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ABSTRACT

Zinc oxide is a multifunctional material with important applications in areas like
electronics, optoelectronics, sensors and photocatalysis. In the present work, the
Cu-doped ZnO (Cu = 0%, 2% and 5%) nanoparticles have been synthesized and
investigated using various techniques like XRD, SEM, XPS, PL and UV spec-
troscopic measurements. The study is aimed at exploring the mechanism of
room-temperature ferromagnetism in these dilute magnetic semiconductors,
which has been a mystery for a long time. The X-ray diffraction patterns
revealed the hexagonal wurtzite crystal structure of the P6smc space group and
an average crystalline size of 26 nm to 32 nm. The morphology has been ana-
lyzed using SEM images, which depict irregular grain size distribution and
agglomerated spheroid-like particle structure. The X-ray photoelectron spec-
troscopy (XPS) findings exhibited the inducement of remarkable oxygen
vacancies (V,,) with Cu doping. The 2% Cu-doped sample shows the maximum
value of the oxygen vacancies. The magnetization measurements reveal weak
ferromagnetism in the pure ZnO sample, whereas the Cu-doped ZnO
nanocrystalline samples show remarkable room temperature ferromagnetism
(RTEM). The 2% Cu-doped sample depicts the highest value of saturation
magnetization. The UV spectroscopy indicates that the band gap is reduced
upon Cu doping; the value of E; is found to be the lowest (2.96 eV) for the 2%
Cu-doped sample. The Photoluminescence (PL) spectroscopy indicates the
presence of defect-related states, which are found to be the maximum for the 2%
Cu-doped sample, in good agreement with the XPS results. The induced mag-
netization in the Cu-doped nano-crystalline samples is found to show a direct
relationship with the oxygen vacancies and is proposed to be caused by the
exchange interactions between the Cu®" ions and the oxygen vacancies. The
inducement of ferromagnetism in ZnO renders it a potential system for spin-
tronic devices. The key benefits of spintronic devices are their compact size,
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excellent luminous efficiency, ecologically benign composition, long persistence
and potential energy savings.

1 Introduction

The dilute magnetic semiconductors (DMS) have
attracted tremendous attention from researchers
because of their potential use in spintronic devices
with integrated magnetic and electronic properties
[1-3]. The DMS with the magnetic elements’ data
storage potentiality may be achieved in a single
material via spintronic appliances. A valuable
method for combining electric charges and spins to
enhance their characteristics, such as magneto-optical
properties [4], is the doping of transition-metal (TM)
elements in the host semiconductors. Innovative
devices, circuits and spin transistors can be created
using these features. For such devices, the average
spin of a group of electrons is required, as indicated
by magnetization. Consequently, the magnetic char-
acteristics are crucial to DMS systems and achieving
stable RTFM in them for their practical applications is
a challenge [5]. The literature reveals that the various
applications of ZnO can be enhanced by doping
several TM elements like Cu, Fe, Ni, Co, Mn and Cr
etc. [6-9].

When the TM elements are doped into ZnO lattice
they bring about remarkable improvements in its
electrical, magnetic and optical properties, which
help in developing new electronic and optoelectronic
devices [10, 11]. The RTFM in TM-doped ZnO
nanoparticles has been universally reported in the
last decade. In numerous experiments, the RTFM was
observed by doping TM elements with partially filled
d electrons into ZnO lattice [12]. Nevertheless,
RTEFM'’s origin abides debatable because it is unclear
whether the exhibited ferromagnetism is entirely an
intrinsic characteristic or spurred on by the TM ions
[13]. Metal clusters, vacancy clusters [14], secondary
oxide phases [15] and magnetic contamination [16]
are possible explanations for the genesis of ferro-
magnetic properties and coupling mechanisms. The
TM-doped RTFM was theoretically reported by Dietl
et al. [17]. Further research into the field has revealed
that the doping elements and the synthesis tech-
niques affect their magnetic characteristics a great
deal [18-21].
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The first-principal calculations demonstrate that
Cu which is a diamagnetic and non-ferromagnetic
element, when doped in the ZnO can induce ferro-
magnetism in it [22, 23]. Being in the + 2 valence
states the Cu creates additional acceptor and donor
levels in the band structure of the Cu-doped ZnO
[24]. Sharma et al. [25] synthesized the Cu-doped
ZnO nanorods with the Cu** (1-10%) doping per-
centage via the hydrothermal process. They observed
strong RTFM behavior in the prepared nanorods, but
with a higher doping concentration of Cu, the ferro-
magnetic characteristics were found to get sup-
pressed and paramagnetic behavior started
appearing. The increased antiferromagnetic interac-
tion between nearby Cu-Cu ions was ascribed to the
reduction in ferromagnetism with the growing Cu
doping percentage. Yldrm et al. [26] studied ZnO: Cu
nanoparticles with distinct concentrations of Cu
incorporation (1.25%, 2.5% and 5%) prepared via the
precipitation method and observed RTFM properties
in them. The magnetization was reported to increase
with increasing Cu concentrations because of the
shrinking of the band gap, implying that RTFM
behavior is an inherent feature of ZnO: Cu
nanoparticles. Wang et al. [27] explored the RTFM
and PL properties of lightly Cu-doped ZnO
nanocrystalline with varying Cu doping amounts,
which were synthesized via an easy solution tech-
nique. Their XPS and PL results showed that the
oxygen vacancies were plentiful in the lightly Cu-
doped ZnO nanocrystalline and the dispensation of
these flaws existed almost stationary. The saturation
magnetization was highest at 0.25% Cu doping;
beyond that, it decreased with further doping. Their
findings suggest that the Cu ions can increase long-
range ferromagnetic ordering at very low concentra-
tions. Still, they may also create antiferromagnetic
‘Cu™-V,-Cu®" pairs even at meager Cu-doping
amounts.

