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Abstract

We report here a considered novel study on the structural, FTIR spectra and optical properties of pure and co-doped
Zng oo Fey M, O with (M =Cu, Ni and (x=0.00, 0.10) and (0.00 <y <0.20)) at different sintering temperatures 7
(T,=850 °C for series I and 1000 °C series II). Although the ZnO wurtzite structure is conformed for all samples, some
secondary lines with little intensity are formed. But the number of these lines is higher for series I than for series II. The (c/a)
value and U-parameter are almost constant for all samples, while Zn—O bond length L is slightly increased. The porosity
and crystallite size are decreased by Fe, and also for (Fe + Cu) samples, and their values for series I are lower than for series
II. The residual stress is tensile for most samples. Interestingly, the Young’s, rigid and bulk modulus, Poisson’s ratio and
Debye temperature, obtained from FTIR analysis, are increased by Fe addition with a further increase for Fe + Ni) samples
for both series. A ductile nature is obtained for pure, Fe and (Fe 4+ Cu) samples; whereas a brittle nature is approved for
(Fe +Ni) samples. On the other hand, the energy gap (E,), residual lattice dielectric constant (¢;) and carrier density N are
increased by Fe addition, followed by a further increase for (Fe 4+ Cu) samples, while the vice is versa for the inter-atomic
distance R. For example, E, was increased from 3.153 eV for pure ZnO to 3.974 eV for (Fe + Cu) samples (i.e., 0.821 eV
more), while it was decreased to 2.851 eV for (Fe + Ni) samples (i.e., 0.302 eV less). A direct behavior is obtained between
E, and both elastic modulus (Y, f), lattice and micro strains (¢, €,,), dislocation density (6), residual stress (o) and carrier
density N, whereas a reverse behavior is obtained between E, and both crystallite size (D), porosity (PS) and inter-atomic
distance (R). These results are explained in terms of the generated blocked states of the conduction band as indicated by
the Burstein Moss effect. These novel findings reveal that the co-doping has intense ZnO and moderate metal oxide modes
in the ZnO matrix structure, which makes ZnO co-doped with (Fe + Cu) more suitable for gas sensors and optoelectronic
devices. In contrast, ZnO co-doped with (Fe 4+ Ni) samples is strongly recommended for altering plastic deformation. To
our knowledge, the present investigation can be considered the first study and probably has never been discussed elsewhere,
which highlights the present investigation.

Keywords Co-doping - FTIR spectra - Plastic deformation - Optical constants - Gas sensors and optoelectronic

1 Introduction

N-type ZnO has been early used as an additive in many
artificial products such as gas sensors, optoelectronic and
spintronics. The ZnO wurtzite structure is formed when
the O~2 atoms arranged in a close packed type with Zn>*
occupying half the tetrahedral sites. The unit cell of ZnO
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(a=b~0.325 nm and ¢ ~0.522 nm) is generally formed with
wide band gap of 3.2 eV and 60 meV exciton energy [1, 2].
The synthesis of ZnO at high temperature exhibits intrinsic
defects due to oxygen vacancies which usually introduce
donor states and consequently highlights its properties [3, 4].
Additionally, the properties of ZnO could be also controlled
through replacement of divalent Zn** ions by 3-D transition
metals through individual doping by one element or through
co-doping simultaneously with two different elements [5-9].

As compared to individual doping, it is approved that the
co-doping improve as possible the solubility of ZnO, and
therefore the stability of the expected defects improve the
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activation rate and mobility of charge carriers as a result
of lowering the ionization energy of acceptors and donors
[10-12]. Furthermore, the transition from diluted magnetic
insulator (DMI) to diluted magnetic semiconductor (DMS)
is switched [13]. For example, the co-doping of Cu and Mn
in place of Zn support the transformed ZnO from nanorods-
like shape to nanoparticles-like shape [14]. It also gave
change to the ZnO structural analysis according to the co-
doping specifications relative to Zn such as doping content,
type (magnetic or non-magnetic), ionic radius and valance
state [15—18]. But, unfortunately, an appropriate formation
of secondary phases such as ferrite at higher content of co-
doping may be expected [13—18]. In addition, it has been
reported that the density was decreased from 5.25 g/cm? for
ZnO with the increase of secondary phases, which disagrees
with that obtained from XRD analysis [19].

The broadening of the diffraction peaks of ZnO obtained
from XRD analysis have shown that ZnO is not completely
perfect crystal due to its crystalline finite size. This deviation
can be evaluated in terms of the values of c/a, U-parameter
for tetrahedral distances, Zn—O bond length (L), crystallite
size (D,,,), micro-strain (¢), lattice strain (¢) and residual
stress (o). However, crystallite size is a measure of the size
of a coherently diffracting domain. Lattice strain is arising
from crystal imperfections through lattice dislocation, while
residual stress is a measure of the stress due to plastic defor-
mation [20, 21]. So, the evaluation of the above structural
parameters may be necessary for most of practical applica-
tions [22].

The vibration of lattice in solids has been considered
early as the subject of many applications such as optical
Kerr shutter (OKS), switching devices and detectors. The
Fourier-transform infrared (FTIR) spectroscopy is generally
based on interference between two coherent optical beams
for recording the transmittance over a wide range of wave
numbers likes middle infrared (400-4000 cm™") [23-26].
The analysis of FTIR helps us for approximate relation
between the spin vacancy and the carrier concentration.
For example, the absorption bands of ZnO are due to metal
oxides arising from inter-atomic vibrations, stretching and
deformation of O-H assigned to the water adsorption on
the metal surface and some of other bands due to Zn-O
stretching and deformation vibrations [27, 28]. In addition,
elastic and stiffness constants, elastic modulus and Debye
temperature can be evaluated with the help of FTIR analysis.

