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Abstract

We prepared a Zn;_,Co,O system as polycrystalline nanoparticles with various compositions (x = 0.01, 0.02,
0.03, 0.04, 0.05, and 0.10) using sol-gel techniques and use zinc acetate dihydrate and cobalt acetate tetrahydrate as pre-
cursors. Nanoparticles were pressed under a pressure of 4 tons for 5 min into 2 mm thick disk shaped compacts 10 mm
in diameter, which were then annealed at 500 °C for 30 min under a 5B Ar atmoshpere. We carried out X-ray diffraction,
scanning electron microscopy, and Vickers microhardness analyses of Co doped ZnO-based nano bulk materials in detail,
focusing especially on theoretical and experimental mechanical analyses. We found that calculated values were higher than
the Vickers microhardness experimental results. Doping ZnO with Co did not lead to significant changes in the a and ¢ axes.
The calculated hardness values are larger than those from the experiments. Acoording to the SEM and EDS images grain

size decreases as Co doping increases and the amount of Zn decreases with Co doping, respectively.

1 Introduction

Because of the promise they show as materials for use in
microelectronics, binary tetrahedral semiconductors (AHBVI
and A"'BY) have attracted a lot of attention recently, as many
studies have looked into their electronic, mechanical, elastic,
and optical properties, which directly depend on the number
of valence electrons and density of the conduction electrons
[1, 2]. There have been frequent attempts to understand the
effects of crystal ionicity and homopolar and heteropolar
contributions on chemical bonds in A"BY' and A"™BY type
binary semiconductors. Cohen [3] proposed an empirical
relationship between bond length and bulk modulus for IV,
III-V, and II-VI semiconductors, and Yadav et al. [4] studied
the homopolar energy gap, heteropolar energy gap, and Penn
gap for some types of binary compound semiconductor. The
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findings of these studies are often discussed, but they are not
yet sufficient as models of experimental data.

ZnO is a widely studied binary semiconductor material
that is non-toxic, inexpensive, and possesses good opto-
electrical properties and thermal [5, 6]. ZnO is used in
multiple applications, such as lasers, light emitting diodes,
short wavelength optoelectronics, sensors, and spintron-
ics. Numerous doping materials such as Co*? have been
used with ZnO semiconductors to improve their structural,
mechanical, optical, and electrical properties [7, 8]. In addi-
tion, there are many studies on nano structures and their
properties in literature [9—15].

Sol-gel technology is common name that is given to the
technique of the production such as ceramic, glass and com-
posite materials.

e A solution is formed by combining of inorganic com-
pounds such as metal alkoxide solution or metal powders,
nitrates, hydroxides and oxides with acid and water in
certain amounts.

e As aresult of mixing of the solution at certain tempera-
tures, a consecutive series of chemical reactions occur in
solution and a gelation occurs by electro-chemical inter-
actions of surface charge of particles, this gelation grows
gradually and reaches all points in the system and a gel
form
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1.1 Advantages of sol-gel method

e Chemical features of method can be controlled.
Better homogeneity is provided compared with raw
material.

Size of powder is obtained under micron.

The low temperatures are adequate for the production.
Obtaining of new materials and properties is possible.
It does not cause air pollution.

And also there are different methods used to synthesize
various functional inorganic nanoparticles and its prop-
erty-applications [16-23].

In this study, we investigated the structural and mechan-
ical properties of Co*>-doped ZnO binary tetrahedral nano
semiconductors, analyzing microhardness, which is the
basis of mechanical properties, and comparing theoretical
and experimental results. Detailed information is provided
in the Results and Discussions section.

