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Here, we report the cation vacancy-induced room-temperature ferromagnetism (RTFM), photolumines-

cence (PL) and electrical properties of different group-IA alkali-metal (Li, Na, K)-doped ZnO thin films

fabricated by pulse laser deposition. The experimental evidence indicates that the Zn vacancies are

responsible for the visible green luminescence and RTFM in the alkali-doped ZnO films. The alkali-metal

ions are found to have a crucial role in the formation and stabilization of the Zn vacancies and also to

introduce the p-type conductivity to mediate the long-range ferromagnetic interaction in the films. The Li-

doped ZnO films are found to exhibit the most intense green luminescence due to the presence of a large

concentration of Zn vacancies and consequently, they exhibited the strongest RTFM with the highest

saturation moment (MS) and Curie temperature (TC). The concentration of the Zn vacancy as well as the

carrier (hole) density of the alkali-doped ZnO films decrease gradually when the alkali-dopants are varied

from Li to Na, then to K, resulting in a decrease in both the MS and TC. This study demonstrates that the

alkali elements are promising dopants to stabilize and tune high temperature FM in ZnO which can be an

exciting way to prepare a new class of ZnO-based magnetic semiconductors.

Introduction

Defect-induced d0 ferromagnetism (FM) in pristine and non-
magnetic element doped oxide semiconductors has drawn
immense attention as an alternative way to prepare a new class
of dilute magnetic semiconductors (DMSs) for spintronic
applications.1 After the observation of unexpected FM in pure
HfO2 oxide thin films,2 a new physical phenomenon has been
discovered which showed that a magnetic moment can be
induced in oxides without the presence of any d or f-electrons.
The ab-initio calculations performed by Pemmaraju et al.3 for
HfO2 and for CaO by Elfimov et al.4 have indicated that the
cation (Hf or Ca) vacancies can induce a localized magnetic
moment originating from the unpaired 2p electrons of the O
atoms neighbouring the cation vacancy site. In fact, various
experimental works on one of the most technologically
important semiconductors, ZnO, have demonstrated that
various kinds of intrinsic structural defects like cation
vacancies,5–9 oxygen vacancies,10–14 grain boundaries or inter-
facial defects,15 can play a crucial role to induce a local

moment and to stabilize the FM at room-temperature (RT).
Recently, the observed RTFM in ZnO thin films and
nanostructures doped with different non-magnetic elements
such as Li, Mg and B has been attributed to Zn vacancy (VZn)
defects.6–8 The first-principle calculations by Wang et al.16

have demonstrated that the origins of ferromagnetism in ZnO
thin films and NWs are due to VZn instead of oxygen vacancies
(VO), which are found to be non-magnetic. The formation
energy of the neutral Zn vacancy in ZnO is generally found to
be large.17 However, charged Zn vacancies can easily be
formed in n-type semiconducting thin films or nanostructures
grown under oxygen-rich conditions.17

Bouzerar et al.18 have proposed a theoretical model in
which they have shown that vacancy-induced FM with a high
Curie temperature in oxide compounds is quite possible
through the cationic substitution by the elements of the group-
1A alkali series like Li, Na, K, Rb or Cs. In our previous work,9

