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Abstract

We report on vanadium-doped ZnO ceramics to be used as sputtering targets.
Prior to a sintering process, ZnO and V205 powders were milled in stoichiometric
proportion to obtain Zn0.95V0.0501 pd composition. Sintering process of compressed
powders was carried out at 900, 1000 and 1100 °C in air for 1, 2, 4, 6, 10 and 14 h.
During the sintering process, decarburization-like diffusion of V20s (i.e. reduction of the
V concentration in the pellet) leads to a non-homogeneous distribution of V. The

solution of second Fick's law for a decarburization process

C(z,t) = (Co — Cs)erf (z/2,/6Dgp ) + Cs was used to find 5Dgs, where Dgs is the grain
boundary diffusion coefficient and & the grain boundary width. dDgp strongly depends on
sintering time, given that ZnO grain growth is accomplished with a simultaneous
reduction of high diffusivity paths. X-ray diffraction analysis shows that residual V2Os
react with ZnO to produce y-Zn3(VOas)2 and ZnV204 secondary phases that nucleate
during cooling in interstitial sites between ZnO grains. Energy Dispersive X-Ray
Spectroscopy (EDS) analysis was used to obtain vanadium concentration profiles. No

>

1


https://cimav.repositorioinstitucional.mx/jspui

https://cimav.repositorioinstitucional.mx/jspui

vanadium was observed in the lattice of ZnO grains, the only diffusion mechanism
corresponds to Harrison's C-type kinetics. Ceramics exhibit a very low magnetization,
reaching a maximum saturation magnetization Ms=14.6*102 emu/cm3 on the sample
annealed at 1100 °C for 1 h. Magnetic signals are originated at the interface between
the V-based secondary phases and ZnO grains, where a composition near to
Zno.95V0.050 is obtained.
Introduction

Much work has been devoted to the study of diluted magnetic oxides (DMO),
which are large band gap oxides (ZnO, SnOz, TiO2, etc.) doped with 3d transition
metals, mainly V, Mn, Co, Fe and Ni, in order to explain the origin of ferromagnetic
order [1,2]. In DMO, the ferromagnetic order is produced by the alignment of the
magnetic moment of the 3d cations within a hydrogenic orbital of an electron trapped in
an F-center (anion vacancy corresponding to an oxygen vacancy in oxides). The
principal application of DMO lies on spintronics, a particular topic of microelectronics,
which combines the charge and the spin of electrons to create new physical
phenomena [3]. Fabrication of spintronic devices is based on thin film technology where
sputtering and pulsed laser deposition are the main industrial synthesis techniques used
for thin film elaboration. Several works have been devoted to the study of V-doped ZnO

ceramics, nanoparticles and thin films [4—12] but only a few reports of magnetic
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properties on this system can be found in the literature. In a previous work we found
that 5 at% V-doped ZnO nanoparticles [8] exhibit a saturation magnetization of
22.4*10-% emu/cm3 while other groups report the absence of magnetic order in ZnO
single crystals [13] and nanoparticles [14]. We focus on the elaboration of V-doped ZnO
ceramics to be used as sputtering targets for further thin film elaboration. A
homogeneous distribution of V on the ZnO target is imperative in order to obtain
reproducible V content on the films. The homogeneous distribution of V needs to
overcome the solubility limit of V on ZnO, which is 0.28 mol% and that decrease to 0.18
mol% when sintering temperature decreases from 850 to 750 °C.

In this paper we report the grain boundary diffusion coefficients (dDgv) depending
on sintering time, at different temperatures. The magnetic remanence, coercivity and
saturation magnetization of the ceramics were also examined showing dependence with
the extension of the interface between ZnO grains and ZnO-V secondary phases.
Experimental procedure