2 Experimental process

We prepared a Zn,_,Co,O system as polycrystalline
nanoparticles with various compositions (0.0 < x < 0.10)
using sol-gel techniques, with zinc acetate dihydrate
powders (Alfa Aesar) and cobalt acetate tetrahydrate
powders (Alfa Aesar) used as precursors. We used metha-
nol and acetyl acetone as solvents to prepare a homog-
enous solution. After weighing at appropriate rates, we
covered the beakers and stirred the precursors and sol-
vents using a heated magnetic stirrer at 60 °C for 8 h.
Once we obtained a transparent solution, we uncov-
ered the beakers and evaporated the solutions using
the heated magnetic stirrer at 60 °C until we observed.
Next, we preheated the gelations at 200 °C for 5 min in
air using a muffle furnace to obtain powder nanoparti-
cles, which we then pressed into 2 mm thick disk-shaped
compacts 10 mm in diameter under 4 tons for 5 min.
Pressed samples were then annealed at 500 °C for 30 min
under 5B argon (Ar) pressure. We labeled the samples
Zn,93C00,020, Zng 97C00 030, Zng 95C00,04 0. Zng 95C0y 050,
and Zn, 4,Coy ;0.

In this study, we performed X-ray diffraction (XRD)
measurements with a Bruker D8 Advance X-ray powder
diffractometer (Fig. 1) using Cu— K, radiation in the range
of 30 <26 < 90° at a scan speed of 2°/min. Sample phase
structures and lattice parameters were determined by the
Bruker-EVA 10.0.1.0 analysis software and ICDD PDF2-
2002 data cards. We then performed surface morphology
and elemental analyses of samples using a Quanta FEG
250 scanning electron microscope (SEM) and tested the
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Fig. 1 XRD patterns of all nano bulk materials

mechanical characterizations of nano bulk materials using
using the Vickers microhardness test with a Shimadzu
brand HM V-2 model digital microhardness tester.

3 Results and discussion

We carried out XRD analyses to determine the structural
quality of undoped and Co-doped ZnO based nano bulk
materials. The X-ray diffraction peaks of the samples show
that Co ions have no phase. This means that the presence of
Co™?ions in a ZnO lattice affects crystal structure becausea
small amount of Co enters the structure in the lattice’s grain
boundary. Each sample has a hexagonal wurtzite crystal
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structure that is a specific structure of Zno (ICDD Data Card
No.: 01-080-0075 and 01-070-8070 for undoped ZnO and
Co-doped ZnO, respectively). X-ray diffraction peaks show
that the peak intensity decreases as the degree of Co dop-
ing increases (Fig. 1a). Increasing Co concentrations lead
to a distortion of ZnO’s crystal structure of [24]. In addi-
tion, grain size decreases as the level of Co doping increases
(Table 1). Grain size is 36.95 A for a doping rate of x=0.01
and 30.99 A for a doping rate of x=0.10. In other words,
peak position shifts to a smaller 2 theta angle (Fig. 1b) as
Co concentration increases [25, 26], indicating that the hex-
agonal structure deteriorates with doping.

Lattice parameters a and ¢ decrease slightly with Co dop-
ing, showing that Zn*? ions substitute with Co*? ions. There
were no significant changes to average bond length (d) or a
and P bond angles.

Figure 2 shows SEM images of a Zn,_,Co,O bulk
series, annealed under a 5-bar argon atmosphere,with a
200.000x magnification. Observing the images, we can see
that grain size decreases as Co doping increases. Grain sizes
are scaled during SEM measurements, but they do not very
clear. We observed using this scale that grain sizes decrease
with Co doping. In addition, we calculated Warren-Scherer
values are calculated using XRD data, which show that
grain sizes decreased the level of Co doping increased.
However, the grain size of undoped ZnO increases as Co
doping level increases. The size differences may be due to
disparities between the ionic radii of the doping element
(Co™=0.79 A) and the host element (Zn™2=0.74 A). As
the doping element enters the structure of ZnO, it can cause
the formation of more nucleation centers [27].

The change in Zn content with Co doping is investigated
by using the EDS analysis (Fig. 3). It is observed that the
atomic percentage of Zn decreases with Co doping. This is
an expected result. As interpreted from the XRD analysis,
the Co™? ions replacement with Zn*? ions in the ZnO lattice
due to the ionic radius of Co (0.79 1&) is greater than the
ionic radius of Zn (0.74 A). Therefore there is no peak of
the Co atoms. In addition, this result is observed using EDS
measurement. According the EDS analyses the amount of
Zn decreases with Co doping.