nonmagnetic potassium (K)-doping was found to stabilize the
RTFM in one-dimensional (1D) ZnO nanowires prepared
within the nanopores of an anodic aluminium oxide template.
The group-IA alkali-metals, M (M = Li, Na, K etc.) are generally
known to create shallow acceptor states within the ZnO energy
band-gap19–22 and their solubility in the ZnO host varies
significantly depending on their ionic sizes.19,23 Hence, the
intrinsic properties such as the magnetic and optical proper-
ties of ZnO, which are directly related to various defects,
should largely depend on the selection of proper alkali
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dopants. In this context, a comparative study of the defect-
related magnetic properties in different alkali-doped ZnO will
certainly reveal the efficiency of the respective dopant to
induce significant magnetism and also to enrich the under-
standing of the phenomena of d0 magnetism in oxides. Hence,
here, we have investigated the magnetic, optical and electrical
properties of pulse laser deposited ZnO thin films due to the
doping of different alkali-metals such as Li, Na and K. Earlier
in the case of the K-doped ZnO nanowires,9 we have observed
an optimum K-doping concentration of y4 at% (¡1), up to
which magnetization increases and above which it decreases,
which was also found to be consistent with the theoretical
report by Bouzerar et al.18 Therefore here, we choose a
nominal doping concentration of 6 at% for all of the alkali
dopants (Li, Na and K) in ZnO, so that the final doping
concentration in the post-deposited ZnO films lies within the
zone (near to 4 at%) of the maximum magnetization. Here, we
find that the undoped ZnO film exhibits a diamagnetic
behaviour while all of the alkali-doped ZnO films exhibit
significant FM at room-temperature. Among the three differ-
ent alkali (Li, Na and K)-doped films, the Li-doped ZnO film
prepared under identical experimental condition exhibits the
largest saturation moment as well as the highest Curie
temperature compared to the Na and K-doped ZnO films.
We find that the zinc vacancies (VZn) and alkali-substitutional
(MZn, where M = Li, Na or K) defects are responsible for the
stabilisation of the RTFM in all of the alkali-doped ZnO films.
The concentration of the Zn vacancies as well as the carrier
(hole) density within the ZnO films decrease gradually when
the alkali-dopants are varied from Li to Na, and then to K,
resulting in a decrease in both the MS and TC.

Experimental details

All of the pristine and doped ZnO thin films are deposited by a
pulse laser deposition (PLD) technique on the c-axis-sapphire
((0001) Al2O3) substrate using a KrF excimer laser of laser
power density 2.14 J cm22 and a pulse repetition rate of 5 Hz.
The targets were prepared from a mixture of high purity
(99.99%) ZnO and Li-acetate, Na-acetate and K-acetate
powders for the deposition of pure ZnO and Li, Na and
K-doped ZnO thin films, respectively. The base pressure and
oxygen pressure (PO2) of the deposition chamber was main-
tained at 5 6 1025 and 1 6 1022 Torr, respectively keeping the
substrate temperature fixed at 500 uC. All of the films were
intentionally prepared under a high oxygen pressure (1022

Torr) to reduce the formation of oxygen vacancy defects within
the films. Each film was deposited with a total of 12 000 laser
shots. The thicknesses of the films are measured by an
ellipsometry technique and were found to be consistent within
the range of 180–210 nm. All of the films were characterized by
Grazing Incidence X-ray Diffraction (GIXRD, X’Pert Pro,
Panalytical), atomic force microscope (AFM) and magnetic
force microscope (MFM). The X-ray photoelectron spectro-
scopy (XPS) measurements were performed using a VG ESCA

system to investigate the chemical compositions of the films
as well as to know the valence state of the alkali dopants. The
magnetic measurements were performed using superconduct-
ing quantum interference devices (SQUID) at room-tempera-
ture (RT). The photoluminescence (PL) spectroscopic
measurements were conducted to observe the defect-level
transitions between the energy band-gap of ZnO by using a
spectrofluorometer (Horiba Jobin Yvon, Fluorolog-3) with an
Xe lamp source by using an excitation wavelength of 330 nm.
The Hall measurement was carried out to investigate the
n-type or p-type nature of the semiconductor films and to
estimate their carrier concentrations. The resistivity of the
films was measured with the standard four-probe method with
two current and voltage leads. It is important to mention that
all of the measurements were performed several times to avoid
any types of unexpected experimental errors in the data due to
the temporal instability of the system or any other facts. The
handling of the samples was done with extreme care (using
nonmagnetic tweezers) to avoid any sort of magnetic contam-
ination in the films.

Results and discussions

The crystalline phase of the pure and alkali-metal (Li, Na, K)-
doped ZnO thin films identified from the GIXRD study is
shown in Fig. 1(a). All of the films are found to have a
hexagonal wurtzite ZnO crystal structure grown on the c-axis

