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The role of N/F co-doping on the defect-driven room-temperature d0 ferromagnetism in group-I

element Li doped ZnO nanowire arrays has been investigated. The ferromagnetic signature of

pristine ZnO nanowires has enhanced significantly after Li doping but the Li-N co-doping has found

to be more effective in the stabilization and enhancement in room-temperature ferromagnetism in

ZnO nanowires. Saturation magnetization in Li-doped ZnO nanowires found to increase from 0.63

to 2.52 emu/g and the Curie temperature rises up to 648 K when 10 at. % N is co-doped with 6 at. %

Li. On the other hand, Li-F co-doping leads to exhibit much poor room-temperature ferromagnetic

as well as visible luminescence properties. The valance state of the different dopants is estimated by

x-ray photoelectron spectroscopy while the photoluminescence spectra indicate the gradual

stabilization of Zn vacancy defects or defect complexes in presence of No acceptor states, which is

found to be responsible for the enhancement of intrinsic ferromagnetism in ZnO:Li matrix.

Therefore, the Li-N co-doping can be an effective parameter to stabilize, enhance, and tune zinc

I. INTRODUCTION

Magnetic semiconductors (MS), with unique integration

of the magnetic and electronic properties, have attracted

immense attention recently considering their potential appli-

cations in the future spintronics devices.1,2 For proper imple-

mentation in modern technology, the MS are desired to

exhibit spin polarization at room temperature or above. Keep-

ing this in mind, scientists have focused on the preparation of

dilute magnetic semiconductors (DMS) by doping with small

percentage of transition-metal (TM) ions into the host semi-

conductors.3–6 However, the issue of the origin of room tem-

perature ferromagnetism (RTFM) in such DMS being highly

controversial3–6 the recently observed RTFM in a series of

pristine semiconducting oxides, free from any kind of par-

tially filled d or f shells ions, has become very exciting in the

current spintronics-semiconductor paradigm.7,8 This unex-

pected RTFM, first time observed in pure hafnium dioxide

(HfO2) thin films, opens the opportunity for probing a new

class of high temperature spintronic material.7 Recently,

RTFM has also been reported in various pristine metal oxide

semiconductors such as ZnO, TiO2, SnO2, etc.9–11 and also in

the nonmagnetic element doped oxide semiconductors12–16 as

well. As a major intrinsic defect in the ZnO, the naturally

grown oxygen vacancy defects have been previously

attributed to the origin of the FM signal from the ZnO

host.9,10 The recent density functional theory (DFT) based

first-principles calculations have confirmed that the neutral

oxygen vacancy in ZnO is nonmagnetic,17 whereas Zn va-

cancy (VZn) has a magnetic moment originating from the

unpaired electrons of 2p orbital of nearest O atom in the vicin-

ity of VZn site.13,18 However, although the formation energy

of the neutral Zn vacancies (cation vacancy) being higher

than that of the oxygen vacancies still, Zn vacancies can eas-

ily form in the n-type semiconducting thin films or nanostruc-

tures grown in oxygen-rich condition.19

Recently, evidence of zinc vacancy induced RTFM is

reported in non-magnetic Li,13 Mg,20 and B21 doped ZnO

thin films. Even in case of different nanostructures, VZn is

found to stabilize RTFM in ZnO:Li nanorods16 and also in

our previous work on ZnO:K nanowires (NWs).15 Very

interestingly, all the doped ZnO semiconductors are found to

exhibit enhanced RTFM only in p-type conduction region.

This clearly indicates the role of excess free charge carriers

to stabilize long range FM interaction in ZnO. Therefore, co-

doping with different p/n-type elements must have signifi-

cant effects on the VZn induced FM properties of ZnO thin

films and nanostructures.22 Recently, zinc vacancy induced

RTFM is reported in Li-N co-doped ZnO thin films.14

Although, it is found difficult to achieve p-type ZnO by N

doping alone due to the huge compensation effects,23 the co-

doping of N along with Li can be very effective to achieve

better p-type conduction in ZnO.24 On the other hand, F is

generally known as n-type dopant of ZnO.19 Therefore, the

idea of co-doping with donor or acceptor elements like N or
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F to enhance and control the d0 ferromagnetism in ZnO:Li

system can be very exciting to fulfil the required demand of

intrinsic ferromagnetic oxide semiconductors.

