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Abstract

Alkali metal ion (Li* and Na™)-doped CuO nanocrystallites were investigated using X-ray diffraction (XRD), transmission
electron microscopy (TEM), positron annihilation lifetime (PAL), and Doppler broadening annihilation radiation (DBAR)
spectroscopy methods. A comparative analysis of XRD, TEM, average lifetime, and electron momentum variation is presented
based on defect formation and curing. DBAR studies divulge the positron trapping sites as Cu vacancies and vacancy com-
plex clusters in undoped CuO. The study also reveals lattice defect and migration of point defect in the doped CuO lattice.
The positron lifetimes of undoped CuO show extended point defects, V-~V vacancy complexes, and voids. These defects
are reduced to Cu interstitial (Cu;) type point defects upon annealing. The lifetime confirms the V-, recovery and cluster
vacancies for annealed Li- and Na-doped CuO. Higher Li concentrations showed a significant point defect of isolated oxygen
vacancies as well as Li interstitials. Antisite and oxygen interstitial-type defects are prominent for all the Na concentrations.
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1 Introduction

Copper oxide (CuO) nanoparticles are broadly used in opti-
cal, catalysis, and many more research areas in modern tech-
nologies [1, 2]. The defect in oxide materials determines
material properties and usefully modifies their physical
properties [3—6]. Defect-related electrical and thermal prop-
erties of Li-, Na-, and K-doped CuO was investigated for
use as a thermoelectric material [7]. In particular, vacancy,
vacancy cluster, and grain boundary defects alter or enhance
the material's properties. The addition of impurity ions (sim-
ilar or different ionic radii) also creates defects in the lattice
and affects the lattice planes in terms of the impurity con-
centration [8]. The synthesis condition and the morphology
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of the material resolve the changes in the concentration of
defects type [9].

The synthesis and characterization of copper oxide nano-
structures were studied extensively owing to their interest-
ing characteristics [10, 11]. The effects of doping transition
metal ions (In**, Mn3*, Fe*, Ni%*, Zn?*) into the CuO lat-
tice were reported [12, 13]. When the Cu?* ion of the CuO
lattice is substituted by alkali metals, the creation of oxygen
vacancies is predominant to keep the CuO matrix neutral
[14, 15]. Although there are various methods for the syn-
thesis of CuO nanoparticles [16, 17], the main concern is
the size, toxicity, and stability of the particles. In addition,
a large quantity of the material can also be prepared by low-
cost solution combustion synthesis method; however, defects
and concentration are extremely high [17, 18]. The defect
nature, defect modification, alkali metal ion concentration,
and the annealing behavior of doped CuO are necessary for
devices. Experimental evidence of the vacancy defects of
alkali metal-doped MgO, rare earth metal-doped CuO and
co-doped ZnO studied by positron annihilation are reported
[19-21].

Positron annihilation is a well-established technique for
the study of atomic-scale defects in solids [22, 23]. The
annihilation characteristics such as lifetime or momentum/
energy changes, when positrons (e +) are associated with
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electrons (e-), trapping at defects site and at free-volume
type defects enable to detection and characterize defect's
nature. This technique represents a versatile probe for the
study of atomic-scale defects, free-volume type defects, lat-
tice vacancies, vacancy agglomerates, open-volume defects
which can support understand their physical behavior and
microstructural origins. The quantitative description of the
annihilation characteristics in grain boundaries and inter-
faces is most important since the diffusion limitation of
the trapping process [24]. The different charge states and
size of vacancies can be distinguished from the change in
positron lifetimes [25, 26]. Trapped positrons in the defects
due to low electron density exhibit a longer lifetime than
untrapped positrons lifetime. Positron Doppler broadening
reveals information about weakly bound valence electrons
and tightly bound core electrons, which contribute to the
low- and high-momentum distributions [27]. Defects in
metals, semiconductors, and polymers at the atomic scale
are widely studied using positron annihilation lifetime
(PAL) and Doppler broadening of the annihilation radia-
tion (DBAR) spectroscopy [28]. Positron lifetime studies
are used for quantitative information on defect type, size,
and defect concentration. Electron momentum variations (by
DBAR) deduce the defect type and concentration at the site
of positrons in addition to the chemical environment around
the defects.

The present study is aimed at identifying the nature of
defects in solution combustion synthesized Li-doped and
Na-doped CuO nanostructures using PAL and DBAR spec-
troscopies. The defects formations as a function of dopant
concentration, migration of defect species, and recovery or
modification of defects with annealing are of importance in
technological development. On this aspect, the impact of
lattice defects on the physiochemical properties is important
to explore the role of impurities that interact with native
defects and lead to the material properties modification
at the nanoscale. Moreover, the impact of specific defects
on the electronic properties of alkali-doped CuO is still a
subject of interest. Hence, the present study focuses on the
defect type modification, the defect concentration effect, and
the effect of Li, Na alkali ion dopants and the annealing
effect behavior in CuO nanostructures.