Fig. 1 (a) The X-ray diffraction patterns for the pure and 6 at% alkali-doped ZnO
films. The inset of (a): the high magnification view of the ZnO (002) peak
showing the shifting of the peak position due to various alkali dopants; (b) the
variation of the lattice parameters (a and c-parameter) of the ZnO unit cell due
to various alkali-metal doping.
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(0001) Al2O3 substrate. The appearance of only ZnO (002) and
(004) diffraction peaks indicates that the pure ZnO and the
alkali (Li, Na)-doped ZnO films are vertically well-aligned along
the [0001] direction and they strongly prefer to be oriented
along the c-axis of the substrate. However, the appearance of
extra diffraction peaks like ZnO (101) and (103) in the K-doped
ZnO film suggests that unlike the Li/Na-doped films, the
K-doped ZnO film is comparably less orientated along the
c-axis of the substrate. For Li-doped ZnO, the position of the
ZnO peaks is found to be shifted towards the higher angle (2h)
side while for the Na and K-doped films, the diffraction peaks
are shifted in the opposite direction. The values of the lattice
parameters (a and c-parameter) as well as the lattice volumes
(V) of the hexagonal ZnO unit cell are estimated and shown in
Fig. 1(b). It is found that the variation of the c-parameter is
quite significant for all of the doped samples whereas the
a-parameter increases very slowly. The substitution of the
smaller Li1+ ions (0.73 Å) replacing the Zn2+ ions (0.74 Å) leads
to a contraction of the ZnO lattice volume (V) in Li-doped ZnO
whereas the substitution of the comparably larger Na (0.97 Å)
and K (1.33 Å) ions lead to an expansion of the ZnO lattice
volume as shown in the inset of Fig. 1(b).

This significant change of lattice parameters indicates the
successful substitution of the alkali ions at the Zn site within
the ZnO lattice.24,25

Fig. 2(a) shows the field-dependent magnetization (M–H)
curves for the pristine and 6 at% alkali-doped ZnO thin films.
The M–H plots are presented after subtracting the diamagnetic
contribution of the substrate. The pure ZnO thin film showing
a linear M–H curve with a negative slope signifies the
diamagnetic nature of the film. However, all of the alkali-
doped ZnO films are found to exhibit significant RT
ferromagnetism. Among the three different alkali-doped films,
the Li-doped ZnO film is found to exhibit the strongest RTFM

with a saturation magnetization of (MS) y2.28 emu cm23,
whereas the Na and K-doped ZnO films show a comparably
weaker RTFM. The values of MS in the Na and K-doped ZnO
films are found to be y0.80 and 0.64 emu cm23, respectively.
The temperature dependent M (T) measurements are per-
formed at a high temperature, in the range of 300–650 K for all
of the films and the inset (i) of Fig. 2 shows a representative M
(T) behaviour for the Li-doped ZnO film. Using the M (T) data,
the value of the Curie temperature (TC) for all of the alkali-
doped ZnO films have been estimated and the variations of TC

and MS for the different alkali-doped ZnO films are plotted in
inset (ii) of Fig. 2. The highest value of TC of y546 K is
observed for the Li-doped ZnO film, whereas comparatively
lower TC values of y484 and 466 K are observed for the Na and
K-doped ZnO films, respectively. Therefore, the experimental
observation indicates that the non-magnetic group-1 alkali-
metal-doping must have a significant role to stabilize the
RTFM in the ZnO films. It can be expected that the
modification of various defects or defect complexes within
the ZnO lattice due to different alkali-metal doping may be
holding the key to stabilize RTFM.

In order to visualize the domain structures and domain
configuration inside the films the MFM was used and the
probe had a lift height of y300 nm over a scan size of 2.5 6
2.5 mm on the film surface. Fig. 3(a)–(c) show the AFM
micrographs of the Li, Na and K-doped ZnO films with the
variation in film surfaces due to the different alkali-metal-
doping. The corresponding MFM images, taken on the same
region are shown in Fig. 3(d)–(f), where the bright and dark
contrasts of the domains correspond to the high concentra-
tions of positive and negative poles, respectively.12 It is worth
noticing that the magnetic domains are most prominent and
quite regularly distributed in the Li-doped ZnO film compared
to the Na and K-doped ZnO films. This indicates the strongest
RTFM signature in the Li-doped ZnO film. In the K-doped ZnO
film, the grains are very much defused, irregular and also
widely apart. For the Na-doped ZnO film although the large
number of grains are present, the corresponding magnetic
domains are found to be very small in size, which results in a
lowering of the MS compared to the Li-doped ZnO film.

