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‘Helmholtz-Zentrum Dresden-Rossendorf, Institute of lon Beam Physics and Materials Research,
Bautzner Landstr. 400, 01328 Dresden, Germany
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Abstract: The search of transparent conducting and ferrontegmeperties in Zp,CoO based
diluted magnetic semiconductor is explored eithgr dhemically alloying the different
concentration (x) of Co or by n-type co-doping. Tartesent work aims to explore the electrical
conduction process at variable temperatures, ieram probe the room and low temperature
ferromagnetism triggered in transparent 620y 050 films using inert xenon ion irradiation. The
origin of the paramagnetism and the tunable fergimaism in transparent £esC0y 00 films is
explained from different degree of concentric boundgnetic polarons (BMPs) stabilization
inside variable range hopping spheres through oapbn of strongly and weakly bound carriers
to O/Zn related lattice defects and tetrahedrallystituted C&' ions. The paramagnetic behavior
in as deposited £RsCao o0 film arises from the smallest density of isolateshcentric BMPs
resulted mainly from marginal concentration of sgly localized carrier due to its highly
insulating nature. The progressive enhancementramgy localized carriers in post irradiated
Zno.oxCp 00 films as a function of fluence results in ovedeqy of static concentric BMPs to
trigger onset of ferromagnetism. The strength ofofmagnetism is found to be maximal at a
particular density of concentric BMPs optimizednfrdhe highest concentration of strongly
localized carriers in insulating regime and subtiésubstituted C ions. Further enhancement
in carrier concentration and reduction in substfuEG" ions is detrimental to ferromagnetism
owing to non-static concentric BMPs percolatiomirthe presence of weakly localized nature of

carriers in intermediate regime.
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1. Introduction

In the last decade, diluted magnetic semicondudidoMSs) [1,2] and transparent conductors
[2,3] have attracted much attention because ofr thetential applications in the fields of
spintronics and optoelectronics [4,5]. However, floe development of next generation opto-
spintronic devices, such as spin-LED (light emgtidiode), spin-RTD (resonant tunneling
devices), and optical switches; optoelectronic Emcbmagnetic properties should coexist in the
same host matrix. In this regard, zinc oxide (Zg&X)ne of the most favorable host materials due
to its large optical band gap!@.3 eV) and intrinsic n-type characteristics fram/O related
interstitial and vacancy defects [5,6]. A fairlyde number of studies have aimed to investigate
transparent conducting and ferromagnetic propemieznO by doping it with transition metal
elements including Fe, Co, Ni and Cu [7-13]. Intjgaitar, Zn«CoO has shown strong potential
from the perspective of both properties [8,9,11pwdver, it is also reported that optical
properties such as transmittance and band gap r@a&tlyg reduced as a function of Co
concentration in ZnO matrix [14], which is not dabie for potential transparent conductors.
Apart from questions related to the optical prapsrtorigin of conductance and ferromagnetic
ordering in ZR«CoO based DMSs remains inconclusive, as Co dopaudtsamiers can play an
active as well as passive role. In majority of #tedies, Co dopants in ZnO matrix have
segregated as metallic Co or intermetallic ZnCostelis [15-17], to trigger extrinsic
ferromagnetism (FM), which is detrimental to spamic applications. However, the substitution
of Co dopants in regular crystallographic structofeZnO dominates intrinsic FM [18-20],
which is within the frame work of free carrier magid exchange interaction [7,19] and bound
carrier constituted magnetic polarons (BMPs) forara{18-20]. Of late, attempts have been

made to further enhance the conducting propeni&s.,Co0 based DMSs by codoping it with



donor type elements like Al [19,21,2&2hd Ga [23], and explore the kinetics of chargeies

in relation to FM. Majority of the studies have oej@d that intrinsic FM is stabilized in Zn
xC00:Al/Ga films when the carrier concentration liesnsulating and metallic regime which is
consistent with  BMP [19,20,23hnd carrier mediated [19,23hechanisms respectively.
However, decrease/lack of FM is seen for carrigrceatration lying in intermediate regime
[19,23]. Very surprisingly, absence of FM is alsted in metallic ZrxCoO:Al films [21,22]
despite the presence of very high carrier concgatrawhich has raised serious doubt over the
role of carriers generated by donors like Al and. Gen implantation/irradiation has been
established as another effective method for theerggion of O vacancies and Zn interstitials
defects [24,25] in ZnO in a controlled manner, ebhin turn act as source of n-type carriers for
FM. In addition, in the recent past there has b@®®merging consensus over the vital role of
Zn/O related defects in origin of FM for undoped ZnO systems [25-27] which indicatet
FM may not be exclusively correlated to the preeewictransition metal, but also mediated by
inherently present or intentionally induced Zn/Qated lattice defects. The generation and
organization of defects in ZRC0oO matrix through post ion implantation/irradiatisich may
control n-type carriers are an important issueragetls further exploration.