2 Experimental

The solution combustion technique was used to synthesize
CuO and alkali (Li, Na)-doped CuO nanopowders. Copper
nitrate (Cu(NO;),.3H,0) was selected as an oxidizer and
glycine (NH,CH,COOH) was used as fuel for the prepara-
tion of CuO nanostructures. Lithium nitrate (LiNO;) and
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sodium nitrate (NaNO;) were used as an oxidizer for prepar-
ing Li- and Na-doped CuO according to the procedure of
Cu,_,Li/Na O (x=0, 0.01, 0.03 and 0.05). The stoichiomet-
ric composition of oxidizers and fuel was dissolved properly
by 45-min stirring and transferred to a 100 °C preheated
electric mantle. This resulted in a black color powder that
was grounded well for a fine texture and calcined to 400 °C
to remove the residues such as nitrates, organic additives,
etc. and considered as as-prepared undoped and doped sam-
ples. Further, parts of the prepared samples were annealed
at 800 °C to study the annealing effect.

Powder X-ray diffraction pattern was recorded by Seif-
ert X-ray diffractometer (XRD) using Cu-Ko, radiation
(1.5406 10\) to determine the Cu,_,X,0 (X=Li, Na) nano-
particle crystal structure and the crystallites size. Crystal-
line quality, morphology, and electron diffraction pattern
were performed using an HRTEM equipped with a SAED
of model G2 F20 (FEI Netherland). The PAL spectra were
recorded for a cumulative count of 4 x 10° for all the sam-
ples using a conventional lifetime spectrometer with a digital
storage oscilloscope. The measured lifetime spectra were
deconvoluted with multiple exponential components to
resolve various lifetime parameters. The spectra were ana-
lyzed with an experimental time resolution of 190 ps using
the RESOLUTION program [29]. DBAR momentum spec-
trum was measured from the high-resolution energy signals
derived from a conventional HP-Ge detector following the
process of nuclear spectroscopy techniques and stored as a
histogram. The characteristic 511 keV annihilation photo-
peak with an energy resolution of ~ 1.2 keV with a channel
width of 0.071 keV was used. A sum of 10x 107 counts in
the annihilation peak was collected to derive the S (shape)
and W (wing) parameters by an analysis method. The two
comparable parameters extracted from the central and wing
portions of the energy spectrum are the annihilation from the
valance electron denoted as the S parameter and the annihi-
lation from the core electrons denoted as the W parameter.
The detailed experimental procedures and the instrument of
PAL and DBAR spectroscopy have been explained in our
previous reports [21].

3 Results and discussion
3.1 XRD and HRTEM

The XRD pattern of as-prepared (400 °C) and annealed
(800 °C) undoped, Li-doped, Na-doped CuO samples shown
in Fig. 1, exhibits a distinct monoclinic phase of CuO nano-
structures. The modified peak width and intensity of the
XRD pattern evidenced the addition of alkali metal ions
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Fig. 1 XRD patterns of as-prepared (400 °C) and 800 °C annealed a Li-doped and b Na-doped CuO in comparison with undoped CuO of nano-

structures

Table 1 Lattice parameter and

crystallites size of undoped, and

Li- and Na-doped CuO

Sample Crystallite  Lattice Constant A) Unit Cell
size (nm) b C Vﬂo31ume
(A)
CuO 400 °C 17.94 4.6718+0.0092  3.4151+0.0043  5.1161+0.0102  80.510
CuOLil 400 °C 24.52 4.6601+0.0092  3.4177+0.0043  5.1358+£0.0102  80.664
CuOLi3 400 °C 29.65 4.6794+0.0092  3.4200+0.0038  5.1273+0.0102  80.907
CuOLi5 400 °C 31.74 4.6773+0.0092  3.4202+0.0038  5.1274+0.0102  80.881
CuONal 400°C  27.99 4.6984+0.0107  3.4334+0.0038  5.1391+0.0150 81.738
CuONa3 400 °C ~ 23.23 4.7016+0.0034  3.4561+0.0034  5.1323+0.0034  82.253
CuONa5 400 °C  20.22 4.6950+0.0048  3.4454+0.0038  5.1216+0.0053  81.706
CuO 800 °C 59.80 4.6683+0.0053  3.4202+0.0034  5.1363+0.0087  80.879
CuOLil 800 °C 57.08 4.7282+0.0160  3.4278+0.0034  5.1113+0.0209  81.663
CuOLi3 800 °C 62.06 4.7123+0.0204  3.4175+0.0048  5.1373+0.0262  81.531
CuOLi5 800 °C 68.57 4.6804+0.0043  3.4101+0.0034  5.1301+0.0048 80.710
CuONal 800°C  71.13 4.7039+0.0150  3.4252+0.0034  5.1262+0.1070  81.429
CuONa3 800 °C ~ 57.45 4.6953+0.0053  3.4396+0.0038  5.1305+0.0087  81.702
CuONa5 800°C  53.18 4.6889+0.0034  3.4377+0.0034  5.1327+0.0038  81.558
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Fig.2 SAED pattern, HRTEM d-spacing pattern, and low magnification particle images of (a—c: top) CuO 400 °C, (d—f: middle) CuOLi3