The above factors make it possible to learn more
about the coupling process and the origin of the fer-
romagnetic characteristics of DMS systems, which are
still open for debate [28]. Despite a lot of efforts, the
mechanism of RTFM’s genesis in DMS systems
remains a mystery.
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DMS nanocrystalline systems are believed to have
a longer coherence time, which can furnish a route for
enhancing the spin lifetime for useful spintronics
devices [29-31]. Although metallic copper is not
magnetic, its oxides, such as cupric oxide (CuO) and
cuprous oxide (CuyO), are also not ferromagnetic.
Still, the Cu-doped ZnO shows ferromagnetic
behavior and is defined to be animportant DMS
system.

The ferromagnetic characteristics are found to have
been manipulated by hybridization of the empty 3d
states of TM ions with the ZnO donor states at the
Fermi level. The generation of oxygen vacancies (V,),
have been found to becrucial for producing ferro-
magnetism in DMS systems [31]. The Cu is the most
promising dopant amongst the several TMs due to its
ionic radii Cu®* (0.73 A) being nearly identical to the
Zn** (0.74 A); its electronic properties are also similar
and easily substitutable, making it a viable option for
doping in ZnO [32]. Furthermore, the Cu plays cru-
cial role in the formation of localized impurity levels
in the ZnO crystal lattice [33, 34].

In the current study, we have prepared the Cu-
doped ZnO nanocrystalline (Cu = 0%, 2% and 5%)
samples using the co-precipitation technique. The
XRD pattern depicts the hexagonal wurtzite structure
for all the nanocrystalline samples. The morphology
of the prepared samples is studied by SEM images.
The XPS findings reveal that the 2% Cu-doped ZnO
sample shows more oxygen vacancies than the pure
ZnO and the 5% Cu-doped ZnO nanocrystalline
samples. The PL spectroscopy findings agree well
with the XPS results. The UV visible spectroscopy
findings exhibit that the band gap is reduced with Cu
doping. It is observed that the reduction in E; for the
2% Cu-doped sample is more than the pure ZnO and
the 5% Cu-doped ZnO nanoparticles. SQUID mea-
surements have been used to analyze the magnetic
properties of the Cu-doped ZnO nanoparticles and
the 2% Cu-doped sample exhibited the maximum
saturation magnetization and also the maximum
density of oxygen vacancies. It is worth mentioning
that ZnO besides being a multifunctional system for
several applications in electronics, optoelectronics,
sensors, and photocatalysis, has also been found to
play important role in important environmental
issues, like controlling electromagnetic pollution
through  high-efficiency  electromagnetic =~ wave
absorption materials (EWAMSs) and the doping
technology due to its hollow structure. This has been
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summarized in recent works [35-37]. Liang et al.
[38, 39] showed the importance of Cu nanoparticles
and explored the Cu-NC system (i.e., the N-doped
carbon) in this regard. The modulation of morphol-
ogy, composition, interface, defects, and conductivity
were explored by them by adjusting the ratio of
copper salt to the reducing agent chitosan. The
appearance of twin boundaries (TBs) was found to
resist the oxidation of metal Cu’, keeping the electric
conductivity of Cu” nanoparticles high and enhanc-
ing the conduction loss, which provides a boost for
electromagnetic wave dissipation.

2 Experimental section
2.1 Sample preparation

The Cu-doped ZnO nanocrystalline (Cu = 0%, 2%
and 5%) samples have been synthesized via the co-
precipitation method. High purity analytical grade
zinc acetate dihydrate [Zn(CH3;CO),.2H,0], copper
acetate monohydrate [Cu(CH3CO),.H,O] and potas-
sium hydroxide [KOH] (Make; Sigma-Aldrich) were
utilized as the primary materials. The stoichiometric
amounts of [Zn(CH3COO),.2H,0] and (0%, 2% and
5%) dopant [Cu(CH3;COO),.H,O] were dissolved in
deionized water and converted into an aqueous
solution. Both the solutions were mixed slowly with
steady stirring to get a homogeneous solution. The
aqueous solution was heated to 60 °C with continu-
ous churning. The KOH 1 M solution was poured
drop by drop to control the pH value close toll
under constant stirring. The solution was maintained
at 90 °C for 5 min with continuous stirring. Then, the
solution was cooled at room temperature with con-
stant stirring and again heated up to 90 °C. At 90 °C,
5 ml of oleic acid was poured as a surfactant. The
solution was cooled down slowly with continuous
stirring until the temperature reached room temper-
ature. A few drops of HNO; were added to attain pH
value of 7. The precipitate was cleaned with hot
distilled water and acetone. Then, the sediment was
dried at 60 °C for 3 h on a hot plate. The dried
powder was annealed at 300 °C for 3 h in an electric
furnace. All three samples were prepared under
similar experimental conditions. The prepared pow-
der samples were characterized using various
techniques.
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2.2 Characterization techniques

For microstructural and phase purity analysis, the
XRD patterns were obtained employing the Panalyt-
ical X'Pert PRO diffractometer utilizing the Cu-Ka
line source (. ~ 15406 A). The diffractograms of
intensity versus angle (20) were obtained at a step
size of 0.02° in the range 20° to 70°. A supercon-
ducting quantum interference device (SQUID)
(Quantum Design MPMS-3) was used for the mag-
netization measurements. The FC-ZFC data were
collected at 500 Oe magnetic field between 4 and
300 K, while the magnetic moments versus magnetic
field (M-H) curves were taken at 300 K. X-ray pho-
toelectron spectroscopy (XPS) has been used to
investigate the chemical stoichiometry of the surface.
The sample’s surfaces were cleaned with argon ion
sputtering and the XPS data were collected using an
Al Ko X-ray line source in a vacuum ~ 5 x 107"
Torr. The UV-Visible absorption spectra were used
to explore the band gap of the prepared samples. The
absorption spectra were measured at 300 K using the
UV-visible spectrometer (Model: Lambda 900, Make:
Perkin Elmer) with wavelengths varying from 200 to
800 nm. The photoluminescence (PL) spectra were
used to analyze defect-related features. The PL
spectra were taken at an excitation wavelength of
300 nm within the wavelength range of 360 nm to
550 nm at 300 K using the fluorescence spectropho-
tometer (Model: FL 8500, Make: Perkin Elmer).
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Fig. 1 XRD patterns for Cu-doped ZnO (Cu = 0%, 2% and 5%)
nanoparticles
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3 Results and discussion
3.1 XRD analysis