Here, in this work, we have investigated the effects of

N/F co-doping on the magnetic properties of ZnO:Li NWs

prepared by template-assisted methods. To the best of our

knowledge, still there is no report on the consequence of the

additional hole or electron incorporation on the mechanism

of the “d0 FM” in ZnO nanostructures. However, Li substitu-

tion at Zn site (LiZn) is found to stabilize the cation vacancies

along with the incorporation of the holes in the ZnO host.13

Hence, Li is chosen as it can be easily incorporated into the

ZnO lattice due to the matching of its atomic radius with Zn.

Here, we have found that both the RTFM and the RT photo-

luminescence (PL) property of the Li-N co-doped ZnO NWs

improve with the increase of the N doping concentration,

whereas the incorporation of the more F ions in the Li-F co-

doped ZnO NWs turns the material to exhibit poor RTFM

and PL. This study indicates that the Li-N co-doping can help

in creating and stabilizing the Zn (cation) vacancies (VZn) in

the ZnO NWs to achieve significantly large saturation mag-

netization. On the other hand, Li-F co-doping in ZnO NWs is

found to be unfavourable in stabilizing sufficient amount of

VZn defects and consequently they exhibit poor RTFM.

II. EXPERIMENTAL DETAILS

Pristine, Li doped, Li-N, and Li-F co-doped ZnO NWs

are fabricated by wet-chemical template assisted route using

anodic aluminium oxide (AAO) as template. The self organ-

ized nanoporous AAO template having �50 nm average pore

diameter fabricated by the controlled two-stage electrochem-

ical anodization of high purity Al foil, as described else-

where,11,15 has been used as the host to prepare the NWs.

The arrays of pure ZnO NWs have been grown by dipping

the AAO template into a saturated 0.1 M solution of Zn ace-

tate prepared in ethanol. Estimated amount of high purity

(99.999%) lithium acetate (CH3COOLi), ammonium acetate

(CH3COONH4), and ammonium fluoride (NH4F) salts are

used to prepare the precursor solution for the preparation of

6 at. % Li, Li-N, and Li-F co-doped ZnO NWs. The AAO

templates (5� 5 mm) are immersed in these mixed solutions

and left for 5 days so that the solution can reach inside the

nanopores of the template. Afterwards, taking the templates

out of the solutions the surface of the templates has been

washed very carefully in order to remove the solution from

surface and then dried in oven at 80 �C and also annealed in

air at 450 �C for 2 h. During annealing the arrays of undoped,

Li-doped, Li-N, and Li-F co-doped ZnO NWs are grown

within the pores of AAO through the thermal decomposition

of the acetate salts. The N dopant concentrations are varied

from 2 to 15 at. % and F concentration is changed from 2 to

10 at. % while the Li concentration is kept fixed at 6 at. % in

all the Li-N/F co-doped ZnO NWs. The 6 at. % N and F

doped ZnO NWs (with no Li-doping) are also fabricated for

the better understanding of the results. For easy description

in this text, we have termed all the ZnO NWs with corre-

sponding identification (Id) numbers. For example, pristine

ZnO is named as ZnO, 6% Li, N, and F doped ZnO NWs as

ZL6, ZN6, and ZF6, respectively. In case of Li-N co-doped

ZnO NWs, the sample identification as follows: ZLN2,

ZLN4, ZLN6, ZLN8, ZLN10, ZLN12, ZLN15 for 2-15 at.

% N and 6% Li co-doped ZnO NWs. Similarly, ZLF2,

ZLF4, ZLF6, ZLF8, ZLF10 represents 2–10 at. % F and 6%

Li co-doped ZnO NWs.

To study the morphology of the NWs by field emission

scanning electron microscope (FESEM, FEI Helios Nanolab-

600)), the AAO template was partially dissolved in 2M

NaOH solution to release the NWs. X-ray diffraction (XRD,

X’Pert Pro, Panalytical) was used to obtain the crystallo-

graphic phase of the pure and doped ZnO NWs embedded in

AAO template. The chemical composition of the NWs was

determined by energy dispersive x-ray (EDAX) analysis

attached with the FESEM system. X-ray photoelectron spec-

troscopy (XPS) measurements were performed using a VG

ESCA system to investigate the chemical compositions of

the NWs as well as to know the valence state of the dopants

incorporated into the ZnO lattice. Room temperature PL

spectroscopic measurements of the template embedded NWs

were conducted by using a spectrofluorometer (Horiba Jobin

Yvon, Fluorolog-3) having Xe lamp source with an excita-

tion wavelength of 330 nm. Magnetic measurements of the

vertically aligned template embedded pure and doped ZnO

NWs were carried out by using a vibrating sample magne-

tometer (VSM, Lakeshore, model 7144) in the temperature

range of 80 to 700 K.