400 °C and (g-i: lower) CuONa3 400 °C.

to the nanostructures. The diffraction peaks were indexed
according to JCPDS card numbers 89-5895 [30]. The aver-
age crystallite sizes D (nm) were calculated using Scherrer’s
formula [31] given by,

K
"~ Pcosd’ 1)
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where k=shape constant, 1=wavelength, f=FWHM, and
6 =angle at which the diffraction occurs. Table 1 lists the
average crystallite sizes of CuO, Li-doped CuO, and Na-
doped CuO nanoparticles. This reveals a variation in the
crystallite growth of Li-doped and Na-doped as-prepared
(400 °C) CuO nanostructures. Upon annealing (800 °C),
the crystallite growth was significantly increased for



Li and Na metal ion-induced defects in CuO nanocrystallites studied by positron annihilation...

Page50f13 629

the Li-doped samples whereas the crystallite size decreased
for Na-doped samples. Na ions inhibit the crystallite growth
due to the small ionic radii of Cu compared to Na. The cal-
culated average crystallite size of as-prepared Li-doped CuO
increased from 24 to 32 nm and from 57 to 68 nm for the
800 °C annealed samples. An enhancement in the crystallite
size of Li-doped CuO arises from the ionic radius difference
of lithium (0.59 A) and copper (0.73 A) in the tetrahedral
coordination. The increase may be due to the higher ionic
mobility, lower activation energy, and small radius of the
Li ions. During the growth process, the induced lower acti-
vation energy initiates the easy transfer of Li ions to the
nucleation sites that lead to the crystallite size increase than
that of the trap sites. The lattice constant variations imply
the presence of lattice defects owing to forces exerted by Li
ions, especially lattice strain [20, 30].

The lattice constants ¢ of the Na-doped CuO larger than
those of the undoped signifies the incorporation of the Na
ions into substitutional positions. It is believed that the sub-
stitution of larger Na* (1.02 A) with smaller Cu®* (0.73 A)
increases the lattice constant [33]. The peak intensities
increased marginally upon Na doping which could perhaps
be due to the occupation of Na at oxygen vacancies [34]
(antisite). As the doping concentration increases, the peak
intensities become more intense and sharper indicating good
crystallinity. No additional peaks related to secondary and
impurity phases owing to the dopant of Li as well as Na ions
are observed. All the parameters confirmed the presence of
an alkali atom in the CuO lattice.

Structural information further obtained from HRTEM
and SAED analysis are presented in Fig. 2 for CuO-400 °C,
CuOLi3-400 °C, and CuONa3-400 °C nanostructures. All
the samples confirm the polycrystalline features of CuO
nanostructures. The SAED concentric ring patterns indicate
the Bragg reflection planes with their inter-planar spacing of
0.15 nm, 0.18 nm, and 0.24 nm for undoped, Li-doped, and
Na-doped samples, respectively, and match well of the rel-
evant planes, crystalline nature without any additional phase
and corroborate well with the XRD analysis. The low mag-
nification HRTEM image indicated that the nanoparticles
are structurally uniform of spherical shape morphology with
overlapping grains and the particle sizes are in the range of
15-90 nm with an average of 43 nm, 65 nm, and 30 nm for
undoped, Li-doped and Na-doped samples, respectively. The
particle size variation and d-spacing increase manifest the
dopant incorporation as well as the concentration and differ-
ent ionic radius of Li and Na in the Cu site or as interstitial in
the lattice. The TEM resolved higher particle size tendency
is comparable to the crystallite size from XRD and the size
variation is due to the crystallites agglomerations due to
multiple domains combining to form a particle leading to an
increase in particle size owing to their difference in dopant
ionic radii and concur with the XRD discussions above.
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Fig.3 S-W plot of a Li- and b Na-doped CuO (solid line to guide
the eyes and the dashed line to distinguish as-prepared (400 °C) and
800 °C samples