Consequently, evaluation of ZnO optical constants is
required because ZnO has significant importance in most of
optoelectronic applications such as filters, modulators, gas sen-
sor, solar cells, photodiode, switches, etc. [29—32]. Exciton
energy E., . for larger Urbach energy such as ZnO (~ 100 meV)
is usually provided by studying the photon energy (hc/A,,,,)
against maximal absorption. Exciton is a quasi-particle formed
upon the electron optical excitation from VB into CB, and
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thereby created charge vacancy in the VB; the positively
charged hole induces an attractive Coulomb interaction toward
the electron in CB. Hence, they can form a bound pair state
(e-h) of finite binding energy. However, exciton energy, band
gap energy, charge carrier concentration, dielectric lattice con-
stant and inter-atomic distance can be determined from UV
absorption analysis [33]. But unfortunately, further research
still needed in order to take more advantage especially in case
of ZnO co-doped by two different elements.

As a comparative novel investigation, it is necessary to
look more on the effects of co-doping, such as Ni and Cu as
magnetic and non-magnetic elements, on the structural, FTIR
spectra and optical properties of Zn,_, Fe M;O (M =Cu, Ni)
and (x=0.00, 0.10) and (0.00<y <0.20). However, the pre-
sent study approved that co-doping by the two different ions
has dramatic changes in the properties of ZnO as compared
to individual doping even for Cu as non-magnetic element.
Furthermore, these changes are strongly controlled by the
type and content of co-doping, and also on 7. Interestingly,
the solubility of co-doping through the ZnO lattice could be
extended to 0.30, which is better than the reported elsewhere
(0.15). Further, the residual stress is found to be tensile for
most of the considered samples. Furthermore, Young’s, rigid
and bulk modulus, Poisson’s ratio and Debye temperature can
be increased by addition of co-doping up to 0.30 for (Fe + Ni)
samples for both series. On the other hand, the exciton energy
(Ey), energy gap (E,), residual lattice dielectric constant
(g7), and carrier density N are increased by Fe, followed by
an increase/decrease for (Fe + Cu)/(Fe + Ni) samples, while
the vice is versa for the inter-atomic distance R. For exam-
ple, E, was increased from 3.153 eV for ZnO to 3.974 eV for
(Fe+Cu) samples (i.e., 0.821 eV more), while it was decreased
to 2.851 eV for (Fe+Ni) samples (i.e. 0.302 eV less). These
novel finding may be related to the oxygen vacancies which
make ZnO co-doped with (Fe+ Cu) samples highly suitable
for gas sensors during the reactions between ZnO defects and
atmospheric oxygen. In addition, increasing the N and ¢, for
the same samples is required for optoelectronic applications. In
contrast, improving the elastic constants for (Fe 4+ Ni) samples
up to 0.30 is highly recommended for altering plastic deforma-
tion, which highlights the present investigation. On the other
hand, the room temperature ferromagnetic (RTFM) required
for spintronic investigation is expected, but it will be done
after COVID-19 is over. To our knowledge, the present work
can be considered the first study and probably has never been
discussed elsewhere.

2 Experimental details
Zn,_, ,Fe, M 0 co-doped samples with (M =Cu, Ni) and

(x=0.00, 0.10 and 0.00 <y <£0.20) were synthesized by
using conventional solid-state reaction method. The powders
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of ZnO, Fe,0;, CuO and NiO were thoroughly mixed into
8-samples and calcined in air for 16 h at 950 °C. The result-
ing powder of each sample was divided into two parts and
separately pressed into 16 pellets, 8 pellets for each series as
(x=0.00, y=0.00 for S1), (x=0.10, y=0.00for S2),
(x=0.10, y=0.05, M=Cu for S3), (x=0.10, y=0.10,
M =Cu for S4), (x=0.10, y=0.20, M =Cu for S5), (x=0.10,
y=0.05, M=Ni for S6), (x=0.10, y=0.10, M=Ni for S7)
and (x=0.10, y=0.20, M=Ni for S8). The two series of
pellets (3 mm thick and about 1 cm in diameter) were sepa-
rately sintered at 850 °C and 1000 °C for 16 h, and then
slowly cooled to room temperature. Finally, the sintered pel-
lets are individually grinding for XRD, FTIR and optical
measurements. For simplicity, the samples called as
(S1(850), (S2(850), (S3(850), (S4(850), (S5(850 °C)
(S6(850), (S7(850), (S8(850)series I and (S1(1000)
(S2(1000) (S3(1000) (S4(1000), (S5(1000)(S6(1000)
(S7(1000), (S8(1000) for series II. The density of the sam-
ples pey, was measured by using Archimedes principle in

. . . m
terms of their mass in air and acetone; Pexp = ——
ma—mf

(p,=0.784 g/cm?). The phase purity of the samples was
tested by XRD using Cu-Ka radiation of wave length
1.5418 A at 40 kV and 30 mA settings, and (20°-70°) dif-
fraction angles with a step of 0.06°. FTIR absorption spectra
of the samples were carried out using spectrum 400-FT-1R/
FT-NIR spectrometer in the range of (400-4000 cm™") with
4 cm™! resolution and 2 (cm/s) scanning speed. The samples
in powder form were homogenized in spectroscopic grade
of KBr carrier in an agate mortar and pressed in to~2 mm
pellets. The optical properties were measured against wave-
length (200-1000 nm) using a JascoV-570 (Japan) computer
programmable double beam with UV-visible-NIR spectro-
photometer at standard incidence with a scan speed of
1000 mm min~'. A supplementary attachment model ISN-
470 is given in the case of reflectivity measurement.

