) and rambutan-like ZnO HHMs as
the reaction time is 12 h (Figure 2(b)). However, the density of
the nanorods is decreased by extending the reaction time to
24 (Figure 7(c)) and 48 h (Figure 7(d)), owing to the Ostwald
ripening effects (Figure 8).

In general, ZnO has a strong tendency to self-oriented
growth. At the initial stage, newly generated ZnO is quickly
congregated to spherical aggregates to decrease their surface
energies and hence amorphous solid spheres are formed
through the following reactions [21, 32]:

NH; + H,0 & NH; - H,0 & NH," + OH~
- 4NH;
Zn(OH),> &L 70> 20, 7n(NH,), 0
1
Zn(OH),”” — ZnO + H,0 + 20H"

Zn(NH;),”" + 20H™ — ZnO + 4NH, + H,0

It should be mentioned that the original solid phase
might not be well crystallized, owing to rapid spontaneous
nucleation. Thus, Ostwald ripening dictates growth and
recrystallization after hydrolysis. With time extending, the
surface layer of the spheres firstly crystallizes, due to the
direct contact with the surrounding solution. As a result, the
materials inside the solid spheres have a strong tendency to
dissolve, which provides the driving force for the spontaneous
Ostwald ripening [33]. This assumption is strongly supported
by the above experimental data, while it is different from that
described by Shen’s group [34]. In their work, original solid
microspheres were composed by Zn(OH),, rather than solid
ZnO spheres in our case (Figure S4, supporting information).

The formation process of rambutan-like ZnO HHMs can
be further addressed by TEM measurements (Figure 9). At
the very early stage, the precipitated crystallites assemble
together to form solid ZnO spheres (Figures 9(a) and 9(b)).
With the increase of the reaction time, the inner crystallites
with higher surface energy would dissolve and transfer
outside to produce channels connecting inner and outer
spaces in the oxide shells (Figure 9(c)) [35]. Finally, the
hollow interior of the ZnO spheres emerged (Figure 9(d)),
which is also supported by the broken one from the SEM
image (Figure 1(c)).
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FIGURE 4: SEM images of the products prepared with different volumes of ammonia: 0.3 mL (a), 0.5mL (b), 0.7 mL (c), and 1.2 mL (d).
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FIGURE 5: SEM images of the products prepared with different amounts of CMS: 2 mg-mL ™" (a), 4 mg-mL™" (b), 6 mg-mL ™" (c),and 12 mg-mL ™"
(d).
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FIGURE 6: SEM images of the products obtained at different reaction temperature: 80°C (a), 100°C (b), 140°C (c), and 160°C (d).
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FIGURE 7: SEM images of the products obtained at different reaction time: 2 h (a), 5h (b), 24 h (c), and 48 h (d). Inset shows high magnification
of the images (b) and (c).
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FIGURE 9: TEM images of the products obtained at different reaction time: 2h (a), 5h (b), 8h (c), and 12h (d).

In our study, CMS, as a soft template, not only facilitates
the formation of well-dispersed rambutan-like ZnO HHMs,
but also serves as a diffusion boundary to restrain rapid
crystal growth and prevent direct fusion among the ZnO
spheres during the ripening process. Based on the analysis,
the formation of rambutan-like ZnO HHMs is ascribed to
CMS-assisted Ostwald ripening mechanism.

3.6. Photocatalytic Activity. In the last decade, photocatalytic
oxidation process provides an effective route for the destruc-
tion of hazardous and toxic pollutants [36]. RhB were chosen

as a model pollutant to evaluate the photocatalytic activity of
rambutan-like ZnO HHMs.

Figure 10(a) shows the photocatalytic degradation of RhB
in the aqueous solution as a function of exposure time in
the presence of the ZnO catalysts under UV light irradiation.
With the increase of the reaction time, the absorption peak
intensity of RhB greatly drops down and even disappears
within 90 min in the presence of rambutan-like ZnO HHMs.
The time for photodegradation of RhB is much shorter than
that of hollow ZnO nanospheres (150 min) [37]. The agparent
reaction rate constant (k, ) is found to be 4.15 x 10~* min™"
for rambutan-like ZnO HHMs (Figure 10(b)), while kapp. is
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FIGURE 10: (a) UV-vis absorption spectra from the 2.5 x 107> M RhB solution with 0.3 mg-mL ™" hollow rambutan-like ZnO HHMs at different
time intervals and (b) RhB photodegradation curves of the C/C,, versus time in the absence (curve a) and presence of commercial ZnO (curve

b) or rambutan-like ZnO HHMs (curve c).

212 x 102 min ™" for the blank system (without ZnO). The

kypp. of rambutan-like ZnO HHMs is much higher than

the photocatalysis of Congo red (4.15 x 107> min~') using
hollow flower-like ZnO structures as a catalyst [21], although
the amount of the catalysts used is at the same level. After
90min of UV irradiation, almost 100% of RhB molecules
are decomposed for rambutan-like ZnO HHMs, unlike that
of commercial ZnO with 23% of RhB molecules remaining.
It indicates that the photocatalytic activity of rambutan-like
ZnO HHMs is much higher than that of commercial ZnO.
Moreover, the rambutan-like ZnO HHMs also display highly
photocatalytic stability after five times recycling (Figure S5,
supporting information).

Figure S6 (supporting information) shows the photo-
catalytic performance when using the samples obtained at
different reaction time. It is found that the photocatalytic
activity increased when the morphology is more close to the
structure of ZnO HHMs, owing to the enlarged surface area
of the unique structures. RhB molecules are excited by the
absorption of UV light, and electrons are injected into the
conduction band of ZnO particles, facilitating the oxidation
of RhB molecules [38]. These results clearly demonstrate
that ZnO HHMs have enhanced photocatalytic activity. In
addition, the exposed facets of the ZnO structures also play
an important role. The nanorods of ZnO HHMs are growing
along the {1011} planes. The weaker coordinated O atoms
on the surface are more likely to be saturated by H atoms
in aqueous solution, thereby releasing more free OH radicals
under irradiation, as supported by the previous work [39].

4. Conclusions

In summary, a simple and green pathway has been explored
for the construction of rambutan-like ZnO HHMs under
hydrothermal conditions. CMS, as a soft template, plays an
important role in the synthesis procedure. The formation of
rambutan-like ZnO HHMs was attributed to CMS-assisted
Ostwald ripening process. The as-prepared ZnO structures
were demonstrated as a good catalyst for photocatalytic
degradation of RhB. This work not only provides a simple
method to prepare ZnO hollow structures, but also sheds
some light on the improvement of the photocatalytic perfor-
mance by designing efficient catalysts.
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