The account of the chemical composition, valence state and
the introduction of defects due to the alkali-doping within the
ZnO matrix are examined by XPS measurements using the Mg
Ka source. Fig. 4(a) shows the typical XPS survey scan for the
Li-doped ZnO thin film which indicates the presence of Zn, O,
C and Li as the preliminary elements. The high-resolution XPS
spectrum of the Zn 2p core level, shown in the inset of
Fig. 4(b), displays a doublet located at 1022.79 and 1045.89 eV
respectively that corresponds to the core lines of the Zn 2p3/2

and 2p1/2 states. The binding energy difference (23.1 eV)
between the two peaks is in good agreement with the standard
reference value of ZnO.26 The estimated values of the binding
energies and the binding energy difference of the Zn 2p
spectrum indicate that Zn is in the +2 oxidation state.27 The
core level O 1s peak for Li-doped ZnO, as shown in Fig. 4(b),
can be fitted with two Gaussian components centred at 531.07

Fig. 2 (a) The room-temperature M–H curves of the pure and 6 at% alkali-
doped ZnO films, after subtracting the substrate diamagnetic contribution.
Inset: (i) the temperature-dependent magnetization M (T) curve for the Li-
doped ZnO film, (ii) the variation of MS and TC in different alkali-doped ZnO
films.
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and 532.33 eV. The low binding energy peak (531.07 eV) can be
attributed to the O–Zn bond, which is related to the O22 ions
on the wurtzite structure of the hexagonal Zn2+ ion array.33 On
the other hand, the higher energy peak (532.33 eV) is usually
due to the presence of the Zn(OH)2 phase which may formed
by absorbing the atmospheric moisture.33

The core level Li 1s spectrum is shown in Fig. 4(c). The
observation of a peak at a higher energy value of 55 eV
indicates the presence of a Li–O bond within the Li-doped ZnO
film which signifies the successful substitution of Li1+ ions at
the Zn site.28,29 On the other hand, the appearance of a low
energy peak at y53 eV is due to presence of Li interstitial
defects within the ZnO lattice.28,29

The observation of the Na 1s core level peak at 1071.40 eV,
shown in Fig. 4(d), confirms the presence of a Na–O bond due
to the substitution of Na1+ at the Zn2+ sites (NaZn) within the
ZnO lattice.26 No evidence of metallic Na is observed in the Na-
doped ZnO films. However, it is also possible that some
fraction (a little amount) of Na atoms may occupy the lattice
interstitial site which can give rise to a small shoulder peak at
a lower binding energy than the substituted Na1+. However,
here, in the Na 1s spectra we have not observed such evidence

for this. For the K-doped ZnO film, two major peaks at 293.5
eV and 296 eV, observed in the core level K 2p spectra in
Fig. 4(e), corresponding to the K 2p3/2 and 2p1/2 line are
associated with the substitutional K1+ ion at Zn sites (KZn).
However, the appearance of a weak peak around 292.9 eV can
be associated with K-interstitial (Ki) defects within the ZnO
matrix.30–32 Hence, from the XPS study, it can be confirmed
that the alkali atoms (M = Li, Na or K) substitute at the Zn sites
within the ZnO and are in the +1 oxidation state. It is necessary
to mention that the substitution of monovalent alkali ions
such as Li1+, Na1+ and K1+ replacing the divalent Zn ion can
introduce a hole into the ZnO system and the presence of
sufficient amounts of such substitutional defects (MZn) can
sometimes leads to p-type conductivity for the alkali-doped
ZnO films.19–23 In addition, the presence of interstitial donor
defects should compensate some fraction of acceptor defects.
However, on comparing the peak intensities associated with
the respective alkali substitutional and interstitial defects
here, it is quite clear that the majority of alkali ions substitute
at the Zn sites. Using XPS, we have also estimated the
concentrations of Li, Na and K within the doped ZnO films
(shown in Table 1) and they are found to be 5.37, 5.13 and 4.97
at% of Li, Na and K against the 6 at% nominal concentration
for each of the dopants.