3 Results and discussion
3.1 XRD and density analysis

The XRD patterns of the samples for both series are
shown in Fig. la, b. The diffraction peaks are well iden-
tified and it is seen that most of them belonging to the
well-known hexagonal (wurtzite) structure of ZnO. The
broadening and the sharp of the peaks can be considered
as the evidence for good crystallizations of the samples.
Interestingly, there are some of unknown lines with rela-
tively lower intensities formed at angles 260 =25.06°,
39.74°, 42.16° and 45.34° for series I, and at 20=42.28°
and 45.04° for series 11, as listed in Table 1. These lines
are slightly shifted to higher 20 angles, widths Af and

intensities as the content of co-doping increases. However,
the number of these unknown peaks is higher for (Fe + Cu)
samples as compared to (Fe 4+ Ni) samples, while the vice
is versa for the intensity. Furthermore, the number and
intensity of the peaks are higher for series I than for series
II, which indicates better phase purity as the T, increases
to 1000 °C. The average intensities /,,, of the most intense
peaks (D), (Dgg,) and (D) related to ZnO are listed in
Table 1. It is noted that no exact trend for the behavior of
Iy, of Fe doped samples because it increased for series I
and decreased for series II. In contrast, Iavg for co-doped
(Fe + Ni) samples are higher than (Fe + Cu) samples and
they are decreased as T increases. To avoid solubility, the
(0.05-0.10) of doping content has been taken as the limit
for the 3D-transition metals in place of Zn within ZnO
lattice [34, 35]. By looking on the present data, one can
say that solubility limit could be extended for the co-doped
ZnO up to 0.30.

To further confirm that co-doping is localized in the
unit cell of ZnO, the behavior of lattice parameters a and
c against (Fe + M) content for both series is shown in
Fig. 2a-b. It is evident that both of them is increased by
Fe addition for both series, followed by a decrease as M
increases. The values of a, ¢ and (c/a) are in the range of
(3.215-3.246 A), (5.149-5.208 A) and (1.599-1.605 A), in
consistent with those ideal values of ZnO (3.250, 5.206 and
1.602 A) [36, 37]. Anyhow, the average ionic radii of the co-
doped ions for (Fe** +Cu?*)=(0.70 A+0.73 A)=0.0715 A
and (Fe** +Ni**)=(0.70 A +0.70 A)=0.70 A are relatively
lower than that of the host Zn>* (0.74 A) at the same tet-
rahedral fold-coordination. Therefore, the decrease of the
c-parameter is logic for (Fe + Cu) and (Fe + Ni) samples,
but it is not accurate for the Fe samples. However, it has
been reported that this behavior may be due to slight shift
of 26 angles by the doping that signifies either expansion or
shrinkage of lattice constants. Therefore, the lower expan-
sion induced by Fe followed by higher shrinkage by (Fe + M)
may be expected as reported [38].

The values of U-parameter calculated by; U = listed in
Table 2 is 0.380 for all samples as well as the reported for
ZnO [39]. In fact, (¢/a) < 1.633 and U > 0.375, and therefore
the deviation than the ideal values are 2.1% for (c/a) and
1.33% for U-parameter. This behavior nearly specifies that
the four tetrahedral distances stay almost constant through
the distortion of the tetrahedral angles and thereby support
the samples lattice stability [40].The Zn—O blond lengths (L)

given by [41];L = [(%) +(0.5— U)c?|” are between

(1.961-1.974 A) for series I, (1.961-1.982 A) for series II.
In addition, their values are generally increased by Fe and it
is higher for (Fe + Ni) samples than (Fe + Cu) samples which
indicating an increase for the number of electrons contrib-
uted in the bond formation for (Fe + Cu) samples [42].
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Table 1 The 26 and I, of the 20, 1 (au) 20, 1 (au) 20, 1 (au) 20,1 (au) I,,, (au)
unknown peaks for the samples €

Series I (850) °C
S1(850 °C) 25.06,71.3 non non non 3348.03
S2(850 °C) 25.16, 88.1 39.74, 6 non non 4154.27
S3(850 °C) 25.01, 102.1 39.74,43.2 42.16, 111 non 3374.43
S4(850 °C) 25.06, 128.1 39.74, 166.4 45.1,131.4 non 3562.60
S5(850 °C) 24.99, 62.1 38.5,282.3 39.74, 390.55 45.34,127.33 2556.00
S6(850 °C) 25.03, 69.3 42.58,497.2 non non 4121.43
S7(850 °C) 25.06, 68.3 42.88, 804.2 non non 4086.13
S8(850 °C) 25.00, 68.1 42.76,2301.4 non non 4433.10
Series I1 (1000 °C)
S1(1000 °C) 42.28, 59 non non non 3569.00
S2(1000 °C) 42.28, 50 non non non 2911.33
S3(1000 °C) 42.16, 99 non non non 2844.00
S4(1000 °C) 39.64, 168 45.04, 121 non non 3117.67
S5(1000 °C) 39.64, 266 45.04, 163 non non 2390.00
S6(1000 °C) 42.16, 59 non non non 3476.32
S7(1000 °C) 42.88, 533 non non non 3532.00
S8(1000 °C) 42.76, 2284 non non non 3821.33
Fig.2 a a-parameter versus 3.265
(Fe+M) content at different T}
for the samples. b c-parameter 3.260 (a)
versus (Fe+M) content at dif- 3.255
ferent 7 for the samples 3.250
< 3.245
-
3 32490
7]
E 3235
g
© 3.230
Q -o-Cu, T=850C
@ 3.225
=&—Cu, T= 1000C
3.220 -&-Ni, T= 850C
3.215 =K=Ni, T=1000 C
3.210 L1 1 F U N TN TN TN T NN TN SN SN WO NN SO SN SN SN SN SN SN SN SN SN SN S S S 1 I 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
(Fe+M content)
5.220
5.210 [ I (b)
5.200
E 5.190
3
7] 5.180
£
©
X 5170
o . —e—-Cu, T=850C
© 5260 || _4cu,T=1000C
5150 F | N T=850C
E =#=Ni, T=1000 C
5. 140 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