In the existing literature, there has been a gl of interest on search of transparent
conducting and ferromagnetic properties in.£00 based DMSs by codoping n-type donors
of various concentration. However, the role of peydonors in relation to presence/absence of
FM remains equally controversial. The present warniginates with motivation to highlight the
importance of inert xenon (Xe) ion irradiation ftuning the transparent conducting and
ferromagnetic properties in ZeC 00 films even without adding any n-type dopantsthe

recent works [28,29], the lack/presence of roompemature ferromagnetism (RT-FM) in as



deposited/post irradiated £sCap 00 films has been correlated with their electromd &ocal
structure. However, it is extremely important toderstand the electrical conduction and
transmittance of these ferromagnetic films, beforplementing them for any device fabrication
in future opto-spintronics. Motivated by this, ast@matic study on electrical conduction process
of as deposited and post irradiated) g0 00 films at variable temperature (down to 5 K) is
the prime focus of the present study. An attemp been made to correlate the electrical
transport with the transmittance and ferromagnetismoom (300 K) and low (5 K) temperature
in these ZpgsCm 00 films, by proposing a modified BMPs model basedconcentric BMPs

spheres constituted by strongly/weakly bound cer@ed substituted Gbions.

2. Experimental details

The 5 at. % Co doped ZnO films ERCa 00) of thickness ~ 200 nm were grown on sapphire
substrate by pulsed laser deposition (Pt&phnique using a KrF excimer laser. During the
deposition, the oxygen partial pressure and sulesteanperature were kept at $1%9° mbar and
550 °C respectively [28,29]. As deposited oz8C00s0 films were irradiated at RT with 500
keV inert X" ions using the low energy ion beam facility (LE)gBO] of the Inter University
Accelerator Centre, New Delhi, India. In the LEIB&cility, a fully permanent magnet based
electron cyclotron resonance ion source operatin0aGHz frequency was placed on high
voltage platform (0-400 KeV) to produce stable ¥e beam. The Xe ion beam ofu® current
was scanned horizontally and vertically on the egegited ZposCayosO films mounted in
evacuated chamber for uniform irradiation. Theat#ht ion fluences ¢80, 1x10™, 5x10'°
and 10" ions/cnf) of incident Xe beam were used to tune the defeasity by ion-materials
interaction. The range (~ 100 nm) and longitudstehggling distribution (~ 29 nm) of the 500

keV ions in ZR.9sCop o0 films have been calculated using the simulatimg@mam Transport of



lons in Matter (TRIM) [31].The structural characterization of as deposited [@ost irradiated
Zno.oxCp o0 films were carried out at RT using x-ray diffiact (XRD) (Philips X'Pert PRO)
with CuK, radiation §£ = 0.1542 nm). Chemical state and defect chemgdtdifferent elements
present in these 4sCy 00 films were analyzed by x-ray photoelectron spstopy (XPS)
(SPECS) using Mg, source fiv = 1253.6 eV) in a base pressure belowld@® mbar.
Ultraviolet/visible (UV-Vis) spectroscopy (UV 360@himazdu) was used to determine the
optical transmittance of the films. Electrical tsport including Hall measurements at room
temperature were carried out for as deposited aed pradiated ZgosCposO films using
metallic contacts in van der Pauw configuratione Télectrical resistivity as a function of
temperature was also measured for these filmserneimperature range from 5 K to 300 K using
linear four probe method. For carrying out the measents, the film was kept in evacuated
chamber, which was cryogenically cooled down to.5TKe temperature controller (Lake Shore)
and source meter (Keithley) were used to measweaeaimperature and resistance respectively.
The magnetic properties of thesey € o0 films were investigated using a vibrating sample

(VSM) magnetometer (Quantum design).

3. Results and discussion

The XRD patterns of as deposited and post irradlia®) sC0y 0O films showed wurtzite
structure with a preferred orientation along thexts and was reported earlier [28]. Any
diffraction peak associated with secondary phasesystalline Zn metal and Co metad CoO
was not detected within the detection limit of XRBPom XRD measurements, it is difficult to
get any information related to the presence ofangrphous phase of Zn metal and Co metal or

its oxide Therefore, XPS and optical transmittameeasurements have been employed to



ascertain the oxidation state and structural enwment of constituents in as deposited and post

irradiated Zg.95sC0y o0 films.

