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a b s t r a c t

Very recently, vacancy-type defects have been found to play a major role in stabilizing d0 ferromagnet-
ism in various low dimensional ZnO systems. In this context, the evolution of vacancy-type defects
within the ZnO nanocrystals due to the doping of ZnO by alkali metal lithium (Li) is investigated using
X-ray photoelectron (XPS), photoluminescence (PL) and positron annihilation spectroscopy (PAS).
Li-doping is found to have significant effects in modifying the vacancy-type defects, especially the Zn
vacancy (VZn) defects within the ZnO lattice. XPS measurement indicated that initially the Li1þ ions
substitute at Zn2þ sites, but when Li concentration exceeds 7 at%, excess Li starts to move through the
interstitial sites. The increase in positron lifetime components and the lineshape S-parameter obtained
from coincident Doppler broadening spectra with Li-doping indicated an enhancement of VZn defect
concentration within the doped ZnO lattice. The vacancy type defects, initially of the predominant
configuration VZnþOþZn got reduced to neutral ZnO divacancies due to the partial recombination by the
doped Li1þ ions but, when the doping concentration exceeded 7 at% and Li1þ ions started migrating to
the interstitials, positron diffusion is partly impeded and this results in reduced probability of
annihilation. PL spectra have shown intense green and yellow-orange emission due to the stabilization
of a large number of VZn defects and Li substitutional (LiZn) defects respectively. Hence Li can be a very
useful dopant in stabilizing and modifying significant amount of Zn vacancy-defects which can play
a useful role in determining the material behavior.

1. Introduction

Vacancy-type defects in wide band gap (Eg43 eV) semicon-
ducting oxides have been found to play crucial roles in determin-
ing the intrinsic structural, electrical and optical properties of the
material [1,2]. In addition, the recent observation of defect-
mediated d0 ferromagnetism in various low dimensional (1D/2D)
semiconducting oxides such as ZnO [3–5], SnO2 [6–8], TiO2 [9–11],
etc. gave rise to the idea of a new way to stabilize room
temperature ferromagnetism (RTFM) and thus to prepare ZnO-
based magnetic semiconductors for spintronic or optospintronic
applications [12]. In fact, ZnO is one of the most versatile wide
band transparent conducting oxide, having a large energy band
gap (Eg)�3.3 eV at room temperature [1] and very recently, the
alkali metal-doped ZnO nanostructures and thin films [13–18]

have drawn special attention to the scientists as the promising
spintronic materials. The doping by monovalent Li, Na, K etc. has
been found to become very effective in stabilizing the vacancy-
type defects and thus in turn being able to stabilize ferromagnetic
ordering in ZnO nanostructures [13–19]. In our previous report
[17], we have observed that, among different alkali metals, the
doping of Li is the most effective to generate more magnetic
moments and thus Li-doped ZnO films exhibited largest saturation
magnetization and highest ferromagnetic transition temperature.
The observation of such defect-generated ferromagnetism without
any presence of the so-called magnetic elements (i.e., the transi-
tion metals or rare-earths) has been very exciting as far as the field
of oxide-based magnetic semiconductors is concerned and hence
it demands more systematic as well as careful study. Besides the
magnetic aspects, Li can also modify the optical band gap [20,21]
and luminescence [21] properties of ZnO depending on the
configuration of Li ions within the host ZnO lattice. The existence
of strong luminescence center in the green region makes ZnO as a
suitable material for phosphor applications [21]. The n-type
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conductivity of ZnO makes it appropriate for applications in
vacuum fluorescent displays and field emission displays [21].
However, the origin of the green luminescence center in ZnO is
not really understood yet and had been being frequently attributed
to oxygen vacancies or zinc interstitials, without any clear evi-
dence [2,21]. On the other hand, recent studies [2,13] have
suggested that zinc vacancies, instead of oxygen vacancies or Zn
interstitials are a more likely cause of the green luminescence.