The XRD patterns of all the prepared Cu-doped ZnO
nanoparticles (Cu = 0%, 2% and 5%) are displayed in
Fig. 1. The patterns are consistent with the wurtzite
crystal structure of ZnO (JCPDS Card No. 36-1451)
[40]. All the reflection peaks were assigned Miller
indices corresponding to the P6;mc space group with
a hexagonal wurtzite structure. The atomic position
for Znis (1/3,2/3,0) and for Oitis (1/3,2/3,0.3817)
[26, 41]. The diffraction peaks in all the samples
(Cu = 0%, 2% and 5%) correspond to the planes (100),
(002), (101), (102), (110), (103), (200), (112) and (201)
and were obtained at 31.8°, 34.5°, 36.3°, 47.6°, 56.6°,
62.9°, 66.4°, 68.0° and 69.1°, respectively [42]. It
indicates that the Zn sites have been substituted with
Cu ions without changing the ZnO crystal structure.
It is because of the fact that the Cu®* ions can easily
penetrate the crystal lattice of ZnO due to their ionic
radius (0.73 A) being closer to that of Zn** (0.74 A)
[43]. The CuO peaks, quite small in intensity, were
observed in the 5%Cu-doped ZnO nanocrystalline
sample at 38.9° and 43.5°.

Figure 2 depicts the Rietveld-refined XRD patterns
of the Cu-doped ZnO (Cu=0%, 2% and 5%)
nanocrystalline samples. The Chi-squared values (x?)
for the nanocrystalline ZnO samples, the Zngos.
Cug.020 and the Zngo5Cug 950, were calculated to be
3.46, 2.54 and 5.73, respectively. The refinement
results appear to be quite reliable in view of the low
x> values [44]. Furthermore, significant broadening in
the most intense peak (101) reflection, as depicted in
Fig. 3, is a distinct indication of the nanocrystalline
structure of the synthesized samples. The Scherrer
formula given below was utilized to assess the
average size of prepared Cu-doped ZnO nanocrys-
talline samples:

092
~ BcosO

Here, D is the crystallite size, 4 the wavelength of
X-ray radiation, 0 the diffraction angle and f is the
full width at half maximum (FWHM) [45]. Crystallite
sizes have been found in the range of 26 to 32 nm for
all synthesized samples.

The Stokes-Wilson relationship was used to
determine the microstrain (¢) created in nano-crys-
tallites [43].
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Fig. 2 Rietveld refined XRD patterns for: a pure ZnO, b the 2%
Cu-doped ZnO and ¢ the 5% Cu-doped ZnO nanoparticles.
Observed data is shown by red dots and black solid line is the
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Table 1 depicts the lattice parameters and c/a ratio
for all the prepared samples, as well as the parame-
ters of the most intense (101) peak as 20 position,
FWHM, crystal size D (nm), and microstrain.

The value of c/a was found to be 1.6 for all the
samples, which indicates an ideally close-packed
hexagonal structure [43]. The lattice parameters have
been reduced slightly upon Cu doping into the ZnO
lattice, confirming that the Cu is appropriately doped
into the ZnO lattice structure. The strain caused by
the number of defects formed with increasing Cu
concentration is responsible for lowering the lattice
parameters of the synthesized samples [45]. The peak
position corresponding to (101) crystal plane shifts

50 60 70

20 (degrees)

calculated profile and the lower plot is the difference curve. Bragg
peak positions are marked by vertical green lines (Color
figure online)

upon Cu doping for the synthesized samples as
depicted in Fig. 3. The observed shift in peak position
towards the higher angles upon Cu doping is because
of the substitution of the Zn>* ions by the smaller
sized Cu”" ions, indicating a decrease in the lattice
constants [46]. The reduced values of FWHM and the
microstrain (as shown in Table 1) are liable for the
increased crystallite size for 2% Cu-doped ZnO
nanoparticles [47]. The decrease in size for 5% Cu-
doped ZnO nanoparticles is because of the increase in
microstrain [48].

Figure 4 shows the crystallite size and microstrain
as a function of Cu concentration. Figure 4 shows
that for the 2% Cu, the microstrain is reduced and the
crystal size increased; on the contrary, for the 5% Cu-
doped sample, the microstrain is increased, and the
size is decreased.

@ Springer
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Fig. 3 The magnified view of the XRD patterns of the Cu-doped
ZnO nanoparticles (Cu = 0%, 2%, 5%) between 35.8° and 37° of
the (101) plane

The changes in oxygen occupancy in the Cu-doped
ZnO samples were examined by Rietveld refinement
analysis. The following equation is used to calculate
changes in oxygen occupancy [49].

Ag, = [go(ZnO) — gO(ZnCuO))/gO(ZnO)]

Here, g, represents the oxygen site occupancy and
Ag, represents the difference in oxygen occupancy
[49].

Figure 5 exhibits the changes of Ag, with Cu con-
centration in percentage. The values of Ag, for the 2%
Cu and 5% Cu-doped ZnO samples have been
obtained — 0.0458 and — 0.0281, respectively. As Ag,
for the Cu-doped samples is found to be negative,
which is a clear signature of increment in oxygen
vacancy. Moreover, the higher negative value of Ag,
in the 2% Cu-doped sample compared to that in the
5% Cu-doped ZnO sample indicates more oxygen
vacancy in the 2% Cu-doped sample. These results
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Fig. 5 The value of Ag, versus the Cu concentration

Table 1 The values of lattice constants, c/a ratio; parameters for (101) peak; 20 position, FWHM, crystal size D (nm) and Micro-strainfor

all the synthesized samples

Samples Cu-doped ZnO Lattice parameters

c/a Ratio 20(degree) FWHMP (degrees) Crystal size D (nm) Micro-strain & (107%)

A)

a=b c
0% Cu 3.3093 53022 1.6 36.3367 0.2857 31 3.80
2% Cu 3.3078 53005 1.6 36.4404 0.2752 32 3.65
5% Cu 32759 52492 1.6 36.3969 0.3325 26 441
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show a fair agreement with our XPS results (to be
discussed in detal later).