(Fe+M content)
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Table2 c/a, U, L. p, e,, ¢ and cla U L) pth pexp Emx107  ¢Lx107 o
o at different T for the samples (egfem®)  (g/em?) (Gpa)

Series I (850 °C)

S1(850 °C) 1.602 0380 1968 576 5.34 1.38 —4.841 1.127
S2(850 °C) 1.599 0380 1974 571 5.51 1.49 —3.419 0.796
S3(850 °C) 1.599 0380 1967 576 5.74 1.51 - 6915 1.610
S4(850 °C) 1.601 0380 1961 5.80 6.02 1.58 —-9.105 2.200
S5(850 °C) 1.601 0380 1957 583 6.35 1.64 -11.03 2.567
S6(850 °C) 1.598 0380 1974 5.68 5.45 1.40 —3.304 0.769
S7(850 °C) 1.601 0380 1974  5.65 4.81 1.38 —5.763 1.342
S8(850 °C) 1.601 0380 1968 5.66 4.55 1.29 —6.992 1.628
Series 11 (1000 °C)

S1(1000°C)  1.605 0379 1976  5.70 5.25 1.29 0.5763 -0.013
S$2(1000°C)  1.600  0.380  1.981  5.64 5.45 1.37 0.415 —0.097
S$3(1000°C)  1.601 0380 1972 5.72 5.60 1.43 —-3.765 0.876
S4(1000°C)  1.602 0380 1965 5.77 5.85 1.48 —6.838 1.592
S$5(1000°C)  1.602  0.380 1.961  5.79 6.15 1.53 —8.659 2.016
S6(1000°C)  1.599 0380 1981  5.62 4.60 1.34 46.10 —-0.107
S$7(1000°C)  1.602  0.380 1982  5.59 4.25 1.30 —2.766 0.644
S8(1000°C)  1.604 0380 1972 5.62 3.85 1.25 —3.534 0.824

The theoretical density py, calculated from XRD and

given by; py, = %, where N=2 for ZnO, N, is Avogadro's

number, W is the atomic weight of the sample and V is the
volume of unit cell. However, the values of py, and p,, listed
in Table 2 are gradually increased by Fe, followed by an
increase/decrease with more addition of (Cu/Ni) up to 0.20,
and their values for series I are higher than series II. It is also
noted that py, of ZnO samples are (5.34/5.25) g/cm? for the
two series, which is smaller than the p,,, (5.76/5.70) g/em’
and consistent with the reported elsewhere [43]. This has
been explained in terms of imperfection and stoichiometric
ratio of the real ZnO [44]. The porosity calculated by;
PS=[1—(pexy/Pn)); versus (Fe+M) and at different 7} is
shown in Fig. 3a. It is clear that PS decreased by Fe and their
values for series I are lower than series II. Interestingly, it is
gradually increased for (Fe +Ni) samples, but it is decreased
for (Fe + Cu) samples. Furthermore, it changes from positive
to negative for M =Cu=0.10 and 0.20, (S4 and S5) for both
series. This behavior indicated that the co-doping by
(Fe+ Cu) and also sintering at lower 7} (850 °C) are respon-
sible for decreasing the number of pores of ZnO, and the
vice is versa for (Fe + Ni) sintered at 1000 °C [45].
The crystallite size D, is given by [46];

_ Ki
= G osd (1

K=0.91 for ZnO, 1=1.5418 A and p is the half-max-
imum line width. The D,,, for the most intense peaks

(Dgg), (Dggp) and (D) versus (Fe +M) and at differ-
ent 7, is shown in Fig. 3b. It is found that D;;; values are
decreased by Fe for both series and their values are gener-
ally higher for series II than series I. A further decrease/
increase is obtained for (Fe 4+ Cu)/(Fe + Ni) samples, which
is different than expected because the atomic radius of
Cu is greater than that of Ni. Maybe, some other reasons
are also related to such behavior, such as decreasing the
porosity and c-parameter of Cu samples as compared to
Ni samples. However, the vice is versa for the behavior
of dislocation density & calculated by (1/D,,;,?) and shown
in Fig. 4a. The micro-lattice strain ¢,, calculated by;
€, = 2% and listed in Table 2 is increased by Fe followed
by an increase/decrease for (Fe + Cu)/(Fe + Ni) samples,
and it is generally higher for series I than series II. This
behavior indicated that Ni helps Fe samples for both series
to be good qualities of crystalline and free from the lattice
defects as compared to Cu [47-49].

The number of unit cells existent in each particle of
ZnO is given by [50, 51]:

3
4 Dy \
== 22 o604t ?)
uc §G2C asc

where V, and V. are the volumes of ZnO crystallite-like
shape and hexagonal unit cell-like shape, respectively.
The behavior of n against (Fe +M) at different 7, shown in
Fig. 4b is typically similar to the behavior of D,,.
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Fig.3 a Dhkl versus (Fe+M)
content at different 7, for the
samples. b PS versus (Fe +M)
content at different 7| for the
samples
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3.2 FTIR analysis