3.1. X-ray photo emission studies of ZgCap 050 films

The Zn 2p core level photoemission spectra of gwsleed and post irradiated ggaCop o0
films are shown in Fig. 1. In as deposited and kiwfuence (310" ions/cnf) irradiated
ZNo ol o0 films, the binding energy (B. E.) of Zn gpand Zn 2p, peaks are observed
around 1021.9 eV and 1044.9 eV respectively wipia-orbit splitting of 23 eV, which matches
closely with the binding energy values (1022 eV 4845 eV) of ZA"ions in ZnO [25,32,33]. It
confirms that Zn atoms are in +2 oxidation statdeimahedral wurtzite environment and any
possibility of interstitial metallic Zn (1021.5 e\dhd Zn vacancy is excluded [32,33]owever,
the binding energy of Zn 3p and Zn 2p;, peaks in the films irradiated at higher fluences
(1x10*ions/cnt and higher) shifts slightly to lower energy sidéJd021.7 eV and]1044.7 eV
respectively (see the dotted line), which can lerpreted to be caused by an enhancement in
effective electron density of Zn atoms from thesprece of small fraction of Zn interstitials (Zn
in addition to predominant Zhions. The presence of Zdefects suggests the formation of Zn
vacancy defect, which was also evident in x-rayogit®on near and far edge structure (XANES
and EXAFS) analysis &-edges of Zn and Co [28,29]. Thesg @md Zn vacancy related defects
are triggered by the dense collision cascade dpedlmside the ZypysCay 5O matrix by nuclear
energy loss mechanism (38Y eV/A calculated from TRIM) of 500 keV xenon iongthwtarget

Zn atoms at regular wurtzite sites [29,34,35].

Fig. 2 shows a typical O 1s core level spectrassponding to as depositedogeCay o0 film.
The broad and asymmetric nature of peak indicatki momponent of oxygen, which can be

fitted into three Gaussian peaks having differentling energy components at 530.3 eV, 531.2



eV, and 532.4 eV respectively [28,36,37]. The dantnpeak (Q) centered at lower binding
energy side (530.3 eV) of the O 1s spectrum iscisal with G ions in wurtzite structure of
hexagonal Zfi ion array. The peak marked ag fr binding energy of 531.2 eV is attributed to
oxygen ions in oxygen deficient regions within #@O matrix [28,36]. The relative area under
this peak is an indication of oxygen vacancies,cwhs in general lower than the Gmponent.
The higher binding energy component;(jOis usually due to the presence of loosely bound
oxygen on the surface of film, attached with sped@pecies such as -GQabsorbed LD, or
absorbed @ [28,37]. The relative area of |00, and Q, peaks for all post irradiated
Zno.osCp 00 films is calculated from their O 1s spectra (plobt shown) to extract information
for relative area of Ppeak, which is shown in inset of Fig. 2. It is eand from the inset of Fig.

2 that relative area of oxygen vacancies increasdbe irradiation fluence increases and it gets
maximized at intermediate fluence. The enhancemiahionic vacancy related defects in post
irradiated Zip.osCy 050 films is again understood from the dense collisiascades as a result of
interaction between high energetic Xe ions andranai regular wurtzite sites.

The Co 2p core level photo emission spectra fodegmsited and post irradiated p48C0p 050
films are shown in Fig. 3. The spectra of thesadishow four peaks corresponding to thg»2p
and 2p, core levels and their shake-up resonance transi(gatellite) at higher binding energy
[14,32]. It is to be emphasized that within theed&bn limit of XPS, the signal to noise ratio in
Co 2p core level spectra is not so good as in Zardp O 1s core level spectra, due to low
content (5 at. %) of Co. However, the binding egestj2p, (780.5 +0.1 eV) and 2p (796.1
0.1 eV) core levels as well as energy differericeq +0.1) between two matches closely with
Co?* oxidation state in Co-O bonding. There is no iatdian of peaks at 778 and 793 eV

corresponding to metallic Co for as deposited aost frradiated films [14]. It suggests that



majority of the Co dopants incorporate in wurtZisdtice as C& ions for as deposited and
irradiated films. The electronic structure of Cqeéots as discussed above provide a qualitative
picture, as low fraction of Co dopants is preseithin probing depth (20-40 A) of XPS. In
order to get better insight for the oxidation stateCo dopants and their crystallographic
environment in the whole volume of films, opticdbsarption measurements are discussed

below.

3.2. Optical properties of ZypsCp 00 films

Optical transmittance spectra of as deposited astlipadiated Z§gsCay 00 films are shown in
Fig. 4. The spectra reveal strong decrease inmiasice at the band gap energy and three
absorption edges located at 1.88 eV (A), 2.01 eVl 2.20 eV (C). In the literature [8,14],
these edges (A, B and C) are correlated to d-gitians of C" ions substituted at Zhsites in
tetrahedral crystal field of ZnO and can be atteéliuto*A(F) — %E(G), *Ax(F) — “Ty(P) and
*A(F) — 2A4(G) transitions respectively. The intensity of taedbsorption edges is found to be
proportional to the concentration of substituted®Cions, if there is no variation in film
thickness. It is interesting to note that intensitly different absorption edges as well as
transmittance decreases at higher fluences alth@oagtoncentration is same in all the films. It
strongly suggests that for as deposited and inedlifiims corresponding tox40" and x10'°
ions/cnf fluences, majority of the Co dopants have sulistitthe ZA" ions in tetrahedral crystal
field of ZnO, which results in higher transmittan¢e 90 %). However due to significant
reduction in the percentage of substitutedGons, as evident from the absorption edges,
decrease in transmittance (~ 40-43 %) is seefilfios irradiated at higher fluencesxB0*° and

1x10" ions/cnf). There may be a possibility of a small fractidnGm atoms residing either on



random interstitial sites as metallic Co or in sootieer non-wurtzite environment particularly
for these two films.