3.2 Positron Doppler broadening studies

The electron momentum distribution changes in the DBAR
spectra are expressed by the S—W parameter to quantify
the defects. The S and W parameters variations reflect
the changes due to the annihilation of positron—electron
pairs with low-momentum and high-momentum electrons,
respectively. S parameter increase/decrease together with
the W parameter decrease/increase or both parameters
increase/decrease indicates the variation in vacancy size
and concentration. Figure 3 depicts the variation in S and
W parameters of 400 °C as-prepared and 800 °C annealed
undoped, Li-doped CuO and Na-doped CuO. Comparing
the undoped CuO, Li (1% and 3%)-doped CuO exhibits
a decrease in the S parameter that demonstrates reduced
vacancy concentrations, thereby indicating the Li ions
occupied the existing Cu vacancies and adjust the oxygen
vacancies to compensate for the charge neutrality [35]. The S
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parameter increase for the 5% doping may be due to the par-
tial amount of Li-ion occupied at the grain boundaries. The
increase and decrease of S and W clearly show the changes
in defect concentration resulting in doping. Whereas, in all
the Na-dopant concentrations the S parameter decreases with
a small increase in W, indicating the defect size reduction
with lesser defect concentration and significantly differs
from Li-doped CuO. As the dopant Na ionic radius is higher
than Cu?*, it tends to occupy the grain boundary and hence
reducing the crystallite size [36, 37]. This effected with a
marginal decrease of § with Na concentration that indicates
a reduction in defect concentration.

For the 800 °C annealed Li-doped CuO, the S parameter
is considerably reduced than for the as-prepared 400 °C
samples. This trend clearly explains that Li* trapped at
the surface of the grain boundaries further migrates and
occupies the Cu vacancy site. Moreover, the Li ions also
migrate to the lattice and could occupy the interstitial posi-
tion on annealing. The S parameter increases for the 3%
and 5% Li dopant concentration compared to the Li 1%
dopant. The non-linear variation of the S/W parameter and
the significant decrease of the S parameter compared to
undoped CuO show the increased annihilations with the
Cu 3d electrons, while in the case of the O vacancy, the
W parameter changes are minimal. This may be an indica-
tion of a point defect presence such as a neutral oxygen
vacancy. On the other hand, the S decreases due to the
migration of Na into the CuO lattice from the surface,
thus recovering vacancy defects at 800 °C. Annealing at
a higher temperature leads to a reduction of Cu vacancies
in the CuO lattice. The difference in ionic radii makes it
difficult to occupy a Cu vacancy of the as-prepared sample.
So, there are no substantial changes in the S and W param-
eters for 400 °C Na-doped samples. This may be possible

Table 2 Analyzed positron lifetime and DBAR parameters

at high-temperature annealing for Na with a compressive
stress field since Na is 29% bigger than Cu [38]. Hence, Na
ions migrate to the vacancy site to reduce Cu vacancy-type
defects. When Na ions occupy the substitution site, lattice
distortion may occur, resulting in lattice stress resulting in
a slight decrease in W for Na-doped samples. The slight
decrease could be due to the occupation of oxygen vacan-
cies by Na ions [39] where a Na atom may incorrectly
occupy a site on the O sublattice (antisites defect). When
compared to the CuO annealed sample, the S/W is linearly
reduced/increased and hence, the V_ —V vacancies recov-
ered in Na-doped samples (Fig. 3).

3.3 Positron lifetime studies

The positron lifetime spectrum was resolved into three
components 7, 7,, and 75 for all samples and presented in
Table 2. The shortest positron lifetime (z,) is in the range
of 154-228 ps with intensities of 35-51% for as-prepared
samples and ascribed to the annihilation in the free state.
The 7, variations also include the Bloch state residence time
of trapped positrons in defects [40] that comprise structural
defects in the crystallite and on the surface [41]. An interme-
diate lifetime 7, is due to the defect species component origi-
nating from the annihilation of positrons at vacancy clusters
in the grain interface. The ortho-positronium pick-off anni-
hilation from free-volume such as microvoids that existed
in the grain junction is accounting from the long lifetime
component 75 with intensity /; corresponding to the micro-
voids concentration [41, 42]. In nanocrystalline materials,
the majority of positrons get trapped and annihilated in the
grain boundaries that act as positron trapping centers [43,
44]. The diffusion length of positrons in CuO nanomaterials
is reported at a maximum of 52 nm [45-47] and higher than

Sample Positron lifetime components DBAR parameters
7y (ns) 1, (%) 7, (ns) I, (%) 73 (ns) I; (%) N w