III. RESULTS AND DISCUSSION

A. Crystal structure and morphology

The crystallographic phases of the pure and doped ZnO

NWs are identified from XRD analysis. Some of the typical

XRD patterns for ZL6, ZLN10, and ZLF10 NWs are shown

in Fig. 1. All the peaks are identified which correspond to

hexagonal wurtzite crystal structure of ZnO. Extra peaks at

2h values of 38.48 and 44.84 belong to the pure electro-

polished Al substrate underneath the AAO template.15 It is

FIG. 1. Representative XRD pattern of ZL6, ZLN10, and ZLF10 NWs

shows hexagonal wurtzite crystal structure of doped ZnO. Inset: Relative

shift of (100) peak with respect to ZL6 NWs signifies N/F is doped in ZnO

lattice.



worth noticing that all the samples are in single phase and no

impurity peaks are identified within the detection limit of

x-ray diffractometer. The inset of Fig. 1 shows the enlarged

region around the (100) peak, which shows a significant shift

towards lower and higher angle side for ZLN10 and ZLF10,

respectively, compared to that of ZL6 NWs. This observation

signifies the insertion of N as well as F ion replacing oxygen

(O) inside the ZnO host matrix.25 From Fig. 2(a), it is

observed that the lattice parameters (a and c) consequently

the lattice volume (V) of ZnO unit cell increases initially with

N doping up to 10 at. % and then remains almost unchanged.

This type of lattice expansion, inset of Fig. 2(a)), can be

understood due to the insertion of larger N3� ion (0.132 nm)

in ZnO lattice replacing the smaller O2� ion (0.126 nm).25

The saturation like behaviour above the 10 at. % N

concentration indicates that the substitution of N at O site

(NO) might get complete and the excess N might be inserting

into the lattice interstitial (Ni); hence, no further increase in

unit cell volume is observed. On the other hand, Fig. 2(b)

shows a decrease of lattice parameters with the increase of F

concentration that signifies substitution of smaller F1� ions

(0.119 nm) replacing O2� ions. Fig. 3 shows the representa-

tive FESEM images of ZLN10 NWs released from AAO

template, which indicates the formation of well developed

NWs within the nanopores of template. The average diameter

of the nanowires is found to be 45–50 nm which is very con-

sistent with pore diameters (�50 nm) of AAO template and

the length is of the order of few micrometers.

B. XPS study

The representative high-resolution XPS spectrum of the

Zn 2p core level for ZLN10 NWs, shown in Fig. 4(a), dis-

plays a doublet located at 1022.6 and 1045.75 eV, respec-

tively, corresponding to the core lines of Zn 2p3/2 and 2p1/2

states. The binding energy difference (23.15 eV) between the

two peaks is in good argument with the standard reference

value of ZnO.26 Herein, the spectrum contains no peak at

1021.50 eV caused by the pure metallic Zn. Therefore, it is

confirmed that all the Zn present in the doped ZnO NWs

exists only in the oxidized state.27 The estimated values of

the binding energies and the binding energy difference of the

Zn 2p spectrum clearly indicate that the Zn is in the þ2 oxi-

dation state.28 Similar results are also obtained for the Li-F

co-doped ZnO NWs. The representative O 1 s peak of the

doped NWs, as shown in Fig. 4(b)), can be fitted with two

Gaussian components situated at 530.8 and 532.3 eV. The

low energy peak (530.8 eV) can be attributed to the forma-

tion of O–Zn bond, because of the O2� ions on the wurtzite

crystal structure of the hexagonal Zn2þ ion array.29,30 On the

other hand, the 532.3 eV peak can be correlated to the oxy-

gen deficient region in the ZnO31 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.30,32,33 For a better

understanding of the chemical bonding of Li ions in the

FIG. 2. The variation of lattice parameters of Li-N/F co-doped ZnO unit cell

with (a) N and (b) F concentration. Inset: Corresponding change in lattice

volume (V) of doped Li-N/F co-doped ZnO.