Table 1 Some structural values of all nano bulk materials

Samples a (10\) [ (A) Grain size (nm) c/a

Undoped ZnO 3.74 5.22 26.71 1.40
Zn 99Coy 5,0 3.73 5.18 36.95 1.38
Zn; 93Coy .0 3.73 5.18 36.85 1.38
Zng 97Coy 430 3.73 5.19 36.29 1.39
Zn, 44C00 04O 3.73 5.19 36.14 1.39
Zn; 95Coy 45O 3.74 5.12 35.95 1.37
Zn; 99Coy 100 3.73 5.19 23.99 1.39

7ZnO has alternative Zn*? and 02 planes, which cause
electrical polarization in the material. The size of the o angle
is an important influence on polarization, and decreasing o
angle causes a decrease in polarization. When an ion with an
ionic radius smaller than Zn*? is doped on the host material,
its extra charge attracts more oxygen and provides space to
accommodate the extra oxygen. In addition, doped ion groups
can also cause lattice defects. Thus, Zn ions may end up in
different respective positions, possibly leading to local planar
defects. These local planar defects formed by doping happen
when different d-spacing cause extra reflections, which are
seen as extra peaks in XRD graphs. These changes also lead
to alterations in the value of average bond length, d, which is
associated with the free electron density parameter (r,).

d=1.173r,. (1)

In this study, we doped using Co™ (0.79 A) ions, whose
ionic radius is larger than Zn*? (0.74 A). Since both ions have
a +2 valence, there were no additional structural. In addition,
a co-related extra diffraction peak is not observed in the XRD
data (Fig. la). From this result, we can say that Co*? ions
easily displaced Zn*? ions, as was predicted by the Co*? ion’s
large ionic radius. This displacement can also be explained as
Co™? ions substituting Zn*? ions in the ZnO host semiconduc-
tor without changing its wurtzite structure, which can be con-
firmed by calculating the Zn—O bond length (Table 2). There is
a significant change in the o and § bond angles between Zn—Zn
and Zn—O bonds. This shows that the Zn and O atoms were not
moved to different positions from their original location, thus
no local planar defects were formed (Table 2).

Defects and new lattice planes are instrumental in reduc-
ing energy separation (E,), which results from homopolar
and heteropolar energies. Although homopolar energy, E,
depends on nearest neighbours distances, heteropolar energy,
C, is determined by the electronegativity difference between
Zn and O [28].

Homopolar Energy, E;,, = 39.74 4248 @

Heteropolar Energy, C = 98.21 <r2> —(1.7323/2%) 3)

b = (Ar)? +0.03b = 0.5776 (for ZnO) @)

Avarage Energy. E, = (£, +(C)"]" 5)

S E\’

Ionicity, f; = 1 — <_> ) ©)
E,

We summarized the calculated E,, C, and Eg values in
Table 2. Both the E, and C values increased, and although
there was no significant change in ionicity, the E, tends to
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Fig.2 SEM micrographs of all
nano bulk materials Zn%99Co010
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Fig.3 EDS graphs of all nano bulk materials
.Tab'le. 2 Values of energies, Samples E, C E f; Average bond a /]
ionicity, average bond lengths 8 length (d)
and bond angles of all nano
bulk materials Undoped ZnO 5.63 10.56 11.97 0.77 2.198 100.79 116.56
71 95C0y 0,0 5.68 10.60 12.03 0.77 2.190 100.51 116.73
Zn 93C0y 1,0 5.68 10.60 12.03 0.77 2.190 100.51 116.73
Zn 97C0og 130 5.68 10.59 12.02 0.77 2.191 100.62 116.66
Zn 96C0g 04O 5.68 10.59 12.02 0.77 2.191 100.62 116.66
Zn 9sC0y osO 5.68 10.60 12.02 0.77 2.190 99.70 117.20
Zn; 9,C0p 100 5.68 10.59 12.02 0.77 2.191 100.62 116.66
increase with doping (Fig. 4). The lack of change in ionicity g — (1971 — 2204) d~33 (7

(Table 2) may be because Co and Zn have the same valence
value (+2). Compared with the undoped sample, there were
no significant changes in homopolar energy or heteropolar
energy with Co doping; therefore, we can say that lattice’s
crystallization did not deteriorate.