Figures 5 and 6 show FTIR spectra against wave number v
for all samples. The values of 0 against absorption peaks are
listed in Table 3 for all samples. Firstly, there is a clear peak
recorded at 3642.42, 3642.72 and 3642.45 cm™! for S1, S6
and S8 of series I, shifted to 3647.52 cm™! for S1 of series
IT and completely disappear for the other samples. Two suc-
cessive peaks at 3421.36 and 3451.52 cm™! are obtained for
the samples of series I, and at 3443.59 and 34,422.76 cm™!
for (Fe + Ni) samples of series II. In contrast, they disap-
peared for pure, Fe and (Fe + Cu) samples of series II.
However, these peaks are due to O—H stretching vibrations
as reported [52, 53]. The functional peak (1630 cm™') is
also recorded, but at about 1637.44 cm™! and 1640.61 cm™!
for S3 and S4 of series I, and disappeared for the other
samples. This peak is usually attributed to H-O-H bond-
ing vibrations and C=C stretching [54, 55]. This behavior
indicates that addition of Cu beside Fe helps for the evalu-
ated bending and stretching vibrations especially at lower 7,
(850 °C). Some of other peaks are obtained at 1426.86 cm™!,
1426.51 cm™" and 1425.62 cm™ for S1, S2 and S3 of series
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L. It is slightly shifted to 1429.57 cm~'and 1436 cm™! for
S4 and S5 (Fe + Cu) samples, and strongly shifted to higher
values for (Fe + Ni) samples (1472.55 cm™!, 1469 cm™! and
1479.24 cm™! for S6, S7 and S8). In contrast, it is com-
pletely absent for all samples of series II, which may due
to increasing 7T, up to 1000 °C. There are also some peaks
between 678.96 and 1277.91 cm™! for all samples, but no
exact trend for the behavior of v against the variable param-
eters. However, the presence of weak bands in the range of
(650-1500 cm™") is an evidence for incorporation of Fe3*
ions into ZnO matrix upon Fe-doping. The shift of v is due
to addition of either Cu or Ni beside Fe. These peaks are
correspond to the C=C, C=0, C-N and O-H stretching and
C-H bending vibration [56, 57].

Among of absorption peaks observed between
(404-518 cm™!) which corresponds to the active modes of
ZnO related to hexagonal structure [58, 59]. The number
of peaks is higher for (Fe + Cu) samples as compared to
(Fe+ Ni) samples for both series, see S8 for each series. This
means that ZnO structure is almost the same for (Fe + Cu)
samples, but it is slightly deviates than its ideal case for
(Fe + Ni) samples, which is consistent with XRD analysis.
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Fig.4 a o versus (Fe+M)
content at different 7, for the
samples. b n versus (Fe + M)
content at different 7| for the
samples
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Fig.5 a, b FTIR spectra of the samples sintered at 7,=850 °C (series I)

Thus, the present data revealed that the co-doping has
intense ZnO and moderate metal oxide modes in the ZnO

matrix structure [60, 61].

1500 2000
wavenumbers (cm’)

2500 3000

3500 4000

Elastic properties can be correlated with thermodynamic
properties of solids such as ZnO ceramic samples through
Debye temperature 6, calculated using the relation [33];
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Fig.6 a, b FTIR spectra of the samples sintered at Ts=1000 °C (series II)

heAv

B

0,(K) = = 1.439Av 3)

where c is the velocity of light, Av is the average value of
the waven umbers for the most identified absorption bands
related to ZnO which are between (421.54-485.54 cm™").
Figure 7 shows the behavior of 6, against (Fe + M) con-
tent, and in which @, are between (611.90-698.21 K) for all
samples. However, 6}, is generally increased by Fe for both
series, and sudden increase up to maximum values, followed
by a decrease is observed for (Fe + Cu) samples. In con-
trast, a sudden decrease followed by an increase is observed
for (Fe + Ni) samples. On the other hand, no trend or exact
sequence could be recorded for 6;, against 7,. However, this
behavior is attributed to the shift in the wave number of
FTIR bands to higher/lower values against (Fe +M) content
as listed in Table 3.

To describe the strength of interaction between tetrahedral
cations and the surrounding four oxygen (O~2) ions of ZnO,
the force constant K, can be calculated using;

—\2
K,=0.076 W(Av) [62, 63]. Also, the stiffness constants S,

and S, are calculated in terms of c- parameter and Poisson's
ratio y using; S;;=(K/c), S;;=(S;,7/1—7) and y=0.324
(1-1.043PS) [64]. The value of y gives the degree directional-
ity of the bond presents in the samples. If (y>0.26), it exhibits
brittle nature, whereas it exhibits ductile nature if (y <0.26)
[65]. It is evident from Table 3 that (y > 0.26) for pure, Fe and
(Fe + Cu) samples (ductile nature). In contrast (y <0.26) for
(Fe+Ni) samples (brittle nature). Furthermore, the values of
y for series I are higher than series II. The general increase of
S, listed in Table 3 for all doped samples may be attributed to
the formation of co-doped clusters, which usually makes
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S11>2S,,. However, S,,values are increased by Fe, followed
by increase/decrease for (Fe + Cu)/(Fe +Ni) samples. Although
no exact trend for S;; and S,, against 7,, their behaviors is
related to the change of porosity.

For more illustration on the ZnO structure defects, the
residual stress o is calculated by [66, 67];

_ [2S%3 - S33(S]l +S]2)]£ _

= 2328 4
25, € @)

where S;= 104.2 GPa, S;;= 213.8 GPa, S;;= 208.8 GPa,
S1,=119.7 GPa are the elastic stiffness constants of hexago-
nal ZnO and g is the c-axis strain given by; ¢; = C:—C and
listed in Table 2 (c,=5.2066 A for the unstrained ZnOD) [68].
However, similar values of ¢ listed in Table 2 indicated that
o is positive (tensile-like behavior) for series I, and for the
samples of (Fe + M) =0.20 and 0.30 of series II. In contrast,
it is negative (compressive-like behavior) for pure, Fe and
(Fe+Ni)=0.15 samples of series II. This result indicated
that the increase of T, from 850 to 1000 °C is able to elimi-
nate the tensile stress and turn it to compressive stress. This
is may be related to the number of pores and the lattice
defects discussed above [69]. The observed deviation in lat-
tice spacing induces lattice stress and strain in ZnO. In case
of co-doping, a mutual interaction between the different
atoms and their segregation in the grain boundaries may be
contribute to longitudinal stress and strain as reported [70].
Young Y and bulk modulus 3 are determined by [71];

(S =85S +25) S +28),

Y b
S, +512) 3 ©)
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Table 3 FTIR absorption peaks at different Tsof the samples