FIG. 3. FESEM images of ZLN10 NWs

with (a) partially released, (b) fully released

from the AAO template, and (c) an isolated

single nanowire showing average diameter

�40 nm. Inset of (a) shows the FESEM

image of AAO template with average pore

diameter �50 nm.



doped ZnO NWs, the high-resolution Li 1s spectrum of the

doped ZnO NWs is shown in Fig. 4(c). The peak position of

the Li 1s line for all the doped NWs appears at the same

energy (centred at 55 eV) indicates the Li incorporation in

the ZnO lattice. Here, the broad Li 1s peak can be fitted into

two different peaks situated at 53.6 and 55.3 eV. The high

energy peak located at 55.3 eV is attributed to the formation

of the Li–O bonds through the substitution of the Zn ions by

the Li ions (LiZn) in the ZnO matrix.34,35 The low energy

peak at 53.6 eV can be related to the Li interstitial (Lii)
defects corresponding to the valence state of incomplete oxi-

dation.35 Therefore, it is important to notice that both the

substitutional Li (LiZn) and the Li interstitial (Lii) defects are

present in the lattice.

The nitrogen incorporation in the ZnO NWs has been

confirmed by conducting the XPS for the N doped and Li/N

co-doped NWs. Fig. 4(d) shows the N 1s narrow scan spectra

of the ZLN10 NW sample. Generally, N doping in the ZnO

matrix generates much complex chemical states.36,37 Here,

the N 1s line located at 396.7 eV can be related to the N–Zn

bond formed by substituting a single N ion at O site (NO),

corresponds to the p-type doping in ZnO.30,38,39 Further-

more, the high energy peak around 405.7 eV can be assigned

to the (N2)O–Zn bonds because of the substitution of N2 on

FIG. 4. XPS spectra for (a) Zn 2p, (b) O 1s, (c) Li 1s, (d) N 1s, and (e) F 1s core level in Li-N/F co-doped ZnO representing chemical state of dopant ions as

well as host ions.



the O atom site ((N2)O) in the ZnO lattice.30 The high-

resolution XPS peak of F 1s, shown in Fig. 4(e), confirms the

presence of the F in the F-doped ZnO NWs. The F 1s peak

centred at 684.4 eV in the F co-doped ZnO NWs indicates

the incorporation of the F1� ions in the ZnO matrix replacing

O ions, which corresponds to n-type doping.40 The dopant

concentrations in Li-N/F co-doped ZnO NWs, estimated

using XPS, are found to be close to individual nominal con-

centration. For example, the estimated concentration of N

and Li is found to be 9.44 and 5.64 at. %, respectively, for

the ZLN10 NWs, whereas the ZLF10 NWs contain 9.57 and

5.62 at. % F and Li, respectively.

C. PL properties

The room-temperature normalized PL spectra of the

template embedded Li-N and Li-F co-doped ZnO NWs are

shown in Figs. 5(a) and 5(b), respectively, with reference to

the pure ZnO NWs. The increase of N doping concentration

in the Li-N co-doped ZnO NWs results in an overall increase

of PL intensity up to a certain limit, whereas significant

reduction in PL intensity is observed with the increase of F

concentration in Li-F co-doped ZnO NWs. In the F-doped

ZnO NWs, where no Li is present as dopant, the PL emission

becomes much more insignificant. The concentration of Li in

all the NWs being almost similar (�6 at. %) whatever effects

on PL spectra are observed can be associated due to N/F co-

doping. However, the broad emission band of the doped ZnO

NWs clearly indicates that the emission band could be well

divided into several peaks. Both the near band-edge (NBE)

and the defect related emissions are observed in the N-doped

ZnO:Li NWs. Here, for a better understanding the broad PL

emission band can be well resolved into seven different

peaks along the entire emission range, as shown in Fig. 5(c)