Samples were prepared using high purity ZnO 99.9% and V205 99.99% powders
from Sigma-Aldrich. Appropriate proportions were thoroughly mixed in a high-energy
SPEX D8000 mill using yttrium-stabilized zirconia balls and a nylon jar. The composition
was fixed to Zno.95Vo0.0s01p5. Powders were isostatically pressed under 90 MPa without
any binder addition and green density of 3.39 g/cm3. Compressed powder samples
were positioned in an alumina crucible and buried with alumina powder to promote
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uniform heat transfer from the furnace. Sintering was performed at 900, 1000 and 1100
°Cfor 1, 2, 4, 6, 10 and 14 h in air atmosphere. Relative density of all samples after
sintering is about 94-96%. Dimensions of the obtained pellets were 4 mm in height and
8 mm in diameter. X-ray diffraction (XRD) patterns were obtained with a Philips,
PANalytical X'Pert equipment producing CuKa radiation (A=1.54 A). Average grain size
and grain morphology was obtained using a scanning electron microscope Jeol JSM
5800-LV. Energy Dispersive X-ray Spectroscopy (EDS) from EDAX, was used to obtain
vanadium concentration along the longitudinal z axis, at the top surface (z=2 mm) and
at the center of the pellet (z=0 mm), see inset in Fig. 3. Better accuracy was obtained
from EDS analysis performed in top view at z=0 and 2 mm.
Results and discussion
-V,Cs decarburization-like diffusion on ZnO

Structural characterization was carried out by X-ray diffraction on all samples,
Fig. 1 shows the XRD patterns of samples annealed at 900, 1000, and 1100 °C for 1
and 14 h, the diffraction patterns of samples annealed for 2, 4, 6 and 10 h show similar
features. All the diffraction patterns exhibit the hexagonal wurtzite structure of ZnO.
Low-intensity peaks at 28.131 and 291 correspond to y-Zn3(VOa4)2 and the peak at
42.751 corresponds to ZnV204 secondary phases[15]. These phases appear when
sintered at low temperature (900 °C) or at a higher temperature (1000 °C) for short time
periods <6 h. These phases are present in samples annealed at higher temperatures
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and/or longer sintering time but the wt% concentration on the pellet is lower than the
XRD limit detection to produce significant diffraction. According to the V.0s—ZnO phase
diagram [16] these secondary phases are in solid state at temperatures lower than 900
°C, revealing that reaction between V205 and ZnO occurs during the pellet cooling

process and not during sintering.
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Fig. 1. XRD patterns for samples sintered at 900, 1000 and 1100 1C for 1 and 14 h. Secondary phases y-Zn3(VO4)2 and ZnV204
are found on samples sintered at low temperature (900 1C) and for short sintering time 1-6h at 1000 1C.

Furthermore, V205 melting point is 690 °C, thus during sintering V205 remains in
liquid phase and secondary phases nucleate in interstitial sites between ZnO grains
during the cooling process.

SEM micrographs of samples sintered at 1100 1C for 1, 2, 4, 6, 10 and 14 h are

shown in Fig. 2. The average grain-size evolution can be fitted with the kinetic

expression G = k3/te°T which is time dependent for a given temperature [17]. The size

-

5


https://cimav.repositorioinstitucional.mx/jspui

https://cimav.repositorioinstitucional.mx/jspui

of the initial ZnO powders (after ball-milling and prior to sintering, measured using
Scherrer formula from XRD patterns) was 45 nm, where the V-Os nanoparticles were
homogeneously distributed and probably with smaller size as no diffraction signal was
observed. However, careful EDS examination at high SEM magnifications of the
sintered ZnO:V20s5 ceramics, reveals that ZnO grains do not contain V atoms,
discarding V lattice diffusion into ZnO grains. Similar behavior has been reported on
densification of ZnO ceramics adding SiO., where SiO: diffuses toward the ZnO grain

surface [18].