S'(850) S,(850) S5(850) S,(850) S5(850) S¢(850) S4(850) S¢(850)
v/(cm)™! vl/(cm) ™! vi(cm) ™! vl/(cm)™! vi(cm) ™! vl(cm)™! vl(cm) ™! vl/(cm)™!
3642.54 3642.77 S S S 3642.72 S 3642.45
3441.40 3451.45 3442.68 3443.61 344457 3421.36 3423.92 3451.52
S S 1637.44 1640.63 S S S S
1426.86 1426.51 1425.62 1429.57 1436.93 1472.55 1469.00 1479.24
S S 1277.81 S — S N S
995.41 994.77 995.43 995.85 994.11 994.85 994.05 992.69
S 915.42 915.65 915.78 916.16 915.50 915.85 914.29
874.85 S J— S S 875.52 S 876.21
S S 847.54 847.48 847.70 S 846.58 S
N S 514.45 S 515.17 N S N
S S S N 475.45 S S S
4493 44432 45223 456.04 464.42 448.47 444.84 455.88
S J— S S 412.15 417.05 S S
405.94 - S S - 405.81 N S

S, S, S, S, Ss Se S, Sq
(1000) (1000) (1000) (1000) (1000) (1000) (1000) (1000)
v/(cm)™! vl(cm) ™! vi(cm) ™! vl(cm) ™! vi(cm) ™! vl/(cm)™! v/ (cm)™! vl/(cm) ™!
3647.52 S - S _ — _ —
— — — — — 3443.59 3422.76 —
S S 1161.76 S S S S -
1117.79 1121.98 1121.67 1122.27 1122.36 1122.53 1120.54 1121.21
S 1021.28 S S S 1008.25 1013.63 1010.53
996.18 S S S S S S S
S S — — 972.69 — 972.87 972.68
S 932.27 927.17 930.42 926.49 923.91 923.13 922.98
894.35 S S S S S S S
848.85 845.17 841.97 S 842.88 846.84 842.78 843.50
678.96 S S S S S S S
S 517.9 518.53 N S S S S
S 456.24 452.54 460.69 S 440.05 S S
437.17 - S 446.56 445.60 S 448.48 44542
S S S 419.06 420.88 S S S
S 413.91 S 414.20 413.78 S S S
S 406.13 S 408.27 S S S S
S _ S 404.27 403.95 — — —

Figure 8 shows the behavior of Y against (Fe + M), whereas
the values of § are listed in Table 4. Anyhow, both of them
are increased by Fe, followed by a decrease/increase for
(Fe 4+ Cu)/(Fe + Ni) samples. Further, their values for pure,
Fe and (Fe +0.05 M) samples are higher for series II than
series I, but above that no exact trend against 7 is obtained.
The increase/decrease may be related to the shrinkage/
expand of inter-atomic bond length L for the samples listed
in Table 2. This is subsequently controls the bond strength
as well as the lattice energy [72, 73].

3.3 Optical measurements

Due to covid-19, Fig. 9a shows optical reflectance (R)
against wave lengths 4 for only the samples of series II
(T,=1000 °C). R is gradually decreased as A increases and
there is a hump close to (~400 nm) for all samples, which
is attributed to a significant decrease of R as 1 decreases.
The vice is versa for the behavior of A shown in Fig. 9b.
This behavior is due to increasing free carrier density as A
shifted toward near-infrared ~400 nm (exciton peaks) [74].
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Fig.7 6, versus (Fe+M) 720
content at different 7, for the
samples 700
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The fluctuation of A and R close to shorter wave lengths
may be due to either the motion of electron—hole pairs or
the possible interference between reflected lines occurs at
high photon energy. Interestingly the (R/A) are increased/
decreased by Fe addition to ZnO, and a significant further
increase/decrease is also obtained for (Fe + Cu) samples,
while the vice is versa for (Fe +Ni) samples. This behav-
ior may be related to the oxygen vacancies which making
ZnO highly suitable for the use of oxygen sensor during the
reactions between ZnO defects and atmospheric oxygen [75,
76]. However, the relative changes of R and A for (Fe + Cu)
samples as compared to (Fe + Ni) samples may be related
to either change of ZnO particle size or band gap or both of
them. As discussed above, the crystallite size is decreased
for (Fe + Cu) samples, whereas it is increased for (Fe + Ni)
samples, whereas the energy gap will be presented in the
next paragraph.

However, the wave lengths against A, are 322, 316, 264,
258, 280, 324, 334 and 340 nm for the samples (S1-S8),
respectively. The values of A, are used for obtaining the
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exciton energy E,. against (Fe +M) content as shown as
in Fig. 4c. It is evident that E,,_ is slightly increased by
Fe followed by significant increase for (Fe + Cu) samples,
whereas it is gradually deceased for (Fe + Ni) samples.
They are increased from 3.855 eV for S1 to 4.812 eV for
S5 (0.957 eV more), but they are decreased to 3.651 eV for
S8 (0.204 eV less). This means that the required energy for
creating electron—hole pair is increased/decreased by Cu/Ni
co-doped with Fe to ZnO and consequently less/more pairs
could be formed.

The absorption coefficient « is determined using the for-
mula, a=2.303 In (A/t), where ¢ is taken by 0.85 cm, and it
is defined by the distance traveled by the photons through
the samples solutions. After that the optical band gap E, is
calculated using the following Taucs equation [31, 75];

(ahv)s = A(hv — E,) ©)

A is constant, v is the frequency of photons, 4 is the
constant of Planck and m is a parameter that characterizes
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Tab!e4 Av, Sy, S5, f,and G Av Kl><104 S“xlO” y slleolo B x 10! G
at different 7, for the samples (cm™) (D/cm) (Dfem?) (D/cm?) (D/em?) %100
(D/cm?)