for ZLN8 NWs. The emission peak E1 is related to the NBE

emission situated at the 3.28 eV corresponds to the free exci-

ton (FX) recombination through an exciton–exciton collision

process.41 The emission peak E2 located at 3.14 eV with an

energy difference of 140 meV from the peak E1 is ascribed

to the second longitudinal optical (LO) phonon replicas of

FX as the difference between two corresponding replicas of

LO-phonon energy of ZnO is 72 meV.42

Interestingly, it is found that the intensity of the PL

spectrum of the pure ZnO NWs in Fig. 5(a) decreases

FIG. 5. Normalised room-temperature PL spectra of (a) Li-N and (b) Li-F co-doped ZnO NWs with respect to pristine ZnO NWs. (c) Representative multiple

peak fitting for ZLN8 NWs and (d) the variation of NBE (E3) and green emission (E7) intensity of Li-N co-doped ZnO NWs with N doping concentration.



gradually below the energy value of 3.13 eV, whereas in

case of the Li-N co-doped NWs the intensity of the PL emis-

sion band increases below the same energy. Hence, it is

expected that in case of the Li-N co-doped NWs there should

be another PL emission peak located in between 3.1 and

3 eV, which is not present in the pristine ZnO NWs. In fact,

it is found that in all the Li-N co-doped NWs there appears

another emission peak E3 at 3.02 eV, which is not present in

case of the pure ZnO NWs. Furthermore, the intensity of

peak E3, as shown in Fig. 5(d), is also gradually increasing

with the increase of N concentration in ZnO:Li system.

Therefore, it is believed that peak E3 is originated because

of the N dopant in the ZnO lattice and it could be ascribed to

the defect transition from conduction band to the NO

acceptor level.43,44 Here, it is seen that NO-defect concentra-

tion increases gradually in Li-N co-doped NWs with the

increase of N-doping up to 10 at. %. But, no further enhance-

ment of E3 peak is observed for 12 and 15 at. % N co-

doping which signifies that NO defects might become almost

constant for higher doping and the excess N might enter into

the interstitial site (Ni) in ZnO lattice or substitution of N2

molecule at O site ((N2)O) can also be possible. Similar indi-

cation is also obtained from XRD analysis where we have

seen that the unit cell volume (V) become almost same for

higher N co-doping because no more N ions are substituting

at O site. However, the peak E4 appears at energy of 2.91 eV

(427 nm) is originated from the AAO template itself, as

reported in previous work.15,45 The peak E5 around 2.80 eV

may be attributed to Zn interstitial defects in the ZnO43 or

even the nitrogen impurity related defects like nitrogen inter-

stitial (Ni) incorporated in the ZnO lattice.30 Similarly, peak

E6 situated at 2.64 eV may be correlated to the defects due

to the implantation of N into the ZnO lattice or even this

blue-green luminescence might have contribution from the

different Li-defects such as Li substitutional (LiZn) and/or Li

interstitials (Lii) defects in the lattice because of the incorpo-

rated Li ions. We also have observed such blue-green emis-

sion which was attributed K substitutional (KZn)/interstitial

(Ki) defects in K-doped ZnO NWs.15

Finally, the green emission peak (E7) appears at 2.41 eV

in the Li-N co-doped ZnO NWs is attributed to the zinc va-

cancy (VZn) related defects present in the ZnO lat-

tice.13,15,46,47 It is evident from Fig. 5(a) that the intensity of

the green emission peak for the pristine ZnO and the only

N-doped ZnO (where Li is absent) NWs is same as both the

spectra overlap at the low energy region and this indicates

that only N doping might have a little influence in green

emission of ZnO NWs. But a significant increase in the in-

tensity of the green emission (E7) is observed when 6 at. %

Li is doped in ZnO as it is shown in Fig. 5(d). This indicates

that only the Li doping in ZnO helps in the formation of the

more VZn defects in the matrix. This result is consistent with

the previous report, which shows that the incorporation of Li

in ZnO thin film helps in reducing the formation energy of

the VZn and hence more VZn defects are generated in the ma-

trix.13 We also observed similar phenomena in the K-doped

ZnO NWs in our previous work.15 It is also interesting to

note that (Fig. 5(d)) with the increase of the N-doping con-

centration in Li-N co-doped ZnO NWs, the green emission

peak increases very slowly which indicates an little increase

in VZn concentration with Li-N co-doping. This slow

increase in VZn concentration is quite understandable

because the Lii donor which generally acts as recombination

centre for VZn will be killed by the gradual enhancement in

No acceptor through the formation of NO-Lii defect com-

plex.14,24 On the other hand, it is obvious from Fig. 5(b) that

the F co-doping in the ZnO:Li NWs has some negative

influence on their luminescence property as the intensity of

the emission decreases significantly with the increase of the

F-doping. This result is consistent with the report on the

F-doped ZnO nanoparticles and thin films.48,49 Therefore,

the intensities of all the NBE, blue, blue-green, and green

emissions (related to the VZn defects) are falling consistently

with the increase of the F concentration in the ZnO:Li

lattice.