3.3. Transport properties of ZypsCay 00 films

The results obtained from resistivity and Hall effmeasurements at room temperature for the as
deposited and post irradiated48C 0 00 films reveal n-type conduction and data of restgt

(p), carrier concentration {nand Hall mobility (1) are depicted in Fig..5lt is evident that
resistivity decreases appreciably in post irradidiiens as a function of fluence, which is due to
increase in carrier concentration and Hall mohiliize resistivity decreases rapidly for the film
irradiated at intermediate fluencex@" ions/cnf). The change in resistivity and carrier
concentration can be attributed to O/Zn relatecamag and interstitial defects generated due to
Xe ion irradiation. It is to be emphasized the iearconcentration for the film irradiated at
5x10% ions/cnt fluence is found to be close to free carrier cotregion & 1x10%° cm?®)
required for metallic conduction [19,2ZTherefore to examine the type of conduction in all
films, detailed resistivity versus temperature measients are discussed for the two

representative irradiated films corresponding teffices of £10™® and 510" ions/cnA.

Fig. 6 shows the temperature dependent electresiktivity for the films irradiated at the
fluences of %¥10* and 510 ions/cnf. Both the films reveal @dT < 0 in whole temperature
range of 5-300 K, which rules out the possibilifyneetallic conduction in both films. It is to be
noted that resistivity increases strongly at loveznperatures for the film irradiated witbx1I0'
fluence. The strong dependence of resistivity ompterature suggests the insulating behavior for
this film. In insulating regime, carriers (eleats) tend to be strongly localized at defects and
they can hop from one site to another under spegrbbability. However, for the film irradiated

with 5x10™ fluence, there is a slight increase in resistiviith decreases in temperature. The



weak temperature dependence of resistivity for fillm suggests the intermediate regime
between metallic and insulating regime. In contrstthe insulating regime, the carriers
(electron) in intermediate regime are not so stiptaralized at defects and they can hop under
favorable condition. Therefore, resistivity versesperature measurements allow us to conclude
that resistivity and carrier concentration of apaieted and lower fluence irradiated films
(5x10"* and X10™ ions/cnf) lie in the insulating regime. However, decreasesdistivity,
accompanied with increased carrier concentratiorfifms irradiated with $10'® and x10"
ions/cnf fluences reveals their transport properties cpoeding to intermediate regime.
Furthermore for both films, the presence of différslopes in resistivity versus temperature
curves (see the Fig. 6) shows various mechanisroarger transport to be operative in different
temperature ranges. According to the existing ditee [38-41], around room temperature
carriers dominate thermally activated band conduactivhereas at lower temperatures most of
the carriers do not have sufficient energy to jungon their donor levels to conduction band. In
low temperature regime, they conduct by hoppingrfome impurity level to another, making the
thermally activated band conduction less probdbézause of the hopping of electrons from an
occupied level to an empty level, this transportchamism is classified into two different
categories viz. Nearest-Neighbor Hopping (NNH) avidriable Range Hopping (VRH)
conduction. In NNH conduction, an electron hopsrrimcalized occupied state to the nearest
unoccupied state. However in VRH conduction, hogphelectron occurs to those unoccupied
states which are near to the Fermi level irrespeaif their spatial distribution. In general,st i
widely accepted that NNH hopping conduction happahgemperatures lower than 250 K
whereas VRH hopping type conduction dominates athmawer temperatures< (130 K). The

thermally activated band conduction, NNH and VRIdawrction are discussed below.



The carrier transport in thermally activated band BINH conduction [40,41] is represented by
0 = G.exp (— %) +0,exp (— %) (1)
wherec; ando; are pre exponential factofs;;andE,, are activation energies required for band
and NNH conduction and k is Boltzmann’s constant.
The activation energy required for both conduci®malculated by the Arrhenius plot of én
versus 100" as shown in Fig. 7 for the irradiatedoZ6C00.050 films corresponding toxi10*
ions/cnt and 510 ions/cnt fluences. The activation energy is estimated leyslopes of the
curves through best fit technique. The activatinargy for band and NNH conduction is found
to be 17.9 meV and 9.0 meV respectively for th@@® ions/cnf irradiated film, whereas these
values decrease to 0.54 meV and 0.23 meV respBcfore5x10™ ions/cnf. The rapid decrease
in activation energy for 810" ions/cnf fluence irradiated film is concurrent with enhamemst
in carrier concentration. The enhancement in caco@centration raises the Fermi energy to a
higher level in the band gap, which in turn leaglsiécrease in activation energy. It is very likely
that for this film, majority of the carriers can @opping to conducting band and neighboring
localized states very easily due to rapid decraaaetivation energies.