Series I (850 °C)

S1(850) 427.63 1.04 2.00 0.299 8.54 1.24 5.74
S2(850) 444.32 1.12 2.16 0.313 9.81 1.37 5.88
S3(850) 483.34 1.32 2.56 0.323 12.2 1.67 6.70
S4(850) 456.04 1.18 2.29 0.337 11.6 1.54 5.62
S5(850) 454.61 1.17 2.28 0.354 12.5 1.59 5.14
S6(850) 423.78 1.02 1.96 0.258 7.34 1.14 6.14
S7(850) 444.84 1.12 2.17 0.251 7.54 1.23 7.07
S8(850) 455.88 1.18 2.28 0.227 6.68 1.21 8.06
Series II (1000 °C)

S1(1000) 437.17 1.08 2.08 0.298 8.82 1.28 6.00
S2(1000) 448.65 1.14 2.19 0.313 9.96 1.39 5.98
S3(1000) 485.54 1.34 2.58 0.317 12 1.66 6.90
S4(1000) 425.52 1.03 1.99 0.329 9.72 1.31 5.07
S5(1000) 421.05 1.01 1.95 0.345 10.3 1.33 4.61
S6(1000) 440.05 1.10 2.11 0.255 7.52 1.20 6.78
S7(1000) 448.48 1.14 1.93 0.243 6.18 1.05 6.54
S8(1000) 445.11 1.12 2.17 0.218 6.02 1.12 7.82

electronic transition (m = 1/2) for direct transition permitted
by ZnO. However, E, is estimated from the linear portion of
the plot between (ahv)?® and hv to a=0, shown in Fig. 10a,
b [76, 77]. The behavior of E, against (Fe + M) content is
shown in Fig. 10c, and the related values are also listed in
Table 5. The values of Eg are 3.153, 3.403, 3.751, 3.902,
3.974, 3.133, 2.952 and 2.851 eV for all samples of series
IL, respectively. It is clear E, was increased from 3.153 eV
for S1 to 3.974 eV for S5 of (Fe+ Cu) samples (0.821 eV
more), while it decreased to 2.851 eV for S8 (Fe + Ni) sam-
ples (0.302 eV less).

The high values of E, for the (Fe + Cu) samples are prob-
ably related to the electronic transition from the bottom
of VB to the top of CB. This is consistent with the higher
absorption values (homo-lumo), which could take place at
higher photon energy. However, the increase in the E, for the
doped samples could be explained in terms of the Burstein
Moss effect [78, 79]. Based on this effect, the lowest energy
necessary for an electron to travel from the VB to the CB is
determined by the following equation [80, 81];

Eg =E, + AE, (7

where E, is the optical absorption edge energy, E,, is the
energy difference between the valence and conduction band
edges, and AEg, is the E, widening caused by the CB low-
est blocked states. In our case, the doping of ZnO with Fe
or (Fe+Cu) samples may produce high carrier concentra-
tion N as obtained in the next paragraph. As a result, more
blocked states of CB will causes an increase in the AEg),

which in turn causes an increase in the E, values as obtained.
In contrast, we believed that the decrease in E, for (Fe + Ni)
samples may be due to the formation of some defects in the
host materials, thereby creating some of energy states in the
forbidden gap inside the band structure, which is consistent
with the reported elsewhere for ZnO [80, 81]. On the other
hand, it has been also reported that the crystalline size and
oxygen vacancies defects have a significant effects on the E,
of ZnO. Anyhow, ZnO is usually characterized by the struc-
ture disorder and usually contains some of defects which
produce some of localized blocked states [82, 83]. So, we
believe that these defects are higher for (Fe 4+ Cu) samples,
and therefore E, was increased.

The real part of dielectric constant (&) is determined by
using the equation [84, 85];

€2N 2

2 _ g2
e =n" -k =€, ———5——
1 L
4z €2 c2m*

(®)
where N is concentration of the free carriers, m* is effective
mass and € is permittivity of free space. €; is the residual
lattice dielectric constant which represents the high-fre-
quency component of the relative permittivity at (1=0) and
n is refractive index calculated from reflectance R as follows

[86];
K'2>E )

n_1+R+< 4R
1-R (1-R)?
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Fig.9 a Reflectance versus
wave length for the samples. b
Absorbance versus wave length
for the samples. ¢ Exciton
energy versus (Fe +M) content
for the samples
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The behavior of (n* — k) against A> shown in Fig. 11 for  the plot to A>=0, respectively. The values of (N/m") and € L
the samples is almost linear with positive slope for each  listed in Table 5 are generally increased by Fe, followed
sample. However, the values of (N/m™) and €, are then cal- by an increase/decrease for (Fe + Cu)/(Fe +Ni) samples
culated from the slope of linear parts and extrapolation of  up to 0.30. They are increased from 15.72 and 3.69 x 10>
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Fig.10 a (ahv)? versus photon 140
energy for pure (Fe+Cu)
samples. b (ahv)? versus photon
energy for pure (Fe+ Ni)
samples. ¢ E, versus (Fe+M)

content for the samples
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(g cm™) for S2 to 23.96 and 221.4 x 103 (g cm™) for S5,
whereas they are decreased to 1.96 and 2.46 x 10°° (g cm™)
for S8. By looking on the present data, one can see that
both of E,, (N/m"), and €, are gradually changed in the
same manner according to co-doping contents. However,
the increase/decrease of €; and (N/m") can be achieved by
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the change of oxygen deficient in ZnO. This is an indication
of the significant changes in the band structure for the co-
doped samples as obtained for E, behavior (Fig. 12). In other
words, the electronic polarization of ZnO may be changed
by such substitution. For more clarification, free carrier
concentration N is calculated using m" =3.82 x 10~ g for
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Table5 1, EooEp e, (Nm*), N gerieor A E, E, (V) €L (NIm*) Nx R

and R for the samples (1000 °C) (nm) V) x 1055 1030 x 10711

(gem™) (em™) (cm)