D. Magnetic properties

Fig. 6 shows the field dependent magnetization M (H)

curves for pristine ZnO, Li and Li-N co-doped and Li-F co-

doped ZnO NWs at 300 K, presented after subtracting the

template diamagnetic contribution. The pristine as well as all

the doped ZnO NWs shows distinct ferromagnetic behaviour

with significant saturation magnetization and coercivity. The

pristine ZnO NWs show a saturation magnetization (Ms) of

�0.11 emu/g and coercivity (Hc) � 41 Oe. The MS increases

to 0.63 emu/g when 6 at. % Li is doped in ZnO. Similar

results in case of thin films are also observed in previous

reports13,16 where Li doping is found to enhance and stabi-

lize RTFM in ZnO host. In our previous work, we also have

observed significant enhancement in magnetization by sub-

stituting potassium (K) in ZnO NWs, which shows a maxi-

mum MS of �0.40 emu/g for 4 at. % K doping.15 Here in our

present experiment, further enhancement in MS is observed

in case of Li-N co-doped ZnO NWs, having maximum MS

� 2.52 emu/g for ZLN10 NWs in which 10 at. % N is co-

doped along with 6 at. % Li. Interestingly, the MS is found to

decrease when the N concentration reaches above 10 at. %.

Unlike the reports about d0 ferromagnetism in N-doped ZnO

thin films,50,51 here, we have not observed any significant

improvement in the RTFM of ZnO NWs with 6 at. % N dop-

ing only, which demonstrates that the doping of N alone may

not have significant influence on the ferromagnetism in ZnO

NWs. On the other hand, the co-doping of F with Li is found

to exhibit a contrasting magnetic behaviour as in case of

Li-F co-doped ZnO NWs, shown in Fig. 6(b). As the F sub-

stitution (FO) starts to increase with the increase of F doping

concentration in Li-F co-doped ZnO NWs, the MS starts to

diminish gradually. In fact, MS has found to fall down even

lower than the undoped ZnO NWs when the F concentration

has reached at 4 at. % and higher. Unlike the only N doped

ZnO NWs, the 6 at. % F doped ZnO NWs (with no Li con-

tent) exhibit a diamagnetic behaviour as shown in Fig. 7(b).

Therefore, the substitution of F at O sites (FO) is playing a

negative role on the ferromagnetic interaction in Li-F co-

doped and pristine ZnO NWs. Thermal dependence of mag-

netization M (T) is measured for all the doped ZnO NWs at a

constant applied magnetic field H¼ 500 Oe. Fig. 7(a) shows



the representative high-temperature M (T) curves of undoped

ZnO, ZL6 and ZLN10 NWs, whereas the inset is for ZLF4

NWs. The Curie temperature estimated from the M (T) data

for all the NWs is plotted in Fig. 7(b) along with the corre-

sponding values of saturation magnetization (MS). It is evi-

dent from Fig. 7(b) that the Li-N co-doped NWs show higher

TC as well as higher MS values compared to the Li-F co-

doped ZnO NWs. The Curie temperature (TC) has found to

be 495 K for 6% Li-doped ZnO NWs. The maximum

TC� 648 K is observed for ZLN10 NWs. Therefore, the

overall FM in ZnO NWs has enhanced due to Li-N co-dop-

ing, whereas Li-F combination putting a negative impact to

the ferromagnetic properties of ZnO NWs.