3.2 SEM analysis (microstructural studies)

The SEM micrographs have been used to analyze the
impact of Cu doping on the surface morphology, size
and shape of the grains or particles in the Cu-doped
ZnO nanoparticles. Figure 6a—c depicts SEM images
of the synthesized Cu-doped ZnO (Cu = 0%, 2% and
5%) nanoparticles. The surface morphology of the
pure ZnO nanoparticles is depicted in Fig. 6a which
exhibits the irregular grain size distribution and
agglomerated spheroid-like particle structure. The
morphology of the Cu-doped ZnO (Cu = 2% and 5%)
nanoparticles is depicted in Fig.6b and c. The for-
mation of defect states causes slight changes in the
size of particles, though there is no discernible
change in the shape of the grain [48]. Most of the
particles are found to have size between 20 and
60 nm, suggesting that dopant concentration may
have also contributed to particle aggregation. As the
dopant amount increases, the average particle size
tends to change. Additionally, the diversity in mor-
phology may be explained by the effect of Cu ions,
which are used as doping agents, on the growth rate
of ZnO nanoparticles [50]. The average particle size of
the samples observed by SEM micrographs agrees
well with those estimated from the XRD patterns.

3.3 X-ray photoelectron spectroscopy
analysis

The XPS has been employed to explore the electronic
and chemical states of the ZnO and Cu-doped ZnO
nanoparticles, in terms of the valence state of the
cations, the estimate of oxygen vacancies, etc. The
carbon Cls peak (284.8 eV) reference has been used
to calibrate all the binding energies (BE) of the XPS
spectra. The XPS survey spectra (as depicted in
Fig. 7) of all the prepared Cu-doped ZnO samples
exhibit the Zn, Cu and O peaks, and no extra peaks
are detected.

Figure 8 depicts the high-resolution XPS spectra of
the Zn2p peak for the ZnO and the Cu-doped ZnO
(Cu = 2% and 5%) nanoparticles.

For all the synthesized samples,i.e., the ZnO and
the two Cu-doped ZnO nanocrystalline samples, the
binding energies of the Zn2p;,, and Zn2p,,, peaks
have been found to be at 1021.45 eV and 1044.51 eV,
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respectively, with a shake-up structure at 1039.8 eV,
as shown in Fig. 8. The characteristic Zn2p doublet
peaks and the energy positions corresponds to the
divalent oxidation state of Zn, i.e., Zn>*’ in all the
samples [34, 51, 52]. The energy separation between
Zn2p3,, and Zn2p,,, peaks is 23 eV which is con-
sistent with the previously reported values [53]. With
Cu doping, the binding energies of Zn2p peaks abide
stationary, showing that the doping of Cu into ZnO
nanoparticles does not influence the chemical envi-
ronment of Zn**

The asymmetric shape of the Ols XPS high-reso-
lution spectra for all the prepared samples (as
exhibited in Fig. 9a) reveals the existence of multi-
component oxygen species at the surface of the
samples [54].

The O1s XPS spectra have been fitted with three
Gaussian peaks for all the prepared nanocrystalline
samples (as depicted in Fig. 9b—d). The three decon-
voluted Ols peaks are found to be located at the
binding energies of 530.12 eV, 531.45eV and
532.58 eV in the ZnO nanoparticles (as displayed in
Fig. 9b). The assignment of the peaks is as follows:
the lower binding energy peak is due to lattice oxy-
gen in the hexagonal ZnO wurtzite structure,
whereas the middle peak is related to oxygen
vacancies in the ZnO matrix [27]. The higher binding
energy peak is because of adsorbed oxygen molecules
(chemisorbed oxygen, OH™ and adsorbed H,O) on
nanocrystals’ surfaces [27, 51]. The deconvoluted O1Is
peaks in the Zngo¢gCuppO sample are found at
530.03 eV, 531.05 eV, and 532.58 eV binding energy
positions and in the Zng95Cug 05O sample; these are
found at 530.01 eV, 531.13 eV and 532.45 eV, respec-
tively (shown in Fig. 9c and d). An additional low
intensity peak is observed in both the Cu-doped
samples at the lower side of the first peak. The
binding energy position is at 528.88 eV in the Zng g
Cup020 sample and 528.57 eV in the Zngg5Cugos0
nanocrystalline sample. This peak represents the
CuO lattice in the samples [51]. Notably, the lattice
oxygen and oxygen vacancies peaks in the Ols
spectra have shifted slightly towards the lower
binding energy in the Cu-doped ZnO samples as
compared to the pure ZnO (as shown in Table-2).
This shift can be attributed to zinc interstitials and /or
increased density of oxygen vacancies at the ZnO
surface. Comparing the peak area ratios, we see that
the 2% Cu-doped sample has 32.29% lattice oxide,
which is less than the values 57.33% for the pure ZnO

@ Springer
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5%Cu@ZnO

Fig.6 SEM micrographs a for the ZnO, b for the 2% Cu and ¢ for the 5% Cu-doped ZnO nanoparticles

and 39.02% for that in the 5% Cu-doped ZnO. Table 2
shows that the oxygen vacancies in 2% Cu-doped
sample are 38.69%. This value is higher than the
oxygen vacancies in the pure ZnO (31.53%) and that
in the Zng 95Cug 050 nanocrystalline sample (33.29%).
Thus, we can say that the 2% Cu-doped sample has
the lowest concentration of metal-oxide bonds and

@ Springer

the highest percentage of oxygen vacancies. Similar
observations have been reported in the literature in
the Cu-doped samples [34, 55].