Fig. 2. SEM micrographs showing the grain growth evolution for sintering at 1100 °C. the average grain sizes are 15, 25.3, 28.4,
32, 35.2 and 37.3 mm for sintering periods of (a) 1 h, (b) 2 h, (c) 4 h, (d) 6 h, (e) 10 h and (f) 14 h, respectively.
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Fig. 3. EDS Line profile obtained from a pellet sintered at 1100 °C for
1 h. The high noise-to-signal ratio and the variation of the V
concentration are attributed to the inhomogeneous distribution of the
grain boundaries compared to the EDS probe size. Inset shows a
theoretical C(z,t) profile along the z axis and the z=0 and 2 mm
positions where top-view EDS was collected.
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Fig. 4. (a) Punctual EDS data collected at z=2 mm (top surface) and =0 mm
(center) of the pellet for samples sintered at 1100 °C for 1, 2,4, 6, 10 and 14 h.
(b) EDS Data plotted against z position, the continuous lines correspond to the
fit of Eg. (1) to find 6D,

Fig. 3 shows a line profile scan along z direction (see inset in Fig. 3) of a sample
sintered at 1100 °C for 1 h. Due to the inhomogeneous distribution of the diffusivity
paths and the punctual character of the EDS probe, a large noise-to-signal ratio and
fluctuations around the expected V concentration make the line profile difficult to be
fitted by Eq. (1) with the possibility of introducing a large error on the data interpretation.
This difficulty motivated us to look for an alternative option. The inset in Fig. 3 shows a

Gz

7


https://cimav.repositorioinstitucional.mx/jspui

https://cimav.repositorioinstitucional.mx/jspui

schematic representation of the pellet depicting a theoretical concentration profile C(z,t)
along z direction, the maximum concentration should be found at z=0, while lower
concentrations must appear at the top (z=2 mm) and bottom (z=-2 mm) surfaces.
After the sintering process, V concentration at z=0, should be less than Co which is the
initial V concentration (i.e. 5 at%). To obtain EDS spectra at z=0 samples were polished
to remove the top material until z=0 mm was reached. Top view EDS acquisition at low

SEM magnification was performed at z=0, and z=2 mm.
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A compilation of V concentrations for samples sintered at 1100 °C obtained at
z=0 and 2 mm is shown in Fig. 4a, similar graphs were obtained for sintering at 900 and
1000 °C. These values exhibits a linear trendline with sintering time, however, this data
cannot be exploited by equating the slope of the fitted line with the derivative of Eq. (1)
as the boundary conditions C(0,0)=5 at% and C(2,0)=5 at% are not satisfied. To
determine the grain boundary diffusion coefficients (8Dgp), first we discard A and B-type
kinetics as no V was found in the ZnO grains (i.e. no lattice diffusion occurred during the
sintering process). Therefore diffusion occurs exclusively through grain boundaries,
corresponding to C-type kinetics [19] defined by Harrisons conditions [20]. The solution
of C-type kinetics uses second's Fick law, with a slight modification as the V
concentration at any point decreases with time and concentration increases when
moving towards the interior of the sample (i.e. increasing z) then cerf function is
changed by erf function. Instead of only calculating Dg, coefficient, which depends on
the width of the grain boundary =0.5 A [21], it is used to calculate 8Dgb. The data
points of Fig. 4a were then plotted against the height z on Fig. 4b and the dDg, was

obtained using the equation:

Cix,1)—C,
Coy— G

= erf (z/2+/8D it ) (1)
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where Cs is the V concentration at the surface of the pellet for a given sintering time t>0,
and Co is the initial V concentration at t=0. It is important to note that any value
obtained at z=0 mm reaches a V concentration of 5 at% demonstrating that diffusion
occurs very fast. Graphs with the same nature of Fig. 4b were made for the sintering
process at 1000 and 900 °C. Fig. 5a depicts all dDgb values for all sintering
temperatures. An important issue is that the density of high diffusivity paths is not
constant with sintering time, due to the increase of grain size. A minimum of dDgb Vs
time is observed on Fig. 5a for sintering periods of 4—6 h attributed to an abrupt
increase of grain size and also to the remaining amount of liquid V20s, which acts as a
diffusion barrier limiting the decarburization diffusion-like process on the ZnO ceramics.

The average values of 8Dy, obtained from Fig. 5a for each temperature were
used to create an Arrhenius plot of In(dDgv) against the reciprocal temperature (1/T) as
shown in Fig. 5b.