To discuss the origin of intrinsic magnetism in our pris-

tine and doped ZnO NWs, we should look back the previous

PL study along with the discussion on XPS analysis. Consid-

ering the present situation, it is quite evident that the intrinsic

structural modifications (i.e., defects) in crystal itself due to

different substitutional dopants like Li, N, and F are playing

a key role to induce, stabilize, and tune the ferromagnetic

properties of ZnO NWs. In the PL spectral analysis, we have

seen the significant increase of the green luminescence inten-

sity (2.41 eV) when 6 at. % Li is doped in ZnO which indi-

cates the presence of considerable amount of VZn defects in

ZL6 NWs. Zinc vacancy (VZn) is found to carry a localised

magnetic moment which originates from the unpaired 2p

electrons of O atom in the immediate vicinity of VZn

defect.13,18 Wang et al.18 showed that generally VZn have

high formation energy within the bulk of ZnO matrix, but

comparatively have lower formation energy at the surface of

the matrix. Therefore, it is quite possible to obtain the signif-

icant amount of VZn at the surface of ZnO nanostructures

like NWs having large surface to volume ratio compared

with bulk ZnO. Additionally, it has been reported that Li-

doping can significantly reduce the formation energy of VZn

in ZnO matrix and thus helps to stabilize more VZn defects.13

In our previous work,15 we also have observed the stabiliza-

tion of large amount of VZn defects in ZnO lattice by doping

with potassium (K) and ferromagnetism is also found to

enhance in K doped ZnO NWs. Here, in case of Li doped

ZnO NWs, amount of VZn defects (evident from PL spectra)

may reach above the required percolation limit and the ferro-

magnetic interaction between VZn defects can be mediated

by the holes due to LiZn and VZn.13,20 However, it is expected

that some amount of VZn as well as LiZn
14,24 acceptors will

be compensated by Lii donor which is still less in number

(Fig. 4(e)) compared to that of acceptors, leads to a overall

p-type conduction. Thus, the presence of Lii donor may

reduce the effective amount of VZn which is expected to be

stabilized due to the introduction of LiZn only.14 Therefore,

FIG. 6. Room-temperature field dependent magnetization M (H) loop of (a)

pristine, Li doped, Li-N co-doped ZnO NWs and (b) Li-F co-doped ZnO

NWs.

FIG. 7. High temperature M (T) measurements for (a) pristine ZnO, ZLN6,

ZLN10, and ZLF4 NWs (inset). (b) Change in Curie temperature (TC) and

corresponding saturation magnetization (MS) with N/F concentration for all

the NWs. The side right to the dotted line (red) is for Li-N co-doped ZnO

whereas the left for F-Li co-doped ZnO NWs.



the effect of Lii donors is desired to be neutralised with intro-

ducing some suitable co-dopant to enhance the population of

VZn and LiZn to obtain stronger ferromagnetism response of

the Li-doped ZnO NWs. In fact, this is exactly what we have

done by introducing N co-dopant in ZnO:Li system which

will be discussed in the next paragraph. In case of pristine

ZnO NWs, it is expected that the presence of VZn, which can

grow during the growth of the NWs in O-rich atmosphere,50

as well as the singly ionized oxygen vacancies (VO
þ)9,10 con-

tributes in the observed RTFM.

The p-type conductivity of the ZnO thin films is found

to increase with the increase of the Li concentration in the

matrix.13 Recent studies also show that the co-doping of N

with Li becomes much effective to stabilize p-type conduc-

tivity in ZnO thin films with higher hole concentration24 and

enhanced RTFM.14 Here in case of Li-N co-doped ZnO

NWs, earlier we have observed that the amount of NO

acceptors increases with the increase of N concentration.

Therefore, the Lii donor will combine with NO acceptor

through the formation of Lii-NO defect complex and this can

actually help in stabilizing more VZn as well as LiZn in Li-N

co-doped ZnO which pushes the system towards better

p-type conduction, i.e., higher hole concentration. The slow

increase of VZn defect population with the increase of N is

also evident from PL spectrum of Li-N co-doped ZnO NWs.

Therefore, one of the probable explanations of the observed

enhancement in MS with increase of N dopant in our Li-N

co-doped ZnO might be due to the increase of effective VZn

as well as the hole concentration in the system. As N concen-

tration increases, more numbers of Lii-NO become stable and

thus VZn concentration increases resulting into the conse-

quent enhancement of the ferromagnetism. But when the N

concentration reaches above 10 at. %, the other N donor

defects such as (N2)O or Ni become stabilized to compensate

the effect of NO acceptor, thereby reduce the amount of Lii-
NO which results a decrease in both VZn and hole concentra-

tion. Therefore, the magnetization is found to diminish for

Li-N co-doped NWs with higher N concentration (>10 at.