The materials’ mechanical properties depend on the free
electron density parameter, and hence, the bond length.
Cohen [3] defined the bulk modulus, B, as related to bond
length (d) for most binary semiconductors.

where 1 =2 for [I-VI group semiconductors. Hence, for ZnO
we have

B =1531d733. ®)
Hardness is related to B [29].
B=pur ©)

where, p is a constant with a value of 875.6 for [I-VI group
semiconductors and 1001.4 for III-V group semiconductors.
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Fig.4 Average energy and ionicity of all nano bulk materials

Based on the above expressions, the empirical relation
between H and rg for binary tetrahedral semiconductors is:

H=65¢H> (10)

where, 6 is approximately 62.58 for II-VI group
semiconductors.

This relation can be used to calculate the theoretical
hardness of Zn,_,Co,O samples. We compared these theo-
retical hardness values with experimental hardness values
(Table 3), and found that the Vickers microhardness of
samples increases with increasing Co substitution (Fig. 5).

The calculated hardness values are larger than those
from the experiments, which can be explained by differ-
ences in pellet porosity. Decreasing hardness does not
depend on porosity changes, because the porosity did not
change. We hypothesize that decreasing the c/a ratio and
improving the lattice tensile strength can cause a decrease
in material hardness.

Table 3 Values of experimental and theoretical microhardness of all
nano bulk materials

Samples Experimental Vickers Theoretical T
hardness (under 2.940 N) Vickers hard-
ness

Undoped ZnO  1.320 1.973 1.86
Zng99Coy 00 0.608 1.932 1.867
Zng9gC0y 0 0.606 1.944 1.865
Zn; 47C0y 030 0.649 1.944 1.865
Zn; 46C0p 0,0  0.675 1.950 1.864
Zn 95Cop 050 0.684 1.955 1.863
Zn90Cop 100 0.698 1.955 1.863
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materials

3.1 Results of Vickers microhardness experimental
analyses

It is known that hardness is a mechanical parameter which
is related to the content and structure of the solids. There-
fore, importance of the microhardness tests is increasing
more and more to characterize a substance [30-33]. In this
study, microhardness values are measured using a Vick-
ers micro- hardness tester for its common usage and non-
destructive measuring conditions regarding to the sample
surfaces. Force is applied 300 N on the material’s surface,
diagonals of the trace left by the indenter are read using
the microscope and load/trace area. Vickers hardness is
calculated using the relation given in Eq. 11.

H = 1854.4F

Y e GPa (1)

It can be seen from Fig. 6 that the microhardness values
decrease with increasing the Co doping level and these
values increase with applied load. Microhardness values
have reached the plateau (saturation region) around about
1 N for the samples.

The hardness value of the sample observed RISE behav-
ior depends on the applied load. It shows that the indenter
size is associated with applied load. This nonlinear case is
named as reverse indentation size effect (RISE) in the lit-
erature [34, 35]. Smaller indentation load shows a smaller
hardness value.
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4 Conclusions

Doping ZnO with Co did not lead to significant changes in
the a and c axes. Accordingly, bond lengths and bond angles
did not change. This is likely due to Zn and Co ions hav-
ing the same valence values (+2). The calculated hardness
values are larger than those from the experiments, which
can be explained by differences in pellet porosity. Observ-
ing the SEM images, we can see that grain size decreases
as Co doping increases. According the EDS analyses, there
is no peak of the Co atoms and the amount of Zn decreases
with Co doping.
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