The equation of the kinetics of the 8Dy, against the temperature is represented

by the equation:

8Dy, = Dyexp(— AH g, /RT) (2)

where DO, AH, R and T are the pre-exponential factor, activation energy, gas constant
and temperature, respectively. The In function applied to Eq. (2) allows us to obtain the
slope of the linear fit and the interception point with the vertical axis as follows:
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In(3Dg) = 1n (DY, ) — AH,,/RT 3)

The pre-exponential factor is D%,=1.0021 cm3/s and is found to be four orders of
magnitude larger than that of oxygen tracer lattice diffusion on ZnO ceramics. On the
other hand, the activation energy AHg,=1.66*10- J mol' is 6 orders of magnitude
smaller than that of oxygen tracer on ZnO [22]. Here AHg, represents the necessary

energy that V205 molecules require to move through a grain boundary.

-Magnetic Properties

The room temperature M(H) magnetic loops of samples sintered at 900, 1000
and 1100 °C for 1 h are shown in Fig. 6. The highest saturation magnetization, after
subtraction of the diamagnetic component of ZnO, Ms=14.6*10-2 emu/cm3 was obtained
for the highest sintering temperature, which decreases to 0.22  10-3 emu/cm? when
sintering for 14 h. Despite the reduction of grain boundaries at 1100 °C, we suggest that
V-ZnO based secondary phases are better distributed surrounding the ZnO grains and
that a perfect DMO is formed at the ZnO grain surface producing ferromagnetic order.
Inset 1 in Fig. 6 corresponds to the M(H) loops before subtraction of the diamagnetic
component of pure ZnO that corresponds to ~99.99 wt% of the total weight of each
sample, thus only ~0.01 wt% of the sample is responsible of the ferromagnetic signal.
Inset 2 shows a closer look of the M(H) loops near the origin to evaluate coercivity and

>

11


https://cimav.repositorioinstitucional.mx/jspui

https://cimav.repositorioinstitucional.mx/jspui

remanence of the measured samples. Coercivity is ~80 Oe and magnetic remanence
reaches 4*10-3 emu/cm? ensuring ferromagnetic order without the necessity of an
external magnetic field. These non-zero values are typical of DMO and demonstrate
that percolation of the BMPs is ensured through the grain boundaries. Another test to
verify that the origin of the ferromagnetic order is the BMP, is to fit the experimental
M(H) loops with the expression M=Mstanh(H/Ha) where Ha is an effective saturation field
[23]. In our samples Ha=2000 Oe, which perfectly fits the set of Ms and Ha found on
other DMO systems [24]. Lower values of H,, for similar values of Ms, like those of our

measurements, are found on superparamagnetic systems.
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Fig. 6. Magnetic M{H) loops for samples sintered at 900, 1000 and 1100 °C
for 1 h. Inset 1 shows the M(H) loops before the subtraction of the diamagmetic
component from the pure Fnl) gmins. Inset 2 shows the small coercivity and
remanence tyvpical of DMO.

Conclusions
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In this work we found the diffusion coefficients in a decarburization-like diffusion
process during sintering of ZnO:V20s compressed powders. During sintering, ZnO
grains grow at the same time that V205 diffuses toward the surfaces of the sample.
Remaining V205 in the sample reacts with ZnO, during the cooling process, on the
surface of grains at interstitial grain sites, leading to the formation of y-Zn3(VO4). and
ZnV204 secondary phases. Grain boundary diffusion coefficients were found using
second Fick's law for a C-type kinetics model, where no lattice diffusion is observed.
The boundary conditions of the decarburization process use erf function instead of cerf
on the solution of second Fick's law. We found that V.Os acts as a diffusion barrier
leading to minimum &Dy, for sintering periods of 4—-6 h. From the Arrhenius plot of the
average dDgp with 1/T, the activation energy AHg,=1.66*103J mol' and the pre-
exponential factor D%,=1:0021 cm®'s were found. The largest magnetization
Ms=14.6*10- emu/cm? was found for the sample annealed at 1100 °C which decreases
with increasing sintering time. Ferromagnetic order exists at the grain boundaries of the
ceramics through the percolation of BMPs. Sintering at 1100 °C for short time periods is
recommended for ZnO:V target fabrication.
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