FigurelOa, b display the high-resolution XPS
spectra of the Cu2p peaks for the ZngqgCug 2O
sample and the Zng¢sCugosO sample. The Culp
spectra consist of two broad peaks 2pz,> and 2p;,»
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Fig. 8 XPS spectra for Zn2p peaks of the pure and Cu-doped ZnO
(Cu = 2% and 5%) nanoparticles

produced because of the spin—orbit splitting of the
CuZ2p states. In the Zng 9sCu 0,0 sample, the Cu2ps,»
and Cu2p;,, peaks are detected at 932.77 eV and
952.52 eV, respectively, whereas in the Zng ¢5Cu 050
sample, these were found to be located at energy
positions 932.69 eV and 952.43 eV, respectively.

The Zn 9gCup 0,0 and Zng 95Cug 050 samples have
an asymmetrical peak of Cu2ps,, and have fitted two
Gaussian curves, as depicted in Fig. 10a, b. The
binding energy separation between the spin-orbit
doublet splitting of Cu2ps,, and Cu2p,,, peaks is
~20 eV [42]. In addition, the satellite peaks are
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observed at 941.83 eV for the ZngosCup 0O sample
and at 941.45 eV for the Zngo5CugsO sample. The
divalent state of Cu ions in the ZnO matrix is
responsible for these features [56]. Additionally, the
monovalent copper (Cu'") peaks Cu2ps/, and -
Cu2p;,, have also been observed at 931.6 eV and
951.7 eV binding energies, respectively, with slightly
narrower signal peak widths in the fitted Cu2p
spectra. Thus, we can say that the Cu2p;,, peak is the
mixture of the two peaks corresponding to the Cu**
and the Cu'" states and is present in all Cu-doped
ZnO samples, consistent with the previous Cu-doped
ZnO studies [5, 57]. In fact, the divalent copper ion
(Cu®?) signals get shifted towards the higher binding
energy side by ~1.6 eV, as compared to the Cu'"
ions [26]. The observed co-existence of some Cu'"
ions (lesser valence state than bivalence state) in the
Cu-doped samples further supports the creation of
more oxygen vacancies from the charge neutrality
consideration in the lattice. Table 2 displays the Zn2p,
Cu2p and Ols peaks fitting parameters, including
peak position and O vacancy/O lattice ratio.

The area ratio of the oxygen vacancy peak and the
lattice oxygen peak (V,/L,) is found to get enhanced
upon Cu doping, as shown in Table 2, indicating the
remarkable evolution of oxygen vacancies with Cu
doping [34]. The value of the ratio (V,/L,) is found to
be the maximum in the 2% Cu-doped sample (x1.19)
as compared to the 5% Cu-doped sample (x0.85) and
the pure ZnO (x0.54) nanoparticles. Thus, the 2%
Cu-doped ZnO sample exhibits maximum oxygen
vacancies.

3.4 Optical properties

3.4.1 Study of ultraviolet—visible absorption spectra
and the energy gap

The UV-visible absorption spectra for the Cu-doped
ZnO nanoparticles (Cu = 0%, 2% and 5%), recorded
between 300 and 800 nm wavelengths, exhibit a
sharp peak in the UV region, as shown in Fig. 11. The
absorption bands and intensity are influenced by
various factors including the energy gap, the oxygen
vacancies and the defect sites [58]. The absorption
edges of the pure ZnO, Zng¢sCuppO and Znggs.
Cup,050 nanocrystalline samples have been detected
at 378 nm, 380 nm and 379 nm, respectively. The
crystallite size impact is responsible for the shift of
the absorption edge [59]. The absorption of the 2%
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Fig. 9 a Asymmetric OIs XPS spectra for all the prepared samples. The O1s core level XPS spectra have been fitted with three Gaussian
peaks. b for pure ZnO c for the 2% Cu-doped ZnO and d for the 5% Cu-doped ZnO nanoparticles

Cu-doped sample has been reduced considerably as
compared to the other two samples. Therefore, the
spectrum of the ZngggCup O sample is depicted
separately in the inset. A decrease in the intensity of
the Zng 9sCug 020 sample is attributed to more defects
in it [60]. The absorption for the Zngg5CugosO
nanocrystalline sample has increased [61] because the
charge carrier density decreases on further Cu dop-
ing due to the generation of secondary phase CuO.
The Tauc’s equation, which depicts a relationship
between the absorption coefficient and incident
photon energy of the semiconductors, has been used
to determine the optical band gap of the Cu-doped
ZnO nanocrystalline samples (Cu = 0%, 2%, and 5%).
The Tauc’s equationis [62]:

@ Springer

ohy = A(hv - Eg)n

Here, A is a constant;the exponent n is 1/2 for the
direct band gap, E; is the band gap of the semicon-
ductor material, o is the absorption coefficient and h
is the planks constant. The Eg of the Cu-doped ZnO
samples has been calculated by plotting (¢hv)? versus
hv, shown in Fig. 12. Here hv is photon energy in eV.