CuO 400 °C 0.215+0.005 50.8+2.8 0.377+0.006 48.5+2.8 2.3+0.11 0.7+0.03 0.42196 +0.00026 0.12293 +0.00012
CuOLil 400 °C 0.190+0.004 45.4+2.1 0.358 +£0.004 54.2+2.0 1.9+0.18 0.4+0.04 0.41490+0.00025 0.12799 +0.00012
CuOLi3 400 °C 0.154+0.005 39.0+1.8 0.340+0.005 60.2+1.5 0.9+0.13 0.8+£0.40 0.40979 +0.00026 0.13083 +£0.00013
CuOLi5 400 °C 0.158 +£0.004 354+13 0.354+0.003 64.2+1.2 1.1£0.18 0.4+0.10 0.41150+0.00026 0.12889+0.00013
CuONal 400 °C 0.217+0.006 40.3+£3.3 0.364 +0.005 59.2+34 2.4+0.10 0.5+£0.03 0.42050+0.00026 0.12293 +0.00012
CuONa3 400 °C 0.222+0.007 41.5+£35 0.363+0.005 58.2+3.7 2.5+0.23 0.3+0.02 0.41800+0.00026 0.12385+0.00012
CuONa5 400 °C 0.228 +£0.005 47.6+3.5 0.368 +£0.005 522+3.6 2.7+0.32 0.2+£0.02 0.41646 +0.00026 0.12488 +0.00012
CuO 800 °C 0.131+0.003 63.2+3.3 269.0+0.013 342425 0.6+0.054 2.6+1.01 0.39243 +£0.00025 0.14891+0.00014
CuOLil 800 °C 0.147£0.0003 100 - - - - 0.38160+0.00024 0.15830+0.00014
CuOLi3 800 °C 0.160+0.0003 100 - - - - 0.38769 +0.00025 0.15086+0.00014
CuOLi5 800 °C 0.164 £0.0003 100 - - - - 0.38857 +0.00025 0.15004 +0.00014
CuONal 800 °C 0.147+0.003 99.9+0.02 1.1£0.23 0.1+£0.03 - - 0.38205 +0.00025 0.15772+£0.00014
CuONa3 800 °C 0.146 +0.004 99.1+£0.09 0.5+0.03 0.9+0.11 - - 0.38245 +0.00024 0.15747+0.00014
CuONas5 800 °C 0.145+0.003 99.7+0.01 2.0£0.11 0.3+0.01 - - 0.38193 +£0.00025 0.15913+£0.00014
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the crystallite size of the as-prepared samples indicating the
defects.

Figure 4a displays the dopant concentration with the aver-
age lifetime calculated using the equation

Tave = ZT[-I[»/ZI[», (2)

where 7; and [; are the positron lifetime and its intensity. A
gradual decrease in 7, shows that Li occupies the Cu vacan-
cies and cluster vacancies and for the 5% doped sample, a
slight increase indicates the existence of high-concentration
point defects. Whereas, as prepared Na-doped CuO samples
not featured such variations indicating a possibly occupied
grain boundary defect than the presented Cu vacancy. A
sharp drop in 7, for all samples to annealed 800 °C is a
clear indication of the reduction in overall defect concentra-
tion. The average lifetime is increased for a higher concen-
tration of Li and is almost the same for all Na dopants. This
indicates the Li ions localization in the V, as well as their

preference to form a point defect with higher Li concentra-
tion; whereas, Na ions most likely occupied V. Likewise,
the 7,,. comparable parameter S variations from DBAR as
presented in Fig. 4b also give the overall vacancy defect and
concentration. The decrease of S and 7, for all samples
annealed to 800 °C indicates the decrease in the defect spe-
cies and their comparison gives complementary information.
The individual lifetime and their relative intensity for all
samples could be examined to confirm a clear understanding
of defect dynamics and migration of Li, and Na ions due to
annealing.

Figure 5 shows the PAL spectra of as-prepared (400 °C)
and annealed (800 °C) Li-doped CuO samples. The reported
positron lifetimes of bulk CuO and Cu monovacancy are
169 ps and 230 ps [41] and the bulk lifetime value associ-
ated with Cu monovacancy is 180 ps [48]. The first-lifetime
component (z;) of 216 ps (51%) cannot be assigned to the
aforementioned defects only and could be attributed to a
mixed contribution from CuO bulk and extended defects in
the two-grain interfaces [42, 49]. The second lifetime (z,)
377 ps (48%) is attributed to trapped positrons at cluster
vacancy defects in the crystallites and grain boundary [50]
and is comparable to the V-~V complexes lifetime [51].