The carrier transport in low temperature regime lmaigoverned by Mott's VRH model [40-42]

7 = e[~ (2)"] @

where parameteks,pand Toare given by the following expression

o 3e2vyy [N(ER)]
ho ™ (8m)1/2 | qkT

3 16a3
© " |kN(Ep)



where vph is the phonon frequency (~ ‘PoHz) at Debye temperaturé, is the Boltzmann's
constant,N(Ef) is the density of localized electron states at Fdewel anda is the inverse
localization length of the localized state.

Fig. 8 shows the dependence ofslfi(%) versusTY* for the irradiated ZgosCooO films
corresponding to A10'® ions/cnf and 510 ions/cnf fluences. The presence of linear
relationship indicates that VRH conduction is opigeain the low temperature range. The
Mott’s variable range hopping parametesg (To, N(Er) anda) obtained from the straight line
fitting of In(cT"?) versusTY* plots are summarized in Table 1. It is evidentrfrthe table that
density of localized state¥(Er) near the Fermi level is higher for the film irradid at 510
ions/cnt fluence as compared tox10 ions/cnt fluence, which is due to enhanced carrier
concentration. In addition, very high value &f for 1x10' ions/cnf fluence irradiated film
corresponds to low probability of hopping from op@d to unoccupied state and a very high
value of resistivity. The inverse localization lémgarameteu is also largdor 1x10' ions/cnf
fluence as compared toxB0' ions/cnf. Accordingly the two important Motts hopping
parameters including VRH localization radiuggy = 1kx) and average hopping jump distance
(R= [9/8nakTN(ER)]¥) are also given in same table [38,39]. The paramielry) reveals the
range of a carrier localized by a defect in its dogenic orbit, so called VRH sphere. The
parameterR) denotes the average distance that a carrier garotit of the VRH sphere. Since
the rvry and R are very high for 210" ions/cnf fluence irradiated film, which confirm that
carriers at defect sites tend to be strongly laedliup to a very large distande Z3 nm) and
there is least probability of hopping of carriemstieen the two VRH spheres. However for
5x10% ions/cnt fluence irradiated filmryry andR are relatively less, which confirm that charge

carriers become weakly localized to a small distait6.5 nm) and they hop between VRH



spheres. Therefore it can be concluded that cheageers for as deposited and lower fluence
irradiated films (%10 and X10' ions/cnf) are strongly localized due to their insulting
behavior, however for higher fluence irradiatechil (5<10*° and &10"’ ions/cnf), they become

weakly localized due to intermediate behavior.

Table 1 The calculated values of Motts’s variable ranggpging parameters for irradiated
Zno.0C 0,050 films corresponding tox110* and 510" ions/cnf fluences.

Irradiated To (K) a(cm®)  N(Ep) (cm*eV?Y)  ryra(nm) R (nm)
ZNg.o5sC 0y 00 films
1x10'" ions/cnt 68000 4.3x10’ 2.2x10Y 23 52
5x10' ions/cnt 422 1.5x1¢° 1.6x10% 6.5 4

3.4. Magnetic properties of ZypsCy o0 films

The magnetization measurement4-l) at room temperature reveal paramagnetic and teinab
ferromagnetic behavior for as deposited and posti@ted ZpgosCoyoO films respectively,
which has been reported in our earlier work [28]e Toom temperature saturation magnetization
(My) of post irradiated ZypsCm 0O films are plotted against carrier concentratisee( Fig. 9
(a)). It is interesting to note thads is found to be the highest for the irradiated filhx10'
ions/cnf fluence) lying in insulating regime. However, retan in M is evident for the
irradiated films (%10'° and x10' ions/cnf fluence) lying in intermediate regime. Moreover,
Ms scales with carrier concentration in insulatingd amtermediate regime. Thé/-H
measurements at low temperature (5 K) for irradidilens corresponding tox110*® and 510
ions/cnf fluences are presented in Fig 9(b) for understanttie role of carrier kinetics in origin
of FM down to low temperature. The room temperatMiréd data for same films is also

presented for the comparison of FM at two tempeestult is clearly evident that there is an



enhancement in ferromagnetic strength in terms aturation magnetization, remanent
magnetization and coercivity at low temperatddeH data. It strongly suggest that carrier
mediated exchange interaction cannot be adoptedthjirto explain FM in these set of films. It
appears that an improved BMPs model with specifodification is required to explain FM in

insulating and intermediate regime, which is diseasbelow.