The value of E; is calculated by extrapolating the
linear portion of the (¢hv)® to intersect with the
hv portion. The value of band gap energies is found
to decrease upon Cu doping as compared to the pure
ZnO nanoparticles. The values of E; obtained for the
undoped ZnO sample, the Znj 9gCup 0O sample and
the Zng95Cup 050 sample are 3.15 eV, 2.96 eV, and
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Table 2 The XPS elemental investigation and stoichiometry of the Cu-doped ZnO nanocrystalline (Cu = 0%, 2% and 5%) samples

Sample Cu-doped ZnO  B.E. of Zn2p peaks (eV)

B.E. of Cu2ps,, peaks

B.E. of OIs peaks Ratio of V/L,

(eV) (eV)
Cu®™ Cu't Position  O-type % Area
0% Cu 1021.40 2ps), 530.12  Lattice Oxygen 57.33 0.54
1044.51 2py. 53145 Vo 31.53
532.58 -OH 11.14
2% Cu 1021.45 2ps), 933.13 931.62 528.88  CuO 18.86 1.19
1044.51 2pl/2 530.03 32.29
531.05 38.69
532.58 10.16
5% Cu 1021.34 2p;, 933.05 931.74 528.57  CuO 15.54 0.85
1044.41 2pyp 530.01 39.02
531.13 33.29
532.45 12.14
Vo Oxygen Vacancy, — OH Chemisorbed Oxygen
H@cuzp  cuzp,, 2%Cu@2n0 1oycuze  S4%Ps 5%Cu@Zn0
3 3 -
& ] £
2] 2]
o 7]
c c
g g
£ ] E ]
I y I Y I % I b T T L T i T v T 3 T
920 930 940 950 960 920 930 940 950 960

Binding Energy (eV)

Binding Energy (eV)

Fig. 10 The Cu2p;/, peak of the XPS spectra fitted with two Gaussian peaks for the a 2% Cu-doped ZnO nanoparticles and b 5% Cu-

doped ZnO nanoparticles

3.0 eV, respectively. Further, the redshift AE obtained
for the Zng 9gCup 0O sample is ~0.19 eV and for the
Zng 95Cup 050 sample, the redshift is ~0.15 eV.
Bhardwaj et al. [63] found similar results, and they
ascribed the loweringof the band gap to the signifi-
cant defect levels observed in the Cu-doped ZnO
nanocrystalline samples. The observed redshift in Eg
is ascribed to oxygen-related defects and the decrease
in charge carrier density. According to Noipa et al.
[57], the sp-d spin-exchange interactions between the
band electrons and the localized d electrons of the
Cu”" ions substituted in place of the Zn ions are

responsible for the redshift. Figure 13 displays the
relationship between crystallite size and the energy
gap versus the Cu concentration (Cu = 0%, 2% and
5%).

The density of defects due to impurity atoms and
variations in the size and structure of the material
often alters the energy gap [64]. The crystallite size
and the energy band gap are often inversely pro-
portional to each other [48, 65]. For the 2% Cu-doped
sample, the E; has reduced and the size increased,
following the above relation [65]. The 2% Cu doping
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Fig. 11 The UV-Visible absorption spectra for wavelength range
300 to 800 nm for the pure ZnO and the 5% Cu-doped ZnO
nanoparticles. The spectrum for the 2% Cu-doped ZnO
nanoparticles is exhibited in the inset
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Fig. 12 Tauc’s plot for the samples of Cu-doped ZnO

nanoparticles (Cu = 0% and 5%) with an inset for the 2% Cu-
doped ZnO nanoparticles sample

into the ZnO lattice is found to generate more defects,
which is responsible for a reduction in the E,.

3.4.2  Photoluminescence (PL) analysis

The PL spectroscopy has been utilized to analyze the
structural defects and crystalline structure quality of
the Cu-doped ZnO nanoparticles. The spectra have
been recorded using 300 nm excitation wavelength at
room temperature. The PL spectra for all the samples
are exhibited in Fig. 14a.
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Fig. 13 The crystallite size and the energy gap fluctuations of the
synthesized samples as a function of Cu doping levels

It is observed that all the prepared samples have
the following emission bands: (i) Ultra-violet (UV)
emission region, (ii) Violet emission region, (iii) Blue
emission region and (iv) Green emission region [61];
all these regions are shown in the Fig. 14a. Then the
PL spectra of all the Cu-doped ZnO (0%, 2% and 5%)
nanoparticle samples were deconvoluted using
Gaussian fitting, revealing seven peaks, as shown in
the Fig. 14a—c The UV emission peak corresponding
to near-band emission (NBE) has been detected at
386 nm for ZnO, 380 nm for ZngogCugg,O and
387 nm for Zng 95Cug050. The UV (NBE) peak could
be caused by free excitons recombination [66]. In the
violet region, the peak was found at 404 nm for ZnO,
394 nm for the 2% Cu-doped sample and 407 nm for
the 5% Cu-doped sample which is known to be
generated by the transition between the zinc inter-
stitials (Zn;) and the valance band of ZnO [67, 68].
The other violet emission peaks obtained at 426 nm
and 448 nm for ZnO, at 416 nm and 440 nm for
Zng95Cug 0O and at 427 nm and 449 nm for Zngos.
Cug 50 are ascribed to the transition from the bottom
level of the conduction band (E.) to zinc vacancy
(Zn,) and the transition of electrons from the zinc
interstitial (Zn;) state to the top of the valence band
(Ey) [69]. The observed shift in the violet region peaks
with Cu doping re-confirms that Zn is replaced by Cu
ions in the ZnO structure, which is attributed to Zn;
vacancies [63]. The deep-level or defect luminescence
produced by the oxygen vacancies is the origin of the
blue emission peak at 448 nm in ZnO, 440 nm in the
2% Cu-doped sample, and at 449 nm in the 5% Cu-
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Fig.14 a The PL spectra of the ZnO and the Cu-doped ZnO nanoparticles at room temperature with different Cu concentrations and the
Gaussian fitted PL spectra for b pure ZnO c¢ for the 2% Cu-doped ZnO and d for the 5% Cu-doped ZnO nanoparticles

doped sample [70]. The peak in the blue radiation
region has been found at 462 nm for ZnO, at 464 nm
for the 2% Cu-doped sample and at 476 nm for the
5% Cu-doped sample because of deep-level emission
[71]. The peak at 483 nm in ZnO is caused by the
transition from the shallow donor level of the Zn
interstitial to the valance band [63, 67]. Two peaks
were detected in the green emission,the first at
494 nm and the second at 525 nm, for the 2% Cu-
doped sample. For the 5% Cu-doped sample, these
peaks are observed at 494 nm and 525 nm, respec-
tively. These peaks are attributed to the presence of
oxygen vacancies on the ZnO surface [64, 72]. The
green emission at 525 nm for ZnO and 521 nm for the
Cu-doped samples is because of the transition

between the weakly captured electron and the
strongly captured hole in the singly ionized oxygen
vacancies (V%) [73]. Therefore, with increasing Cu
concentration in the ZnO nanoparticles, the corre-
sponding increase in the intensity of green emission
and decrease in the UV emission re-confirms the
presence of defect-related states [61]. Figure 15
depicts the change in the intensity of UV emission
and the intensity ratio between the green and the UV
emission as a function of Cu concentration. The Cu
doping reduces the UV emission intensity.