S1 322 3.855 3.153 11.71 2.46 9.39 5.17
2 316 3.928 3.403 15.92 3.69 14.09 452
s3 264 4702 3.751 12.10 36.9 140.96 2.11
sS4 258 4812 3.902 19.52 73.81 281.92 1.68
S5 280 4.439 3.974 23.96 221.4 845.75 1.17
s6 324 3.831 3.133 4.89 0.86 3.29 731
N 334 3717 2952 3.15 1.23 4.69 651
S8 340 3.651 2.851 1.96 2.46 9.39 5.17

Fig. 11 The relation between 100

(n* = k%) and A for the samples
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7ZnO [87], and therefore the inter-atomic distance (R) can be
also calculated; R= (0.86/1\/(“3)) [86, 88]. From the values
of N and R listed in Table 5, it is clear that N has a similar
behavior of (N/m”), while the vice is versa for inter-atomic
distance R. Based on the above data, we could obtain a direct
behavior between the E, and both of elastic modulus (Y, /),
lattice and micro strains (g, €,,), dislocation density (5),
residual stress (o) and carrier density N, whereas a reverse
behavior is obtained between E, and both of crystallite size
(D), porosity (PS), number of unit cell exist in ZnO particle
(n) and inter-atomic distance (R).

Based on the above results, it is approved that co-dop-
ing of (Fe+ M) up to 0.30 is well dissolved into the crys-
talline lattice of ZnO. During sintering at high tempera-
ture, the clusters of (Fe + Cu) samples may behave deep
donors, and therefore the density of the intrinsic donors
is reduced [89, 90]. Furthermore, the higher valence state
of the co-doping (Fe*t/Cu?*"?) compared to divalent Zn>*
leads to more deep acceptor levels which trap the electrons
from the conduction band and then widening the energy
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7.E-09

9.E-09

A% (cm)?

2.E-08

gap as obtained. In addition, Cu?*"** to Fe>* may be helps
for more oxygen vacancies, and therefore, the charge of
carrier density and also the ability of electron migration
are enhanced [91-94]. Further, the strong participation
between Cu and Fe clusters may be makes this process
more effective and also increase the width of localized
states formed below the conduction band, and then more
carriers are generated. Consequently, the €; and N are
increased, while R is decreased. Furthermore, Cu is nearly
non-magnetic, and addition of Cu beside Fe will decreases
the localization of the carriers as compared to individual
doping by only Fe or Cu. This of course strongly recom-
mended (Fe + Cu) samples for gas sensor optoelectronic
applications. In contrast, the (Fe 4+ Ni) samples should have
a similar behavior of Fe samples due to divalent of Ni**
ion as well as Zn%*, but unfortunately this could not be
obtained. Therefore, we believed that the participation of
clusters for (Fe + Ni) samples probably work as extrinsic
donors, but with less deep acceptor levels which trap less
of electrons from the CB and consequently narrowing the
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Fig. 12 a Dielectric loss versus 30
(Fe+M) for the samples. b

Carrier concentration (N)

versus (Fe + M) content for the

samples. ¢ Inter-atomic distance

(R) versus (Fe+ M) content for 20
the samples
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15
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1,000

100

N x103%° (cm) -3

[y
o
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energy band gap as obtained. Furthermore, Fe (3.36 pg)
and Ni (3.2 pg) are magnetic ions, and therefore, addition
of Ni beside Fe localized the charge carriers below the CB,
and then both of Eg, €, and N are decreased as reported
elsewhere [95-98].

(a)

-®-ZnFe Cu
—&-ZnFeNi

0.05 0.1 0.15 0.2 0.25 0.3 0.35
M content

-®-ZnFe Cu
—&-ZnFeNi
0.05 0.1 0.15 0.2 0.25 0.3 0.35
M content
(c)
-@-ZnFe Cu
—A&-ZnFeNi
0.05 0.1 0.15 0.2 0.25 0.3 0.35
M content

4 Conclusion
The structural, FTIR spectra and optical constants of pure

and co-doped Zny o, Fe, M, O are well investigated. The
ZnO wurtzite structure is confirmed for all samples and the

@ Springer
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solubility limit of the co-doped samples could be extended
to 0.30, but at higher 7,. Further, a decrease in both poros-
ity and crystallite size was obtained for (Fe 4+ Cu) samples.
Residual stress is a tensile-like behavior for most consid-
ered samples. Among the absorption peaks are attributed to
the ZnO hexagonal structure and the addition of Cu beside
Fe helps with the evaluated bending and stretching vibra-
tions, especially at lower 7,. A ductile nature is approved
for pure, Fe and (Fe + Cu) samples, whereas a bright nature
is obtained for (Fe + Ni) samples. Interestingly, the Young’s
rigid and bulk modulus, Poisson’s ratio and Debye tem-
perature can be increased by up to 0.30, for (Fe + Ni) sam-
ples. On the other hand, energy gap (E,), residual lattice
constant (€;) and carrier density N could be increased for
(Fe + Cu) samples, while the vice is versa for inter-atomic
distance R. These results are explained in terms of the gener-
ated blocked states of the conduction band as indicated by
the Burstein Moss effect. This novel study perhaps recom-
mended (Fe + Ni) samples for altering plastic deformation,
whereas (Fe + Cu) samples are recommended for gas sen-
sors and optoelectronic devices. Regardless of the type of
sample, a direct behavior could be reported between E, and
both elastic modulus (Y, f3), lattice and micro strains (g;, €,,),
dislocation density (), residual stress (o) and carrier den-
sity N, whereas a reverse behavior is obtained between E,
and both crystallite size (D), porosity (PS) and inter-atomic
distance (R). Moreover, the room temperature ferromagnetic
(RTEM) required for spintronic investigation is expected for
(Fe +Ni) samples, but it will be done later on after COVID-
19 is over. To our knowledge, the present work can be con-
sidered the first study and has never been discussed else-
where, which highlights the present investigation.
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