For 800 °C annealed CuO, the intensity /; is increased
due to the reduction of cluster vacancies (/,) and micropores
concentration (/3). The shortest 7; (130 ps) is down from
the bulk lifetime. Since a very small percentage (< 1%) of
ortho-positronium is exposed in the sample, the contribution
of para-positronium (125 ps) with its negligible intensity
is also ignored since para-positronium may not influence
this lifetime [52]. The shortest z; (130 ps) is due to the bulk
and associated Cu interstitial (Cu,) defect. First-principles
calculation reported that Cu, has a stable charge state (Cuio)
in the entire range of Fermi levels in an oxygen environment
[9]. As a result, the Cu interstitial influences the positron
annihilation rate which could be the reason for decreasing
the first lifetime. The 7, is also reduced to 269 ps owing to
the V,—V, complexes reduction to V- —V,, vacancy [41].
The significant reduction as well as the size reduction of
microvoids are evident in the grain interface and junction of
the annealed CuO [42]. The recovery of a Cu vacancy-type
defect is prominent in the crystallite.

The first lifetime of 1% Li-doped CuO is 190 ps (45.5%)
due to the bulk lifetime value associated with Cu monova-
cancy in the 400 °C annealed sample. The lifetime value is
reduced to 154 (39%) and 159 (35.4%) ps for 3% and 5%
Li-doped samples. While the removal of residues at 400 °C
(explained in the experimental section), the vacancies could
be migrated and formed as clusters and, hence, the first life-
time is closer to the bulk value. The concentration of cluster
vacancies is increased in terms of dopant concentration as
evidenced by the intensity /,. The recovery of Cu monova-
cancies is not revealed as a function of dopant concentration,
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Fig.5 Positron lifetime and relative intensity of undoped and Li-doped CuO a 400 °C and b 800 °C

but they are agglomerated and formed as small clusters.
Hence, the cluster vacancy concentration (/,) is increased
(54%, 60%, and 64%) with increasing dopant concentration
(1%, 3%, and 5%). The ortho-positronium lifetime compo-
nent of doped samples is decreased compared to undoped
CuO and their intensity is almost the same for doped sam-
ples (< 1%).

For a 1% Li-doped 800 °C annealed sample, the first-
lifetime component 147 ps less than the bulk lifetime could
be due to Li interstitial. All the second and third lifetimes
disappeared for 1, 3, and 5% Li-doped samples. Most impor-
tantly, the surface defect (second component) in the two-
grain junction is vanished due to grain growth and its size is
greater than the positron diffusion length. The first lifetime
of Li-doped CuO is nearly 160 ps for 3% and 164 for 5%
Li*-doped CuO closer to its bulk value indicating the com-
plete recovery of all the vacancy-type defects. The trivial
increase in a lifetime may be due to the lattice stress of more
inertial Li which may create oxygen vacancy defect with
increasing Li concentration. The density of Li interstitial

@ Springer

decreases the lifetime and the oxygen vacancy defects
increase the lifetime leading to the balancing of the value
and showing nearly the bulk value. The ortho-positronium
and cluster vacancy components of Li-doped samples van-
ished in comparison to undoped annealed CuO, and there-
fore the intensity I, is 100%. As a result, Cu vacancies are
recovered completely for 1, 3, and 5% Li* doped CuO.
Figure 6 shows the analyzed data from the PAL spectra
of Na-doped CuO for as-prepared (400 °C) and annealed
(800 °C) samples. The first-lifetime value of as-prepared
Na-doped CuO is 217, 223 and 228 ps for a 1, 3, and 5%
doped sample, respectively. The 1% shows the same value
of as-prepared CuO. When adding Na, the extended defect
is changed to Cu monovacancies. There is no significant
change in the positron lifetime but the microporous con-
centration I; decreases as concentration increases. The
vacancies agglomerated and formed clusters for 1 and 3%.
The occupation of Na ion in micropores also reduced as
cluster vacancies, thus increasing I,. The high concentration
of Na ion (5%) prevents the agglomeration of vacancies to
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Fig.6 Positron lifetime and relative intensity of undoped and Na-doped CuO a 400 °C and b 800 °C

the grain boundary due to Na ion occupied in micropores
as evidenced by I;. There is no change in the first-lifetime
values because Na ion could not move to the substitutional
positions. The intensity variation is due to Na ions occupied
in micropores at the grain boundary junction.

The first-lifetime value of annealed Na-doped CuO is
147, 146, and 145 ps for 1%, 3%, and 5% and their inten-
sity is nearly 100%. The values are almost the same for all
dopants but with remarkable changes in the 800 °C annealed
sample compared to 400 °C. Na ion tends to move to the
substitutional positions, thereby reducing the first-lifetime
values. Although Na* has bigger ionic radii, the movement
of Na ions to Cu substitution positions is possible at high-
temperature annealing. The clusters agglomerated as void
with a value of less than 1%. Here, a second component is
shown as a large value of a big cluster vacancy value, like a
small micropore. Annealed sample lifetime revealed that Na
substituted for Cu vacancies has not migrated to the intersti-
tial position. This effect is certainly due to the recovery of
cluster vacancy defects and the larger fractions of positrons

annihilation in the bulk and revealed nearly 100% intensity.
The first lifetime is lower than the bulk value, and it is due
to the occupation of oxygen vacancies by Na ion [40] and
oxygen interstitial (O;).