%). Furthermore, recently, the Lii þ NO þ VZn defect com-

plex is found to have magnetic moment and the increase of

Lii þ NO þ VZn concentration with the increase of Li doping

is found to be responsible for enhanced ferromagnetism in

Li-N dual doped ZnO thin films.14 However, our case is quite

different from their consideration14 because in our Li-N co-

doped ZnO NWs, the Li doping concentration remains fixed

while the N concentration changes gradually. In our experi-

ment, the increase of NO acceptor as well as VZn with the

increase of N doping can lead to the enhancement of Lii þ
NO þ VZn defect formation leading to the significant increase

in the MS in the Li-N co-doped ZnO NWs. The magnetic

moment of Lii þ NO þ VZn defect complex mainly arises

from the magnetic moment of VZn.14 For higher N doping

concentration (>10 at. %), the population of Lii þ NO þ VZn

can diminish due to decrease of NO as well as VZn resulting

the decrease of MS. Therefore, we attribute both the isolated

VZn defects as well as the Lii þ NO þ VZn complex defects to

the origin of RTFM in the Li-N co-doped ZnO NWs. On the

other hand, the substitutional F (FO) serves as the donor in

ZnO nanocrystalline thin film and the n-type conductivity of

the F-doped ZnO is found to increase with F concentration

[40]. Here, in case of Li-F co-doped ZnO NWs the FO donor

will certainly compensate the LiZn and VZn acceptors reduc-

ing the p-type nature as well as the VZn defect concentration

in the matrix. From PL analysis, we also have observed the

evidence of significant decrease of VZn concentration in Li-F

co-doped ZnO NWs which results into week ferromagnetism

in the system. With the increase of F doping concentration in

the Li-F co-doped NWs, the compensation effect becomes

more pronounced as the Li concentration in the ZnO is con-

stant, leading to a gradual decrease of both VZn and holes

and effectively the corresponding MS. Furthermore, the ab-

sence of ferromagnetism as well as the insignificant lumines-

cence in 6 at. % F doped ZnO NWs (with no Li dopant)

certainly signifies that the stabilization of VZn defects might

not be favoured in presence of FO donor states.

IV. CONCLUSIONS

The evidence of cation vacancy induced intrinsic room

temperature FM is observed in Li-doped ZnO NWs and at

the same time significant enhancement of the ferromagnetic

signature is also found by additional nitrogen (N) co-doping

at oxygen site. On the other hand, fluorine (F) substitution at

oxygen site results in weak ferromagnetic behaviour in the

Li-F co-doped ZnO NWs. The saturation magnetization (MS)

as well as the Curie temperature (TC) in Li-N co-doped ZnO

NWs is found to increase initially up to a certain N concen-

tration and then decreases for higher N doping. Li-doping is

found to assist in stabilizing zinc vacancies (VZn) in ZnO

NWs, which acts as the dominant magnetic origin and also

introduces holes in the system at the same time giving rise to

ferromagnetic interaction between the VZn. The compensa-

tion effect due to Li interstitial (Lii) donor is reduced in the

presence of NO acceptor defects in Li-N co-doped ZnO

NWs, which leads to enchantment of effective VZn concen-

tration and consequently the saturation magnetization. For

higher N doping concentration, the formation of donor type

defects like (N2)O or Ni begins to compensate different

acceptors like NO, LiZn which leads to a decrease of VZn con-

centration and consequently the MS. We also found that the

formation of Lii þ NO þ VZn defect complex can be another

possible reason for enhanced ferromagnetic response in Li-N

co-doped ZnO NWs. On the other hand, the substitutional F

at O site which acts as donor is found to be unfavourable to

stabilize VZn defects and hence it results in a decrease of MS

for the Li-F co-doped ZnO NWs. Therefore, we demonstrate

that the Li-N co-doping can be an effective parameter to sta-

bilize, enhance the amount of Zn vacancy as well as to intro-

duce sufficient holes to mediate long-range ferromagnetic

interaction between the Zn vacancies and this can be an

exciting approach to prepare new class of ZnO based DMS

for spintronic and opto-spintronic applications.
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