3.5. Role of carrier’s kinetics in origin of FM fottransparent Z@ ¢sCy 00 films

The as deposited film reveals perfect insulatingalveor with lowest carrier concentration at
room temperature, which arises due to lack of figant Zn/O related lattice defects. However
in post irradiated films increasing trend of carm@ncentration (at room temperature) is seen
due to enhancement of O vacancies and Zn intaistitiefects. Furthermore the influence of
irradiation is clearly evident in progressive dese of C&" ions substitution at Z sites in
tetrahedral environment. Although, carrier concaidn increases in post irradiated
ZNo ol o0 films, but metallic conduction is not evident amy of the irradiated films.
Therefore origin of RT-FM in post irradiated ¢gaCa 0s0 films cannot be explained from free
carrier mediated exchange interaction, as very bigher concentration>(10°° cm®) is required

in the conduction band to mediated ferromagnetieraction between Co dopants [19,22]. It is
to be emphasized that electrical conductivity istpoadiated ZgosCp o0 films arises from the

(i) carriers transport in the conduction band aridcérriers hopping within the localized states
of Zn/O vacancies and Zn interstitials. At and auoom temperature, thermally activated
band conduction and hopping mechanism can domititeeconductivity, whereas in low
temperatures regime, only hopping conduction cbutes. It is reported in literature [39] that for
carrier concentration below tHe 10°° cm®, thermally activated band conduction and hopping

conduction coexist in temperature regime of 100-BQ®ut the relative proportion of hopping



conduction is always greater than the thermallyivatdd band conduction. However at
temperatures below the 100 K, the contribution ftbermal activated band conduction ceases to
exist and hopping conduction dominates. Therefibtrean be inferred that thermally activated
band conduction and hopping conduction can playmapt roles for understanding the RT-FM
of post irradiated ZgpsC 00 films. However, low temperature FM is exclusivebyrelated to
hopping conduction. In case of post irradiatech o800y 0O films, it is very unlikely that
thermally activated band conduction is solely resiale for inducing spin coherence between
the Co dopants to trigger RT-FM due to (i) low @nitof Co (5 at. %) and (ii) less carrier
concentration 10?° cmi®) at room temperature. The presence of very highier concentration

(> 10° cm®) is required in the conduction band to mediatetbfeagnetic interaction between
Co dopants of low content (see the Ref. 19, and 2Rgrefore, thermally activated band
conduction contributes to electrical conductiviteg@ominately in post irradiated £§Cay 050
films. However hopping conduction at low and higmperatures triggers strong spin coherence
between the localized carriers (electrons) at Zaé€cts sites and tetrahedrally substituted" Co
ions to constitute BMPs within a radiusge) of 0.76 nm [20]. Furthermore, these BMPs are
formed within the localization radius of carries called VRH spheres (6.5 nm - 23 nm) [38],
which is schematically depicted in Fig. 10. Therefdormation of BMPs inside the VRH
spheres is essential to understand the absengaresehce of FM at high and low temperatures,
and is discussed below.

It is to be emphasized that for as depositeglydPy 050 film, although tetrahedrally substituted
Co?* ions is largest but carrier concentration at raemperature is lowest, which in turn results
in low density of concentric spheres. Thereforgycemtric spheres are distributed far apart and

there is no direct interaction between isolated BMIPgive rise to RT-FM in as deposited film.



Therefore paramagnetic behavior is seen in as dedodm, which is pictorially depicted in
case | of Fig. 10. However for the 93Ca 0O films irradiated at lower irradiation fluences
(5x10"* and1x10"ions/cnt), high density of static concentric BMP spherefaisred from the
significant concentration of strongly localized renrs and substituted €bions. These static
concentric BMPs spheres interact with each othérigger RT-FM as shown in case Il of Fig.
10. The ferromagnetic strength is higher in thenfitradiated with %10 ions/cnf fluence as
compared to 10" ions/cnf fluence due to presence of higher concentratioroocélized
carriers. For the films irradiated at higher fluea¢5<10*°and1x10*’ ions/cnf), although carrier
concentration increases but these tends to be wdakhlized due to easily hopping to
conduction band and localized states. Furthermbege is a significant reduction in substituted
Co?* ions. It decreases the probability of static comge BMPs formation within VRH spheres
as weakly localized charge carriers can do hoppimg their O/Zn related lattice defects sites
and hence spin of substituted ®dons may also flip due to random electrostaticeptil
generated by weakly localized carriers (see cdyeTlherefore, decrease nmom temperature
saturation magnetization for these irradiated filnas been observed as compared b0
ions/cnf fluence. The higher saturation magnetization%h@®° ions/cnf fluence as compared to
1x10" ions/cn? is again interpreted in terms of higher carrienaantration. It is to be further
emphasized that ferromagnetic strength at low teatpeeM-H (5 K) data for irradiated films
(1x10'® and %10% ions/cnf) enhances in terms of saturation magnetizatiomarent
magnetization and coercivity. At low temperatulesalization of carriers at defect sites is very
strong from the absence of thermally activated bamttuction, which in turn stabilizes strong
spin coherence between substituted*Oons and localized carriers. It gives rise to ktab