3.4 Comparative analysis of XRD, TEM, Doppler
broadening, and positron lifetime

The § parameter and lifetime values distinctly show a
reduction of defects. The average lifetime of doped CuO at
800 °C shows clearly that Li and Na ions are occupied in
the vacancy, cluster vacancy and open pores. As examined
in XRD, the crystallite size was significantly increased with
the addition of Li for an 800 °C annealed sample. Likewise,
the TEM calculated particle size also increased for 3% doped
of the same order as observed in XRD. The positron diffu-
sion fraction into the grain boundary appears to decrease as
grain size increases. Most probabilities of positron annihila-
tion in crystallites show that Li-doped CuO has completely
reduced the Cu vacancy-type defects, cluster vacancies, and
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micropores. The grain growth caused by annealing cures the
grain and boundary defect, lowering 7,, and S. In contrast,
increasing the concentration of Na reduced the crystallite
size as well as the particle size significantly because Na
ions inhibit grain growth, while the t,, and S parameters
remained nearly constant.

Each lifetime component shows very clearly that clus-
ters and voids are recovered for Li and reduced for Na at
800 °C. The concentration of micro void is less than 1%
for Na-doped samples. So, the dynamics of vacancy defects
and other point defects could be clarified from the first-life-
time component. The vacancies created by replacing Cu**
with alkali metal ions can be understood from the following
equation,

2Cu0
X0 — 2Xc / +V + O] . 3)

The X* ions (Li, Na metal ion) that replace Cu>* ion
are considered as negative lattice defects (X,/), oxygen
vacancies V" as positive defects (2 positive charges) and O,
is normal occupied oxygen or anion sites. The charges of
one oxygen vacancy are compensated by the charges of two
X" ions, which will lead to CuO lattice distortion, causing
stress [44]. The introduction of charged impurities with a
+ 1 charge state chemical valence will modify the charge
neutrality of Cu. The defect characteristics that change upon
the incorporation of Li/or Na ions are determined by charge
compensation. The same trend of an average lifetime and S
parameter was observed for 1% of Li- and Na-doped sam-
ples, but this trend changed with 3 and 5% Li-doped sam-
ples. Even though V-,—V,, vacancies could have been identi-
fied for the undoped sample, the V,>* cannot be identified
because positron is rarely trapped. Because positron density
concentrates near Cu—O bonds [53] and the shortest distance
(1.95) [54], the effects of positron trapping at positively
charged vacancies cannot be completely ignored. However,
the observed first lifetime of higher Li concentration is not a
Vo or Vi, monovacancy lifetime. On the other hand, it can-
not be assigned as interstitial, which reduces the lifetime due
to the high density of the electron cloud. Since positrons pri-
marily get trapped at negative and neutrally charged vacan-
cies, the first lifetime could be an average value of isolated
neutral oxygen vacancy and Li interstitial defects.

Figure 7 shows the ratio of momentum spectra for Li-
doped samples concerning CuO-AS (400 °C as-prepared)
and CuO-AN (800 °C annealed) samples. The shape of the
momentum range (7-30 x 107) is the fingerprint of the anni-
hilation with Cu 3d and core electrons [55]. The high intense
peak (15x 1073) shows the contribution from annihilation
from Cu 3d and core electrons for annealed CuO (Fig. 7a);
whereas, the low ratio dip shows the contribution from anni-
hilation from 3d electron for as-prepared CuO (Fig. 7b). As
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the oxygen vacancies increased, the peak height was down
to the momentum range for NiO [56]. It is established that
oxygen vacancies are reduced in the oxygen atmosphere
annealing [57], thus enhancing the peak amplitude in the
momentum range (7-30 x 107) for CuO-AN concerning
CuO-AS.