In order to investigate the defect-related states within the
ZnO energy band-gap, PL measurements have been performed
for all of the films. Fig. 5(a) shows the normalised PL spectra
observed at RT for the undoped and alkali-doped ZnO films
while the individual PL emissions are analysed in detail as
shown in Fig. 5(b)–(e). The undoped ZnO film is found to

Fig. 4 (a) A typical XPS survey scan for the Zn0.94Li0.06O thin film using an Mg Ka
source. The high resolution XPS spectra for the (b) O 1s, Zn 2p (in inset), (c) Li 1s
(d) Na 1s and (e) K 2p core level within the alkali-doped ZnO films (the solid lines
indicate the fitted peaks).

Fig. 3 AFM micrographs (2.5 mm 6 2.5mm) of the alkali-doped ZnO films in (a)–
(c), and the corresponding MFM images showing the respective domain
configurations within the film in (d)–(f).
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exhibit an intense UV-emission (IUV) at 3.1 eV along with a
comparatively weaker defect-related green emission band (IG)
at 2.38 eV. The UV emission corresponds to the free exciton
(FX) recombination near the band edge (NBE) of ZnO.34 On the
other hand, the broad green emission band centred at 2.38 eV
is related to the intrinsic defects in ZnO. After the doping of
alkali elements in the ZnO host, the UV emission is found to
be suppressed remarkably whereas the mid-band gap defect
emission band (2.1–2.6 eV) becomes significantly strong. In
addition, the UV emission for the Li and Na-doped ZnO is also
found to be red-shifted. The red-shift of the UV emission can
be understood due to the incorporation of defect-related
energy states near to the valence/conduction band edge within
the ZnO energy-gap due to the alkali-doping. In fact, the alkali
substitutional defects are known to create a shallow acceptor
state above the valence band maximum (VBM).19–21 Hence, the
emission band centred at 2.90 eV, shown in Fig. 5(c) for the Li-
doped ZnO film can be attributed to the electronic transition
from the conduction band minimum (CBM) to the shallow
acceptor states of the Li substitutional (LiZn) defects.22,23

Similarly, for the Na-doped film, the existence of shallow
acceptor states of Na substitutional (NaZn) defects within 2.85–
3.0 eV can also be visualised by comparing the PL emission
near the UV region (2.85–3.10 eV) of the undoped and Na-
doped ZnO films. The extended broad nature of the emission
band in the UV region for Na-doped ZnO might be possibly
due to the convergence of both the band to band (CBM to
VBM) electronic transition and the electronic transition
related to the CBM to substitutional Na (NaZn) acceptor states.
However for the K-doped ZnO film the UV emission is
insignificant and the defect emission is very strong.

Besides the NBE emission (IUV), each alkali-doped ZnO film
is found to exhibit a strong green emission band (IG) at 2.38 eV
and a yellow-orange emission band (IO) around 2.1–2.2 eV, as
can be seen from Fig. 5(c)–(e). The origin of the green
luminescence in the ZnO PL spectra has become quite
controversial. Sekiguchi et al.35 and Reynolds et al.36,37 have
suggested that the Zn vacancies can produce a significant
green luminescence in ZnO. Several groups have reported that
the oxygen vacancies are the source of the green luminescence
in ZnO.38,39 Green luminescence is also observed for the Cu-
doped ZnO in which the presence of the Cu impurities has
been suggested as the source of the green luminescence,
however even the samples not containing any Cu impurities
exhibited green luminescence.40 In a recent review, Janotti
et al.41 addressed the controversy and presented strong
arguments in favour of the Zn vacancies (VZn) instead of the
oxygen vacancies (VO) being the origin of the green lumines-
cence. In our previous work,9 we also have evidenced that the
green emission in the K-doped ZnO nanowires is because of
the VZn defects. Here, for the alkali-doped ZnO films, the
probability of a considerable amount of VO defects forming
should be very low due to the following reasons: firstly, all of
the films are prepared under high oxygen pressure (y1022

mbar) which reduces the possibility of the formation of
significant oxygen vacancies in the films, whereas the VZn may
stabilize under the oxygen-rich conditions,9,42 secondly, all of
the as-prepared films are annealed in an O2 atmosphere at a
high temperature which will again reduce the possibility of the
VO formation. Recently, it has been demonstrated that the
incorporation of alkali-dopants can reduce the formation
energy of the VZn in ZnO and thereby can also stabilize
considerably amount of VZn.6,9,18 Hence, we attribute the
intense green luminescence band centred at 2.38 eV to the
electronic transition between the CBM and the VZn acceptor