Notably, the intensity ratio of the green and the UV
emission (Ig/Iyv) is found to be more for the 2% Cu-
doped sample than for the 5% Cu-doped sample and
the pure ZnO. The maximum value of the Ig/Iuy
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Fig. 15 The variations in the intensity of UV emission and the
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ratio in the Zng 9sCu 02O sample is due to presence of
maximum oxygen vacancies in it [71]. These findings
show a fair agreement with the XRD and the XPS
results.

3.5 Magnetic evaluation

The magnetic characterizationin the range of the field
of 2 Tesla at 300 K and also the temperature variation
of their magnetization was carried out for the Cu-
doped ZnO nanoparticles. The M-H curve for the
undoped ZnO nanocrystalline sample exhibits a
weak ferromagnetic ordering at 300 K (shown in
Fig. 16). However, the M-H curve’s shape suggests

0.000500]
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0.000250)]
§0.0001252
go.ooooon'
=0.000125.
-0.000250]
-0.000375]
-0.000500]

Applied Field (T)

Fig. 16 Field variation with magnetization studied at 300 K for
the undoped nanocrystalline ZnO
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some paramagnetic contribution in the sample;
therefore, the paramagnetic contribution was sub-
tracted from the curve. Figure 17 displays the M-H
curve for ZnO after deducting the paramagnetic
contribution. The saturation magnetization comes out
to be 371 x 10* emu/gm for the pure ZnO
nanocrystalline sample.

This type of ferromagnetism in non-magnetic
undoped oxide systems initially appeared unrealistic;
however, the frequent finding in systems such as
ZnO, HfO,, and MgO has unlocked new routes in
magnetism research. Since these oxides have d-/f-
orbitals either completely filled or empty, the intrin-
sic magnetism displayed by these undoped oxides
without d-orbital electrons is known as d° ferro-
magnetism [74]. This magnetism is considered to be
originated because of the polarization induced by
p-orbitals. This magnetic polarization occurs because
of the vacancies and the excitation of trapped spin in
the triplet state. The magnetic properties of these
oxides are influenced by the existence of oxygen
vacancies at the surface and subsurface. Figure 18
displays the M-H curves measured at 300 K for the
nanocrystalline Zng ¢gCti 02O sample and the Zngos.
Cuyg,050 sample.

The M-H curves exhibit giant ferromagnetic hys-
teresis loops for both the nanocrystalline samples
Zng 95Cup 020 and Zng 95Cug 050, indicating that they
show huge ferromagnetism at room temperature. The
values of retentivity and saturation magnetization for
the nanocrystalline sample Zng 95Cu 050 (0.63 x 107
emu/gm and 4.61 x 10~ emu/gm, respectively) fall
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Fig. 17 Field variation with magnetization studied at 300 K for
the nano-crystalline ZnO, only ferromagnetic contribution to the
magnetism
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Fig. 18 The field variation of magnetization studied at 300 K for
Cu-doped ZnO (Cu = 2% and 5%) nanocrystalline samples. The
inset shows a magnified view of the low fields

remarkably compared to those for the sample
Zn.0sCup 020 (1.76 x 10 emu/ gm and 6.73 x 107
emu/gm, respectively). Figure 19 depicts the tem-
perature dependence of the magnetization for the
sample ZngosCuppO under the zero field-cooled
(ZFC) and field-cooled (FC) situations, measured at
500 Oe field.

The magnetic irreversibility behavior between ZFC
and FC M-T data is notable. The divergence starts
from 150 K and there is a continuous increase in it on
lowering the temperature. The magnetic irreversibil-
ity /divergence between the ZFC and FC M-T curves
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Fig. 19 The temperature variation of magnetization for the
Zn 9gCug 02O nanocrystalline sample measured at an applied field
of 500 Oe
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(as depicted in Fig. 19) may be attributed to the fer-
romagnetic ordering of the samples [75].

3.5.1 Discussion

The observed magnetization in the prepared Cu-doped
ZnO (Cu = 0%, 2% and 5%) nanocrystalline samples
displays a direct correlation with the oxygen vacancies.
Let’s remember the oxygen vacancies data we obtained
from our XPS findings. The density of oxygen vacancies
was observed to be suppressed in the ZnggsCugosO
sample considerably as compared to that in the Znggs.
Cup 020 nanocrystalline sample. The observed magne-
tization in them exhibits a similar trend. In case of the
Znp o5Cup 5O sample, the value of saturation magneti-
zation is suppressed considerably compared to the
Zng9sCug o0 sample. Thus, we can state that the con-
duct of magnetism displayed by the Cu-doped ZnO
nanocrystalline samples appears to correlate with the
oxygen vacancies that evolved in them. The mechanism
of origin of ferromagnetism in these DMS systems has
been a mystery, despite a lot of efforts made. We briefly
discuss below the possible cause of the origin of fer-
romagnetism. According to most of the theoretical
models, ferromagnetism strongly depends on creating
and distributing oxygen vacancies in the Cu-doped
ZnO lattice [76, 77]. According to Coey et al. [76],
oxygen vacancies induce ferromagnetic coupling via an
indirect exchange mechanism. They suggested the
existence of exchange interaction between the carriers
caught by O vacancies and the doped ions in the
framework of the bound magnetic polaron (BMP)
model [76]. The model states that the spin of localized
defects (O vacancies) aligns with those of the nearby
dopant ions, creating an influential magnetic field and
activating ferromagnetic interactions in them. Although
the different mechanisms by which various DMS sys-
tems produce ferromagnetism, they all have the same
key feature that oxygen vacancies play a crucial role in
ferromagnetism. Based on our findings and the above
theoretical viewpoint, we are of the strong view that the
observed ferromagnetism is caused by the exchange
interactions between the Cu®' ions and the oxygen
vacancies [78-80].