However, in order to understand such defect-mediated pheno-
mena, it is very necessary to probe the defects and defect modifica-
tion due to doping and, to the best of our knowledge, there is still
no report concentrating on defect dynamics of Li-doped ZnO
nanocrystals (NCs). In this context, positron annihilation spectro-
scopy (PAS) is generally known to be an effective tool to detect
vacancy-type defects within materials. Hence, we became moti-
vated to study the evolution of vacancy-type defects within ZnO
NCs due to Li doping using positron lifetime measurements and
coincidence Doppler broadening Spectroscopy (CDBS). Besides PAS,
we have also employed photoluminescence (PL) and X-ray photo-
electron spectroscopy (XPS) in order to study about the presence of
various defect states/levels within the band gap of ZnO.

2. Experimental details

Nanocrystals of ZnO are synthesized by chemical co-precipitation
techniques using sodium hydroxide pellets and zinc acetate salts of
high purity (99.999%). Lithium acetate is used as a source of the
dopant Li in ZnO. At first, Zn acetate and Li acetate are added with
appropriate Zn:Li ratio in a mixture of 200 ml water and Triton X-100
(0.5 M) and then heated at 80 1C under constant stirring. After a few
minutes, an aqueous solution NaOH (0.05 M) is added drop by drop
using a pressure equalizer and the mixture is continued to be heated
until a precipitate was formed. After collecting the precipitate, it was
repeatedly washed with both water and ethanol and is dried in an
oven at 80 1C for 24 h. The as-prepared samples are then annealed at
500 1C in a tubular furnace under a continuous flow of oxygen (O2) in
order to obtain the final Li-doped ZnO samples. The samples are then
characterized by X-ray diffraction (XRD) (X'Pert Pro, Panalytical) using
Cu Kα radiation, transmission electron microscopy (TEM) (FEI TECHANI
G2 TF20ST) with high resolution, UV–visible absorption spectroscopy,
X-ray photoelectron spectroscopy (XPS, VG ESCA) and photolumines-
cence spectroscopy (Horiba Jobin Yvon, Fluorolog-3). The evolution
of defects within doped ZnO lattice is investigated using positron (eþ)
annihilation spectroscopy (PAS). The positrons emitted from the
radioactive decay of 22Na are used as the source of positrons for this
experiment. Coincidence Doppler broadening spectroscopic (CDBS)
measurements was performed using two high pure germanium
(HPGe) detectors, which had energy resolutions 1.27 keV and
1.33 keV at 511 keV, i.e., the energy of the annihilation gamma rays.

3. Results and discussion

3.1. Crystal structure and morphology

The crystal structure of Li-doped ZnO (Zn1-xLixO, 0.0rxr0.16)
NCs are analyzed by X-ray diffractometer using Cu Kα radiation,
shown in Fig. 1(a). The diffraction patterns agree well with the
standard hexagonal wurtzite crystal structure of ZnO (JCPDS code no.
36-1451) which found to remain unchanged even after Li-doping.
However, the lattice parameters (a¼b and c) of ZnO unit cell, as
indicated in Fig. 1(b), are found to decrease initially up to Li
concentration x¼0.07 and then both increase on further Li doping.
The initial decrease of lattice parameters can be due to the substitu-
tion of smaller Li1þ ions (0.73 Å) replacing the Zn2þ (0.74 Å) ions and