concentric BMPs formation with its enhanced radnsde the VRH sphere. As a result, the



separation between interacting concentric BMPseadsgs, therefore, strong magnetic coupling
between these results in enhanced ferromagnegagitr. Apart from concentric BMPs, Zn
vacancy defects may also be the other possiblemezdow and high temperature FM from the
spin polarization at unsaturated O 2p orbitals42p, The concentric BMPs formation and Zn
vacancy defects are crucial to understand the absand presence of FM at low and high
temperature.

4. Conclusions

In summary, role of carrier’s kinetics is exploffied understanding the tunable FM induced in as
grown ZnyosC0p 050 transparent films. The origin of the absencefmes of FM in transparent
Zno oxC0p o0 films is understood from the formation of concenBMPs inside the VRH
spheres as a result of strongly and weakly localizarriers bound to Zn/O defect sites and
substituted C8 ions in tetrahedral environment. The paramagrie¢icavior of as deposited
ZNo.osC 050 film is within the framework of smallest densdlyisolated static concentric BMPs
spheres owing to marginal carrier concentratiore #hhancement in strongly/weakly localized
carriers in post irradiated £8C0p 050 films as a function of fluence starts the suéfitioverlap

of concentric BMPs spheres to trigger onset of FNk strength of FM in post irradiated films is
maximized from the percolation of static concenBMPs as a result of highest concentration of
strongly localized carriers in insulating regimal@ubstantial substituted €dons. The further
enhancement in carrier concentration and redudiiosubstituted C8 ions for the films
irradiated at much higher fluences give rise touotidn in FM from the non-static concentric
BMPs percolation from weakly localized carriers.e$@ irradiated ZgpsCa 0O films with
transparent and ferromagnetic properties are patecandidate for different applications in

future opto-spintronic devices.
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Figure Captions

FIG. 1. Zn 2p core level spectra of as deposited and postiated ZposCayosO films

corresponding to different fluences of xenon idksl0**, 1x10™, 5x10'° and &10"’ions/cn).

FIG. 2. O 1s core level spectra of as deposited &by 050 film: inset of figure shows the
variation in relative area of oxygen vacancy mestigbeak in ZgosCoposO films with increase

in xenon ions fluence.

FIG. 3. Co 2p core level spectra of as deposited and posdiated Z9.9sC0posO films

corresponding to different fluences of xenon idssl**, 1x10™, 5x10'® and &10"’ions/cnd).

FIG. 4. Optical transmittance spectra of as deposited @osl irradiated ZgpsCa o0 films

corresponding to different fluences of xenon idksl0**, 1x10™, 5x10'® and &10"’ions/cn).

FIG. 5. The variation in resistivityp), carrier concentration {nand Hall mobility (1) of as
deposited and post irradiated o48Coy 050 films corresponding to different fluences of xeno

ions (5<10*, 1x10™, 5x10'® and &x10"ions/cnf).

FIG. 6. Resistivity versus temperature dependence of iated ZrRoCoosO films

corresponding to fluences ok10'° and 510 ions/cnf.

FIG. 7. The Arrhenius plots of irradiated ggCoy 0O films corresponding to fluences of110*

and 510" ions/cnf showing thermally activated band and NNH condurctio

FIG. 8. The IngT*? versusT* for irradiated ZpgsC0p.050 films corresponding to fluences of

1x10'® and %10'° ions/cnf showing VRH conduction.

FIG. 9. (a) The room temperature saturation magnetizai@hcarrier concentration plotted as a

function of fluence for irradiated 8B:C0yoO films (b) Comparison of room and low



temperature (5 KM-H curves for irradiated 4nsC0p 050 films corresponding to fluences of

1x10'*® and 510" ions/cnA.

FIG. 10. lllustration of concentric BMPs spheres model lmee limiting cases (i) perfect
insulting (ii) Insulating, and (iii) Intermediatdhe small solid circle (light blue) represents
BMPs formation of radiusgye with respect to defects and substituted?’Cons. The large
dotted sphere shows the VRH spheres with locatimatadius (yry) around the defectR

represents the hopping distance of an electrondetWRH spheres.

Table 1. The calculated values of Motts’s variable ranggpiog parameters for irradiated

ZNno.05C00.050 films corresponding toxL0'® and 510" ions/cnf fluences.