Table 1 Typical values of different estimated parameters such as magnetization (MS), Curie temperature (TC), carrier concentration as obtained from PL analysis

Films

Doping (at%) Lattice parameters (Å) ref. 6 and 9

MS (emu cm23)
(¡0.1) TC (K) (¡)

Carrier concentration
(cm23)

Normalised
IG (arb. unit)EDS XPS a (Å) c (Å)

Volume
(Å)3

ZnO 0.00 0.00 3.2500 5.2064 54.992 — — 8.7 6 1017 (n) 1.00
ZnO:Li 5.55 5.37 3.2501 5.2036 54.966 2.28 546 ¡ 0.7 1.1 6 1017 (p) 0.72
ZnO:Na 5.32 5.13 3.2504 5.2119 55.064 0.92 484 ¡ 10 3.2 6 1016 (p) 0.59
ZnO:K 5.08 4.97 3.2510 5.2141 55.100 0.65 466 ¡ 0.5 1.2 6 1016 (p) 0.33

Fig. 5 (a) The room-temperature normalised PL spectra of the pure and alkali-
doped ZnO films. Individual PL emissions with a multiple peak fitting (dashed
lines) for the (b) undoped ZnO, (c) Li-doped, (d) Na-doped (e) K-doped ZnO
films. (f) The variations in the green emission band (IG), the ratio of the orange
and green (IO/IG) emission intensity and the corresponding MS with various
alkali-dopants in ZnO.
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state.17,36,41–43 Therefore, from Fig. 5(a) it is quite obvious that
the Li-doped ZnO film contains the maximum amount of VZn

compared to the Na/K-doped ZnO films. On the other hand,
the yellow-orange emission band (IO) observed in each of the
alkali-doped ZnO films can be attributed to the electronic
transition from the CBM to the deep acceptor-type alkali-
substitutional (MZn) defects.43,44 In addition to the shallow
acceptor states, the group-I alkali elements are also found to
create a deep acceptor defect with a binding energy of 600–800
meV, which can provide yellow luminescence around 2.2 eV in
the PL spectra.22,43,44

The nature of conductivity of the films is measured by a
standard Hall measurement set-up using four probe methods.
Fig. 6 shows the variation in the different electrical transport
parameters such as the resistivity (r), the Hall coefficient (RH),
the carrier (electron–hole) concentration (g) and the carrier
mobility (m) for the different thin films. The negative value of
the Hall coefficient (RH) for the pure ZnO film indicates its
n-type conducting nature whereas; the positive values of RH for
all of the alkali-doped ZnO films signify their p-type
conductivity. The carrier (electron) concentration for the
undoped ZnO is found to be y8.7 6 1017 cm23. On the other
hand, both the carrier (hole) concentration and the carrier
mobility in the alkali-doped ZnO films are found to decrease
gradually as we change the alkali dopant element from Li to
Na and then to K. As a result the resistivity of the films is
found to increase consistently with the variation of the alkali

dopant element from Li to Na and then to K in ZnO. The p-type
conductivity mainly arises due to the doping of the alkali-
metals in ZnO. The substitution of monovalent alkali ions (M+

= Li+, Na+ and K+) at the Zn2+ ions site can introduce holes into
the system.19,22 The substitution of the alkali ions in the zinc
sites is also evident from earlier XRD as well as XPS
measurements. In addition, we also have evidenced that the
alkali-doped films do not contain a significant amount of VO

which act as donors within the ZnO films. Moreover, the alkali-
doped films contain a large amount of acceptor-type VZn

defects which can also play an important role to achieve p-type
conductivity.17,41