In the recent past, the TM-doped ZnO system has
been studied intensively. We present below a few
relevant reports for comparison with our findings.
Bhardwaj et al. [63] reported RTFM in the Cu-doped
ZnO nanostructures. Their UV—vis results showed a
reduction in the band gap upon Cu doping and the
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PL findings indicated the occurrence of oxygen
vacancies in them. They explained that intrinsic
exchange interactions arising from oxygen vacancy-
assisted bound magnetic polarons (BMPs) are
responsible for RTFM in the Cu-doped ZnO nanos-
tructures. Zhu et al. [5] reported RTFM in the Cu-
doped ZnO samples prepared via hydrothermal
process in the pulsed magnetic field. The creation of
oxygen vacancy density up on Cu doping was sug-
gested to be crucial for the origin of ferromagnetism.
Noipa et al. [57] prepared the Cu-doped ZnO
nanorods via the direct thermal decomposition pro-
cess. Their UV-visible spectroscopy and the PL
results exhibited the reduction in the band gap with
increasing Cu amount and the creation of oxygen
vacancies re-confirmed by the XPS. Their magnetic
measurements revealed that ZnO is diamagnetic and
Cu-doped ZnO samples exhibit RTFM properties.
The 3.55% Cu-doped ZnO sample showed a higher
density of oxygen vacancies and magnetization. Liu
et al. [81] prepared Cu-doped ZnO nanoparticles
using a solution route and annealed them in O,, Ar
and N, respectively. They suggested that the singly
ionized oxygen vacancies play an essential role in the
origin of ferromagnetism in the Cu-doped ZnO. Asih
et al. [31] reported remarkable ferromagnetism in the
Cu-doped ZnO nanoparticles thin films and claimed
it to be due to the interaction with the spins of Cu3d’
through the oxygen vacancies and the Cu3d” ligand
holes. Ma et al. [82] reported a reduction in the band
gap of Cu-doped ZnO samples with increasing Cu
percentage. They claimed it to be due to the shift of
the conduction band downwards by the introduction
of Cu. Hadia et al. [83] reported similar findings on
the Cu-doped ZnO nanowires. Hou et al. [84] studied
Zn_,Cu,O thin films, which exhibited RTFM and the
moment per Cu ion was reported to decrease with
increasing Cu. Chen et al. [85] studied Cu-doped
ZnO nano-fibers and reported that Cu doping leads
to a long-range FM ordering that was ascribed to the
inducement of oxygen vacancies in them. Wang et al.
[27] explored the origin of magnetism in Cu-doped
ZnO nanocrystals. At 0.25 at.% of Cu, the saturated
magnetization reached the maximum and then
reduced with increasing Cu percentage. Thus, we can
say that the main findings in our work, i.e.,, (i) the
observed huge RTFM in the ZnO nanoparticles upon
Cu doping, (ii) the reduction in magnetization upon
Cu doping beyond 2% and (iii) the reduction in the
band gap upon Cu doping, show a fair agreement
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with the above reports. Howver, on the other hand,
our results show a disagreement with those of
Vachhani et al. [86], who studied the Cu-doped ZnO
system with the Cu content varying from 2 to 10 at%.
Their samples were found to retain paramagnetic
character with no ferromagnetic ordering and also
their results revealed evidence of antiferromagnetic
interaction between the magnetic moments. Similar
reports are from Qing-Yu et al. [87] on the 2% Cu-
doped ZnO nanoparticles, who claimed that the
sample retains paramagnetic character down to
5 K. Also, there are interesting reports from Wang
et al. [88], who investigated the Cu-doped ZnO both
in bulk and nanocluster and claimed that the mag-
netic phase has a transition from FM phase to AFM
phase as the size for the doping system decreases
from bulk to nanocluster.

4 Conclusions

Cu-doped ZnO nanoparticles have been prepared via
the co-precipitation method and analyzed using
various techniques such as XRD, SEM, XPS, PL, UV
spectroscopy and SQUID measurements. All the
synthesized nanoparticles exhibit the hexagonal
wurtzite structure with a spheroid-like particle
structure and the Cu®" ions are substituted into the
Zn sites. The pure ZnO and the Cu-doped ZnO
nanoparticles display room-temperature ferromag-
netism. The XRD and XPS analysis shows that the Cu
doping into the ZnO lattice creates remarkable oxy-
gen vacancies (V,). The Zng 9sCug 02O nanocrystalline
sample exhibit the maximum values of Vs and sat-
uration magnetization. The density of oxygen
vacancies (V,) and magnetization decrease with an
increase in the Cu concentration. The UV spec-
troscopy results show the reduction in the band gap
on Cu doping. The band gap is reduced significantly
in the Zng 9sCug 20 sample than that in the pure ZnO
and Zngo5Cug¢50. The induced magnetization exhi-
bits a direct relationship with the V,. The PL spectra
results show the maximum number of defects and
Vs in the ZngosCup 02O nanocrystalline sample, as
evidenced by the enhanced intensity ratio of the
green and ultraviolet emission (Ig/Iyy). The PL and
XPS results show a fair parallelism with each other
regarding the induced defects ie., the oxygen
vacancies. The Cu-doped ZnO nanoparticles, which
already contain essential features, become even more
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of a prospective system for spintronic devices as
room-temperature ferromagnetism is induced in
them. The main advantages of spintronic devices
include their small size, outstanding luminous effi-
ciency, environmentally friendly composition, long
persistence and significant energy savings.
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