Intensity (a. u.)

Zn_.Co O
ZI’] 2p3/2 0.95 0.05 Zn 2pl/2

1x10" /|
5x10° /|

1x10° /|
5x10"* J

as deposited/

C

1020

1030 1040 1050
B. E. (eV)

FIG. 1



=
o
1

Normalised intensity (a. u.)
o
Ul

———EP\@

0.20f
Zno.gscoo.oso

0 2 4.6 8 10
Fluence (x107" ions/cm®)

as deposited
Zn 0.95C00.OSO

528 530 532 534
B. E. (eV)

FIG. 2



Co2p,, M s 1x10"

4 -
r /’ ;"\_,","4' 0 AL |

X o ‘le‘ o
A, 2 ).‘,}-ﬂ.'l.,;/ "‘w wy ! ,:"( Al

Intensity (a.u.)

770 780 790 800 810
B.E. (eV)

FIG. 3



=
o
(@)

Transmittance (%)

as deposited
5x10"
80 1x10%
5x10"°
60- 1x10"
40 Zn0.95COo.05O
20-
0

20 25 3.0 35 40 45 50
Energy (eV)

FIG. 4



0 5x10%° 1x10"

Fluence (ions/cm?)

FIG. 5

F10

21
.-10195

< 18
E10"°5

£115
r1017qc,)

2112

o
'1016; 9
108 |6

Mobility (cm®V™'s™)



Resistivity (Q cm)

0.0038

0.00374 1.

0.0036- —

—s—5x10"°

0.0035+ "=

53] —a—1x10

0.5

0 50 100 150 200 250 300
Temperature (K)

FIG. 6



16
5.654 Band conduction 5x10

5.64-

NNH conduction

£ 5.63-
Q } } ——t 4
b F4 E
= 1x10"°
1.54
1.24
NNH conduction
0.9
3 4 5 6 7 8
1000/T (K™

FIG. 7



~
N
Il

o
©
Il

5x10"°

/

In(eT"?) (Scm™ K%
o\

N
1

03 04 05
T -1/4 (K-1/4)

FIG. 8

0.6



Magnetization (emu/g)

Magnetization (emu/g)

N
o

. . 10
5 (a) irradiated &
Zn; 5,0, O 5
J c
4 b F10"9
1 Insulating Intermediate f T
3 regime regime | =
] A focccccc I s | g
o 182
21 1075
; o
14 I 9
] ~@— Magnetization (emu/g)l:\:| [ %
o1 carrier concentration ) _ F107'G

1015 1016 , 1017
Fluence (ions/cm”)

31(b) 5x10"
2-
1-
0
| 1.0
-1 go.s /
] £0.0 4
g 7
-2 S-0.5/
1 -1.0
'3' -300-200-100H(%Oé.)00 200 300
T 16 ; 5
X
o] 1x10
3-
0
51
-3 g : p?
=1
-6 22
-300-200-100H(%Oé)00 200 300
10000  -5000 0 5000 10000

Magnetic field (Oe)

FIG. 9



Case lll
Weak Ferromagnetism
Intermediateregime
n. = 6x10'8- 1020 cm3

Casell
Strong Ferromagnetism
Insulatingregime
n. = 10'7- 5x108 cm3

Casel
Paramagnetism
Perfect insulatingregime

n.=~ 10 cm3

;/Bx; ~d A7 :
i By %, 18 Pa. ;¥
27
X ‘e i Py 7
— 7% P 77 7
& 5
y'd 7 T‘. )

t.Vn

& Carrier spin at defect sites 4 Substituted Co* spin  ...> BMP localization radius (rgyp)
"""" > VRHlocalizationlength (ryg,) with (rygy) insulating regime > (rvrn) intermediate regime

Ny VRH hopping distance (R)  with (R) jnsulating regime > (R) intermediate regime

FIG. 10



Table 1. The calculated values of Motts’s variable range hopping parameters for irradiated
7Z1¢.95C00,0s0 films corresponding to 1x10'® and 5x10'¢ ions/cm? fluences.

Irradiated T, (K) o(ecm™)  NEp) (em™eV?')  rypy(nm) R (nm)
Zn0.95C00.05O films
1x10'® jons/cm? 68000 4.3x10’ 2.2x10" 23 52

5%10'° ions/cm? 422 1.5x10° 1.6x10%! 6.5 4




Highlights

Transparent conducting and ferromagnetic propeatiesuned in Zy,CoO.

Role of carrier's kinetics at variable temperatuieexplored for understanding the
ferromagnetism in transparentZ&o,0.

The origin of ferromagnetism is explained from camicic bound magnetic polarons
stabilization inside the variable range hoppingesph.

The presence of strongly/weakly localized carriessfavourable/detrimental to

ferromagnetism.