Adding Li (1%) also enhances the amplitude over CuO-
AN. There is a reduction in further increasing Li concen-
tration for both as-prepared and annealed samples due
to increased oxygen vacancies. Oxygen vacancies are a
potential source of compensation in Li-doped CuO and
the 2 + state (V) to be stable in the Li-doped ZnO crys-
tal annealing out between 500 and 600 K [58]. This state
may be varied at high-temperature annealed samples. As
the Fermi level moves upward, the thermodynamic charge
state transition is, thus, from the 2 + state V)t the neutral
state (V,). The positive charge state of the oxygen vacancy
(V.) is unstable for any Fermi-level position and also ther-
modynamically unstable. It is always higher in energy than
either (V) or (V,,) for any position of the Fermi level [58].
As previously stated, the positron is rarely trapped in the
(V.)and (V) but possible to initiate trapping less efficiently
in neutral vacancy (V,). When adding more Li impurity,
which is in the interstitial position, the valance band mini-
mum may shift upward that increasing the formation energy
of the oxygen vacancy in the neutral charge state for the
positive charge states. As discussed earlier, for a 1% Li-
doped sample, the first lifetime is lower than bulk, and the
anion vacancy charge compensation [0*~ — X* - [V;] - X*
— O%*7] may be altered by Li interstitials. Because lifetime
confirms the interstitial position of 1% Li, the interstitial Li
density at high concentrations could convert the 2 + state to
neutral oxygen vacancies. Moreover, Li interstitial density
may create the isolated neutral oxygen vacancies needed to
relax the lattice strain in the crystallite. The Cu 3d electrons
bond with oxygen 2p electrons which are quite delocalized,
and their contribution could be in the momentum region of
6-9x 107, The opposed trend of 5% Li compared to 1% Li
may be due to localized electrons around the oxygen-neutral
vacancies. An opposite trend emerged for the annealed sam-
ple in the momentum region of 6-9 x 10~ This momentum
range of 5% Li clearly shows oxygen-neutral vacancies from
the momentum ratio to the CuO-AN plot (Fig. 7b). When
looking at the momentum plot (Fig. 7a), the oxygen vacan-
cies are generated at a higher Li concentration. Hence, the
momentum peak (15X 107%) intensity gets decreased with a
higher concentration of Li possibly due to isolated oxygen
vacancy. The lifetime changes of oxygen-isolated vacancy
were larger than bulk and theoretically predicted to be 3 ps
[59] and experimentally predicted as 20 ps [60]. In our case,
it shows a near bulk value and assumes to be due to the
average value of neutral vacancies (V) and Li interstitial
impurity.
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Figure 8 shows ratio the of momentum spectra for Na-
doped samples to CuO-AS (400 °C as-prepared) and CuO-
AN (800 °C annealed) samples. Na-doped samples exhibit a
similar curve progression but with a slight drop-off and further
increases in concentration compared to annealed 1% Na-doped
CuO. Although ionic compensation occurs for Na-doped
annealed samples, the interstitial regions are less compact. The
Na interstitial lifetime may have been less than the Li intersti-
tial because the electron density is more than Li. The lifetime
value did not show the interstitial effect for Na-doped samples
and showed a recovery of Cu vacancies. The low momentum
(6-9x 107%) of the annealed Na-doped sample can be attrib-
uted to Na occupying oxygen vacancies (antisite defects). The
first lifetime could not be affected for a Na-doped sample to
concentration. This lower momentum range (6-9x 107) is the
positron annihilation in regular occupied oxygen sites. The
low momentum range 05 x 107 is the grain boundary curing
effect that increases with Li/Na concentration due to annealing.
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Fig.8 Ratio plot of momentum spectra for Na-doped samples a CuO-
AS (400 °C as-prepared) and b CuO-AN (800 °C annealed)

Positron lifetime and momentum variation are due to neutral
oxygen vacancies along with Li interstitial and antisite defects
along with oxygen interstitial created by Li and Na, respec-
tively. The present study of Li* ions occupying the Cu site
or V-, shows improved electrical and thermal properties of a
prospective thermoelectric material [7]. In addition, the pres-
ence of oxygen vacancies, interstitial Li; antisite and oxygen
interstitial take place on Na doping might play a significant
role in their electronic properties.

4 Conclusion

XRD and HRTEM analysis of Li/Na-doped CuO nanostruc-
tures confirmed the single-phase fine crystalline monoclinic
structures, crystallite size variations, grain growth, and grain
surface modifications. Positron studies revealed the presence
of extended point defects, V,—V complexes, microvoids
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in as-prepared CuQ; and the presence of Cu,; defect conse-
quent to annealing. V-, and cluster vacancies concentration
increase for a higher % of Li dopant and their annealing sam-
ples signified the formation of Li; and isolated neutral V,,. Na
ion occupied in the grain boundaries further moved in V-,
and possibly in V,, on annealing and signified the formation
of antisite defects and O;. Annihilation with Cu 3d core elec-
trons shows the reduction of V and the bonding with oxy-
gen 2p electrons indicates the neutral V in Cu;_,Li,O and
O;in Cu;_Na, O. The present study contributes to the nature
of native point defects and their modification upon doping
which will significantly modify the electronic properties.
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