when Li doping exceeds 7 at%, the excess Li atoms start to occupy the
lattice interstitial sites which results in an expansion of ZnO unit cell.
The crystallite sizes of the samples are estimated using the standard
Scherrer equation [22] as dc ¼ Kλ=β cos θ, where K¼0.89 is a
constant, λ¼1.541 Å is the wavelength of the Cu Kα radiation used
and β is the full width at half maximum of the peak. Similar to lattice
parameters, the crystallite size of doped ZnO as illustrated in the
inset of Fig. 1(b) also decreases initially up to x¼0.07 and then
increases with additional Li-doping. However, it is important to
mention here that the range of crystallite sizes we obtained in the
present samples (dc¼30–40 nm) is a medium one, i.e., too large to
observe quantum confinement effects and too small to prevent
positrons diffusing out to the surfaces and getting annihilated there.
The latter aspect is discussed again afterwards. Fig. 2 shows the
representative TEM pictures, high resolution TEM micrographs and
the selected area electron diffraction (SAED) patterns of undoped
ZnO and Zn0.9Li0.1O NCs. The particles are found to appear in nearly
hexagonal shape indicating the hexagonal ZnO crystal structure.
The average particle size of Zn0.9Li0.1O NCs is found to lie within
40–50 nm which is significantly smaller compared to that of the
undoped ZnOwhich is �100 nm. In fact, similar to the crystallite size
obtained from X-ray diffraction, the particle size as estimated from
TEM is also found to follow similar trend. The SAED patterns as
observed from Fig. 2(c) and (f) indicate that pure and doped ZnO NCs
are polycrystalline in nature.

Fig. 1. (a) X-ray diffraction patterns of undoped ZnO and Zn1�xLixO samples and
(b) variation of lattice parameters (a and c) of ZnO unit cell and crystallite size dc
(in inset) with Li doping concentration.



3.2. UV-absorption and increase of optical band gap

UV–visible absorption spectroscopy is employed in order to
estimate the energy band gap of doped ZnO and Fig. 3(a) shows
the room temperature optical absorption spectra for the Li-doped
ZnO NCs. It can be seen form the figure that the intense UV
absorption peak shifts gradually towards the lower wavelength
side with the increase of Li concentration. From the absorption
edge, the values of band gap energy (Eg) are estimated using the
relation αhν¼A(hν�Eg)n where A is a constant, hν is the photon
energy and n¼½ for an allowed transition in direct band gap
semiconductors. Fig. 3(b) depicts the evolution of Eg with Li-
doping concentration (x) which indicates a gradual rise of Eg due
to Li substitution. The largest value of the band gap of 3.32 eV is
obtained for x¼0.16 while for undoped ZnO NCs, it is 3.24 eV
which is quite less compared to bulk undoped ZnO [23]. Usually
the change in band gap is considered as a finite size effect and
with the onset of quantum confinement effects, it is supposed to
increase with the decrease in nanoparticle size. The band gap
energy of the samples are therefore plotted again as a function of
the crystallite size, as shown in Fig. 3(c), and here too a sharp
decreasing trend with decreasing particle size is observed. A small
rise is observed around 36–34 nm sized particles but this cannot
be attributed to the quantum confinement effects because the size
of the NCs has to be less than the exciton Bohr radius in such a
case [24], which is 2.34 nm [25] for ZnO. Hence, it is expected that
the defects introduced due to substitution of Li within ZnO lattice
are playing the dominant role to control the optical band gap.

Similar enhancement in the band gap energy (Eg) of ZnO thin
films was also reported by Li et al. [26] due to doping by

magnesium (Mg). There Eg of the composite system has been
found to increase almost linearly with increase of Mg content up
to 22 at%. Using the first-principle calculations, Shi and Duan [27]
have explained such enhancement of band gap due to Mg doping
in ZnO on the basis of the following equation wherein the band
gap energy of an alloy AxB1�xC was described as follows:

EgðxÞ ¼ xEgðACÞþð1�xÞEgðBCÞ�bxð1�xÞ ð1Þ
where b is called the band-gap (optical) bowing parameter and
Eg(AC) and Eg(BC) are the band gap of the binary constituents AC
and BC respectively. They have proposed that as the value of
Eg(MgO) �7.67 eV is quite large as compared to Eg(ZnO) �3.4 eV
and, as the size difference of Mg and Zn ions is small, the band-gap
of ZnO should rise continuously with the increase of Mg content
(x) and should reach at the value of Eg(MgO)¼7.67 eV when x¼1,
i.e., for 100% Mg substitution in ZnO. Similar explanation can also
be drawn for the present case of Zn1�xLixO NCs. As Li2O has almost
an insulating behavior (i.e., having very large band gap) compared
to ZnO (�3.24 eV here) and also both Li1þ and Zn2þ are almost
similar in ionic size, the band gap Zn1�xLixO compounds should
also be expected to increase with increase of Li concentration (x).
Besides, such enhancement of optical band gap with doping
concentration in Zn1�xLixO NCs can also be explained according
to Burstein–Moss effect [20,28]. As the substitution of Li at Zn site
can introduce a hole, with increase of Li-doping in ZnO, more and
more free carrier holes are added and then the topmost electronic
states in valence band become vacant gradually. In other words, as
more and more Li is substituted, the energy level corresponding to
valence band maxima (VBM) moves downwards resulting in a
decrease of band gap (Eg) [20,28].

Fig. 2. TEM, HRTEM micrographs and the SAED patterns for undoped ZnO in ((a), (b) and (c)) respectively and similar for Zn0.9Li0.1O in ((d), (e) and (f)).



3.3. X-ray photoelectron spectroscopy studies

The evidence of Li substitution at Zn site within the ZnO lattice
is confirmed by X-ray photoelectron spectroscopy (XPS). Fig. 3
shows (d) Zn 2p, Li 1s (inset) and (e) O 1s core level XPS spectrum
for Zn0.9Li0.1O NCs. The Zn 2p core level spectrum exhibits a
doublet located at 1022.8 and 1045.9 eV which correspond to the
Zn 2p3/2 and 2p1/2 states respectively. These respective peak
positions and the difference in binding energies in Zn 2p spectrum
certainly presents the indication that Zn is in the þ2 oxidation
state [29–31]. The core level O 1s peak, shown in Fig. 3(e), can be
fitted into two Gaussian components situated at 530.9 and
532.1 eV respectively. The peak with lower energy (530.9 eV) is
due to the existence of Zn–O in hexagonal wurtzite structure and
the higher one i.e., 532.1 eV can be associated with the oxygen
deficient region in the ZnO [29] or the Zn–OH bond due to the
formation of the Zn(OH)2 phase in the ZnO matrix by the
absorption of moisture from atmosphere [32,33]. The core level
Li 1s spectrum, presented in the inset of Fig. 3(d) clearly indicates
the presence of two different peaks situated at 52.9 and 55.4 eV
respectively. The appearance of peak located at 55.4 eV confirms
the substitution of monovalent Li ion at Zn site (LiZn) [34,35]. On
the other hand, the comparatively low intensity peak at 52.9 eV
also indicates the existence of some percentage of Li interstitial
(Lii) defects [35] in ZnO lattice especially when the Li-doping
exceeds a concentration �7 at%.

3.4. Positron lifetime spectroscopy and CDBS studies

Positron annihilation within condensed matter is known to be one
of the very effective subatomic processes to investigate the vacancy-

type defects within materials. Fig. 4(a) shows the representative peak-
normalized positron lifetime spectrum of undoped ZnO and Zn0.9Li0.1O
NCs. The nature of the spectra indicates an enhancement of positron
lifetime after doping due to the generation of more vacancies within
the doped samples. After analyzing these spectra using the program
PALSfit [36], we have obtained three positron lifetime components
which are termed as τ1, τ2 and τ3 with their corresponding relative
intensities I1, I2 and I3. Fig. 4(b)–(f) shows the variation of positron
lifetime components and their intensities with Li doping concentra-
tion. The shortest lifetime (τ1) which is less than the reported bulk
lifetime in ZnO is due to the free annihilation of positrons within the
bulk of ZnO. On the other hand, the longer components τ2 can arise
from positron annihilation within the vacancy-type defects in the
crystallites whereas the longest one, τ3 (�1–4 ns) is due to the
formation and annihilation of orthopositronium atoms in the regions
between the crystallites [37]. The orthopositronium atoms are the spin
triplet bound states of a positron with an electron in each and their
lifetime is a result of the very low electron density pervading in the
intercrystallite region. According to the several reports [38], the value
of positron lifetime in pure ZnO (τb) is found to lie within 151–177 ps.
In a previous experiment, we have obtained 179 ps [35]. According to
the two-state trapping model [39], it can be written as follows:

1
τ1

¼ 1
τb
þκd

where κd is the finite trapping rate of positrons in the defects.
Normally τ1 should be less than τb when there exists only one type
of defects, as found in the present case for all the samples. This may
imply that there is only one predominant type of positron trapping
sites and they are likely the surfaces of nanocrystallites. Since the
nanocrystallites of all the samples used here are of sizes less than the

Fig. 3. (a) UV absorption spectra of various Zn1�xLixO NCs indicating a blue sift of the absorption band edge with increasing x. Plot of energy band gap (Eg) versus (b) Li
doping concentration and (c) crystallite size. Core level XPS spectra of (d) Zn 2p, Li 1s (inset) and (e) O 1s state for Zn0.9Li0.1O NCs.



thermal diffusion length of positrons (which is �52 nm for ZnO [40]),
they can thermally diffuse on to the grain surfaces and get annihilated
there. The large magnitudes of τ2 are proof to this. However, the
positron lifetime on the grain surfaces should have been a saturation
lifetime and should not have shown any variation with the Li doping.
As illustrated in Fig. 4(b)–(f), the entire positron annihilation para-
meters exhibit two opposite trends. Up to x¼0.07, all the positron
lifetimes initially found to decrease and then increase on further
doping. This means, τ2 also contains a contribution from the electron
density within the particles or crystallites. Vacancy clusters are the
possible site of positron trapping within the particles and they arise
from the non-stoichiometry of the semiconductor material. Hence τ2
can be an average of the positron lifetimes within the vacancy clusters
and the crystallite surfaces. Here in the present case, the evolution of
the positron lifetimes and intensities with increasing Li-doping can
result from two opposite effects. Initially, the vacancy clusters of the
type VZnþOþZn are partially filled by Li1þ ions, reducing them to
lithium-vacancy complexes and this will cause the positron lifetime
τ2 to fall as the effective size of the vacancy cluster is decreased. At the
same time, there are also substitution effects in which Zn2þ ions will
be replaced by Li1þ ions. The reduction will introduce fresh oxygen
vacancies in the samples. Since oxygen vacancies are positively
charged, positrons cannot get trapped into them directly but their
agglomeration with the existing zinc vacancies will result into neutral
divacancies of the form VZnþO. Positrons get trapped in them and the
effect is reflected as a sharp increase in the intensity I2. Above x¼0.07,

however, the doped Li1þ ions with a unit positive charge start
occupying the interstitial sites and this abruptly block the free
diffusion of the positrons. Positron trapping in vacancy-type defects
is therefore immensely reduced as indicated by a drastic fall in I2 and
the principal contribution to the lifetime τ2 at this stage comes from
those getting annihilated at the crystallite surfaces. As the intensity
(I3) of the longest lifetime component τ3 is negligibly small (o0.6%)
compared to the other intensities of other components, much
significance is not attributed them.

Fig. 5(a) shows the quotient spectra of the different samples with
respect to single crystalline Al reference samples as obtained from
coincidence Doppler broadening spectroscopic (CDBS) measurements.
It can be seen from the figure that all the curves exhibit two distinct
peaks at longitudinal electron momentum pL¼9.39�10�3 m0c and
(29–33)�10�3 m0c. The former is due to elemental oxygen environ-
ment surrounding the cationic vacancies where positrons get strongly
trapped. On the other hand, the amplitude of secondary peak is found
to increase due to increasing number of substitutional Li1þ ions. The
lineshape parameters, S and W, are the two very important para-
meters for better understanding of the defect evolution in Li-doped
ZnO NCs. These parameters have been derived from the projected
one-dimensional CDB spectra according to the following relations:

S¼
∑2

j ¼ �2NjðΔEÞ
∑50

j ¼ �50NjðΔEÞ
1ðaÞ

Fig. 4. (a) Peak-normalized positron lifetime spectra of the undoped ZnO and Zn0.9Li0.1O NCs. The positron lifetimes (b) τ1, (c) τ2, (d) τ3 and the relative intensities (e) I2 and
(f) I3 of the two longer lifetimes versus the Li doping concentration (at%).



and

W ¼
∑�4

j ¼ �12NjðΔEÞþ∑12
j ¼ 4NjðΔEÞ

∑50
j ¼ �50NjðΔEÞ

1ðbÞ

where j¼0 corresponds to E1–E2¼2ΔE¼0 and each channel was
calibrated for 400 eV. The calculated S and W parameters are plotted
against the Li1þ doping concentration and shown in Fig. 5(b) and
(c) respectively. The values of S parameter are found to rise con-
tinuously with increasing doping concentration while the W para-
meter shows a continuous decrease. Consequently the S–W plot which
is used to illustrate the defect evolution process is a falling straight line
(Fig. 5(d)). The S-parameter generally represents the fraction of
positron annihilating with the low momentum electrons i.e. in
vacancy sites or voids within the sample. On the other hand, W
parameter basically represents the fractions of high momentum
electrons annihilated by the positrons. The relative values of these
fractions are characteristics of the defects and their change can throw
some light on the major defect evolution process. The straight line
behavior of the parameters, as shown in Fig. 5(d), confirms the
existence of vacancy clusters [41] that have still not undergone any
structural changes or annealing during the range of doping used and
can still play a significant role in deciding the related properties of the
material. The overall increase of the S-parameter in case of Li-doped
ZnO indicates the enhancement of VZn or vacancy cluster concentra-
tion due to Li-doping. This is an important outcome of this present
work and it suggests that doping of monovalent Li can significantly
enhance the VZn defects with ZnO lattice. Therefore, Li proves itself to
be an effective dopant in modifying the cation vacancy defects (VZn
defects) within ZnO and, according to several recent studies [3,5,9,14],

it has been proposed that VZn possesses localized magnetic moment
which can play a significant role in determining the magnetic proper-
ties of nanocrystalline ZnO.

3.5. Photoluminescence spectroscopy studies

Photoluminescence (PL) spectroscopy is known to be a useful
tool to gain knowledge of various defects states or levels which
lie within the energy band gap of semiconducting materials.
Fig. 6(a) and (b) depicts the room temperature PL spectra of the
undoped ZnO and Zn1�xLixO NCs using an excitation wavelength
(λex) of 330 nm. The PL spectra of undoped ZnO shown in Fig. 6(a)
is found to exhibit strong ultraviolet–visible (UV) emission (whose
intensity is denoted as IUV) at 383 nm along with a broad defect-
originated green band at around 540 nm. With the incorporation
of Li in ZnO, the UV emission is found to be suppressed signifi-
cantly due to the dominance of the defect-related band at higher
wavelength region. The UV emission in the pure ZnO film can be
assigned to the near band edge (NBE) emission due to the free
exciton (FX) recombination through an exciton�exciton collision
process [42]. However, the broad defect band, as observed from
Fig. 6(b), can be decomposed into the two most significant
emission peaks; one is green emission (at 540 nm) with intensity
IG and the other is the yellow-orange emission (at 590 nm) with
intensity IYO. The yellow-orange luminescence might have originated
due to the electronic transitions involving the Li-substitutional
defects (LiZn) which act as deep acceptors [43,44]. With increase of
Li concentration (x) in ZnO, IYO is found to enhance (Fig. 6(c))
gradually that indicates the successful substitution of Li at Zn site.

Fig. 5. (a) The quotient spectra obtained from the CDBS data for different Zn1�xLixO samples with respect to single crystalline Al reference samples. The lineshape (b) S and
(c) W parameters versus the concentration of Li doping concentration and (d) the plot of S-parameter versus W-parameter.