However, after correlating all of the experimental evidences
in this study we can demonstrate that the origin of the RTFM
in the alkali-doped ZnO films is attributed mainly to the VZn

defects. Wang et al.16 have shown that the presence of VZn

defects leads to the spin polarization of the O 2p orbital which
is the source of the localised magnetic moment. Besides VZn,
the substitutional alkali defects such as LiZn, NaZn and KZn can
also induce a localised magnetic moment which can also
contribute to the overall magnetic moment.18,45 Here, the
concentration of the VZn defects increases due to the alkali
doping and when their concentration exceeds the percolation
threshold, a long-range ferromagnetic exchange interaction
between the localised moments can be mediated by the hole
introduced by the MZn acceptors. The strength of the
ferromagnetic interaction not only depends on the defect
concentration but also on the effective hole concentration
existing in the system. In a proposed model, Bouzerar and
Ziman18 have shown that for a fixed defect (VZn defects)
concentration, there exists an definite window of hole
concentration within which the ferromagnetic exchange
interaction becomes most stable. From Fig. 5(f) it is evident
that the ratio of the intensities of the green and yellow-orange
emission, (i.e. IG/IO) does not change significantly with the
variation of alkali dopants. This implies that the yellow-orange
emission does not have a direct control over the magnetic
properties of the alkali-doped ZnO films. However, the direct
correlation between the green luminescence (IG) and the
corresponding saturation magnetization (MS) of the respective
alkali-doped films, as shown in Fig. 5(e) indicates that the
appearance of the green emission is due to the VZn defects
which are playing the key role to stabilize and enhance the
RTFM in the alkali-doped ZnO films. As the concentration of
VZn defects and holes is a maximum for Li-doped ZnO film, it
exhibited the largest MS as well as the highest TC. Moving
vertically down through the group-1A column in the periodic
table, for example from Li to Na, and then to K and so on, the
ionic size difference between the Zn2+ and the respective alkali
ions (M+ = Li+, Na+ and K+) increases gradually and as a result,
the possibility of a partial substitution of the alkali atom may
increase. This means a few percentage of alkali atoms may
occupy the lattice interstitial site as observed in the K 2p core
level XPS spectra of the K-doped ZnO film. The reduction of
the effective hole concentration is due to the compensation of
the acceptors by the introduction of additional donors due to

Fig. 6 The estimated values of (a) the Hall co-efficient (RH) and the carrier
concentration (g); (b) the film resistivity (r) and the carrier mobility (m) of the
pure and alkali-doped ZnO films.
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the interstitial defects caused by the alkali dopants.
Consequently, the strength of the ferromagnetic interaction
in the Na/K-doped ZnO should also decrease due to the
gradual decrease of the effective hole concentration, as is
evident from the Hall measurements. It is also important to
notice that although the undoped ZnO film also contains some
amount of VZn defects, still no RTFM is observed. The low
intensity of the green emission (IG) in the pure ZnO film
compared to the alkali-doped films indicates that the VZn

concentration in the undoped ZnO film is quite low, which
may be below the require threshold vacancy concentration18 to
mediate long-range ferromagnetic ordering.

Conclusions

In summary, the cation vacancy-induced room-temperature d0

ferromagnetism is observed in a series of ZnO thin films
doped with different group-1 alkali-metals like Li, Na and K.
The XPS investigation indicates that the alkali-metal ions
substitute the Zn site and they are in the +1 oxidation state.
The PL study indicates the formation and stabilization of a
large amount of VZn defects in the alkali-doped ZnO thin films.
Among the different alkali-doped ZnO films, the Li-doped ZnO
film is found to exhibit the strongest RTFM with the highest
MS and TC whereas the K-doped ZnO film shows the weakest
RTFM. It is found that both the concentration of the VZn

defects and the hole concentration in the alkali-doped ZnO
films decrease gradually when the alkali-dopant element is
varied from Li to Na, and then to K, resulting in a decrease in
both the MS and TC. The ionic size difference between Zn2+ and
the respective alkali ions such as Li1+, Na1+ and K1+ is likely to
have a crucial role in the formation of VZn and also to establish
the p-type conductivity to stabilize long-range ferromagnetic
interactions. Therefore, this study demonstrates that group-1
alkali-elements could be the prime candidates to stabilize the
high-TC ferromagnetism in ZnO for potential applications in
spintronics and opto-spintronics. The possibility of tuning the
inherent optical and magnetic properties in the alkali doped
ZnO should open up new opportunities and challenges for
high-performance spintronic materials based on oxide semi-
conductors through proper crystal defect engineering.
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