On the other hand, the origin of the green luminescence in ZnO
thin films and nanostructures has been remained quite contro-
versial. Earlier, it was suggested that oxygen vacancy (VO) is
responsible for such green emission in ZnO but several recent
studies have shown that it is Zn vacancy (VZn) rather than VO

which is responsible for green luminescence observed in the case
of ZnO thin films and nanostructures [2,19,45–47]. VZn defects are
found to create deep acceptor band around 0.9 eV above the
valence band maximum (VBM) and the electronic transition from
the conduction band minimum (CBM) to VZn acceptor levels often
leads to the emission of visible green luminescence at 2.30–
2.40 eV [2,45–47]. Hence, the gradual enhancement of green
luminescence intensity (IG) with increasing Li-doping concentra-
tion, as shown in Fig. 6(c), signifies the stabilization of more and
more VZn defects within Li-doped ZnO lattice. In addition, the plot
of intensity ratio, IG/IYO in Fig. 6(d) also indicates the enhancement
of green emission and thus VZn defects in Zn1-xLixO NCs. Hence,
similar to the earlier described PAS results, PL spectroscopy
measurements also suggests a rise of VZn concentration due to
gradual Li-doping in ZnO lattice. As such cation vacancy defects
have been recently reported to possess magnetic moment [3,5],
the doping with nonmagentic Li can be a promising direction to
stabilize Zn vacancy-induced ferromagnetism in case of ZnO
nanostructures and thin films [3,5,9,14]. In fact, not only Li, but
the other monovalent alkali-metals like Na, K etc. can also play
similar role in stabilizing VZn defects in ZnO and thus can be very
handy in tuning the magnetic and optical properties of ZnO
nanostructures.

4. Summary and conclusions

In summary, defect dynamics within nanocrystalline ZnO due
to Li-doping is investigated employing UV-absorption, X-ray
photoelectron, photoluminescence and positron annihilation spec-
troscopic techniques. At the initial stage of doping, i.e., xo0.07, the
Li1þ ions effectively substitute at Zn sites, replacing the Zn2þ ions
within the ZnO lattice. In this regime (xo0.07), both the lattice
parameters as well as the particle sizes are found to decrease
gradually and the difference in the charge states of the two ions
results into the creation of oxygen vacancies and surface stress in
the ZnO matrix. However for x40.07, the Li1þ ions prefer the
interstitial positions and that results in lattice expansion as well as
the increase of particle size. The optical band gap (Eg) of ZnO is
found to enhance significantly with increasing Li-doping and also
with the increase of particle size. No effect of quantum confine-
ment on optical band gap is observed as the sizes of all NCs used
here are well above the limit of quantum confinement size. All the
doped ZnO NCs are found to exhibit intense photoluminescence
mainly at green and yellow-orange zone which can be associated
with the VZn defects and Li substitutional (LiZn) defects respec-
tively. The evolution of VZn defects in ZnO NCs due to Li doping
was also confirmed further by positron annihilation spectroscopy.
The continuous increase of the lineshape S-parameter with Li-doping
indicated an enhancement of VZn defect concentration. The vacancy
type defects, initially of the predominant configuration VZnþOþZn got
reduced to neutral ZnO divacancies due to the partial recombination
by the doped Li1þ ions but, when the doping concentration exceeded

Fig. 6. Room temperature photoluminescence spectra of (a) undoped ZnO and (b) Zn1�xLixO NCs. (c) Variation of the green (IG) and yellow-orange (IYO) emission intensity
with composition x and (d) plot of ratio intensity (IG/IYO) versus composition x.



7 at% and Li1þ ions started migrating to the interstitials, positron
diffusion is partly impeded and this results in reduced probability of
annihilation. Hence, proper control and manipulation of such defects
in ZnO can produce greater opportunities to modify the materials
properties significantly and make them suitable for multifunctional
applications.
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