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ARTICLE INFO ABSTRACT

This paper presents the properties of ZnO thin films enhanced by the incorporation of
Gd (3 at%) and Al (3 at%), which were synthesized using a simultaneous target
sputtered onto glass substrate. Using X-ray diffractometer, the crystalline structure of
the films was determined showing the effective incorporation both doping elements
into ZnO lattice. This has been proved as no secondary phases or any peaks
associated to Gd and Al in the deposited films. EDS results further demonstrated the
presence of Gd and Al ions within films with amount of concentration were 3 at% for

Article history:

Keywords: each respective element. The surface morphology exhibited homogenous
Gar Rare-earth; ZnO; Co-sputtering; nanoparticles structure for all the deposited films in which the nanoparticle size
Al IVIEM became smaller as Gd and Al were added to ZnO films. The optical properties by

UV-Vis showed good transmittance that surpassing 90 % of average transmittance for
all the films. The bandgap obtained using Tauc’s plot equation based on the
transmittance results were increased when both Gd and Al were incorporated. The
magnetic properties of the co-doping films were obtained using magnetic force
microscopy (MFM). The results showed that the MFM images for the film
incorporating Gd and Al had a bright-dark contrast as compared to the undoped one.
It further unveils improved magnetic properties, as evidence by its larger value of
6f.ms Based on these findings, adding 3 at% of Al to the Gd-doped ZnO films has
further enhanced its physical, optical and magnetic characteristics, which in turn
could also improve its magnetic behaviour at room temperature.

1. introduction

In the past few years, zinc oxide (ZnO) have been relied as a semiconductor host material
considering its advantageous properties, which include a significant exciton binding energy of 60
meV and direct band gap energy of 3.37 eV [1]. ZnO additionally exhibits exceptional electrical and
optical characteristics, which have led to many commercial applications, especially in spintronics
[2,, solar cells [3], photocatalytic [4],[5],[6], and sensors [7]. However, the disadvantage of ZnO is
that the materials nature is non-magnetic, which restricts their use in spintronic devices. In this
respect, magnetic ions particularly, transition metal (TM) ions or rare earth (RE) ions has been
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extensively research as a dopant element to tune the characteristics of host materials like ZnO and
GaN materials [8],[9] providing new possibilities for spintronic applications. Among both of
magnetic ions (TM and RE), doping with RE ions has attracted much interest since it present high
magnetism at room temperature [10],[11]. Gadolinium as dopant magnetic ions is vital element
aue to their unique magnetic contributions, ionic radii, valence states, and coordination numbers,
that induces high magnetic moments [11]. Doping of Gd additionally boost the conductive
properties of holes in ZnO, as holes in the Gd 4f orbitals are more energetic instead of electrons
[1Z]. Additionaily, compared to other rare earth elements, it has a higher optical bandgap of 5.3 eV,
wi.cli improves optical transparency by allowing light to be emitted at a longer wavelength and
.psc.bed at a shorter wavelength [13].

At the present time, research is being done on co-doping the ZnO-based DMS system with
Group I, I, and vV elements to further enhance its physical, optical, electrical and magnetic’
Lol orties. Group il elements, in particaiar, including Al [14],[15], and Ga [16],[17] are among the
Lriioy dopants used as doriors for promotion of the properties of ZnO-based DMS films especially
in cptical, electricai and magnetic cnaracteristics. Al prevails over competing Group lll elements
owing to their iow ionic radii (0.054 nm) as opposed to Zn (0.074 nm) and Gd (0.094 nm), allowing
easy incorporation in ZnO-based DMS films. Several studied have proved that doping of AI*
elements, which have one extra valence electrons makes ZnO films more conductive because of
¢a.ia carriers brought into the mater.al [18]. Some have also reported that extra carriers from Al
(C...g coud extend the ferromagnetism of the ZnO-based DMS films [19],{20],[21]. Thus, we
ant.c;pate that the combination of excellent properties of co-doping (Gd, Al) can tailor the
properties of ZnO, potentially unlocking whole new properties for advanced technological
appi.cations, particularly in spintronics. Although other research has employed a variety of
sy...nesis methods, inciuding co-precipitation [22],[23],[24], spin coating [25], hydrothermal [26],
ariu WBE [27], the co-sputtering method for co-doping Gd and Al ions into ZnO concurrently is still
not well-studied in the literature. In the present work, we employed co-sputtering technique to
deposit undoped Zr0, Gd-doped ZnO, and (Gd, Al) co-doped ZnO films. Our aim is to investigate the
ro.e of Al in Gd-doped ZnO ar.d com.pare its properties to those of undoped ZnO and Gd-doped ZnO

fili s

2. lvicthodology

A comparative stucy .- ca:rri2d cut between ZnO films that are undoped, ZnO films that are
de.ec with 3 at% of Ga, anu ZnC ins that are co-doped with 3 at% of (Gd, Al) utilizing the co-
sp.ccering tecinigue. Different target materiais consists of ZnO, Gd, and Al were initially placed in
the sputtering chamber. The glass substrate on which the film is deposited is also positioned in the
chamber. The sputtering procedure tnen begins with the introduction of inert gas, typically argon
gas to ignite the p.asma. The sputtering process, then continues with the sputtering power set 0 W
fo. Ga ana Al target for undacped ZnC. The sputtering power for the Gd target was set to 75 W for
tne Cd-doped ZnQO {ilm. in the case of |Gd, Ai) co-doped ZnO, the sputtering power was set to 75 W
and 15 W for Gd and Al targets, respectively. A working pressure of 5 mTorr of working pressure
ana ceposition time of 1 hour were used for the deposition process. The parameters for depositing
90 th 2 films are listed 'n Tabie 1. Miore :nformation on the deposition process to prepare all of the

{i.... were provided in our p.2cecing fuhiication [28].
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Table 1
_ist of fixed and variab.e parameters for the deposition process
Parameter Value
Base pressure 7.0x 10° Torr
Working pressure 10 mTorr
Argon f.ow rate 29 sccm
T'me deposition 60 m.nutes
Distance targe: (o substrote 13.5cm
Sputtering power 100 W
Rotating substrate holcel 9 rpm
Fiimi concentraion Undoped Zn0O, Gd-doped ZnO (3 at%),

(Gd, Ai) co-doped ZnO (3 at%)

A series of characterization techniques, which include X-ray diffraction (XRD), field emission
scunr.ng e.ectron microsco.y (FESEM),, energy dispersive X-ray spectroscopy (EDS), ultra-violet
vis.ie spectroscopy (JV-Vis;, and magnetic force microcopy used to investigate the properties of
tine aeposited films. The PANa.ytica. X'pert Pro, X-ray equipment equipped with a Cu Ka source, was
usea for assessing the structural properties of the film. Scan speed and step size for the samples
were 5°/min and 0.03° in the 26 range, which covers 20° to 80°. The film’s surface morphology was
nvestigated w.th the FESE.w: (LEOL JSM-7600F). To determine the elements and the atomic
percentage (at %, in the depositec [Ims, EDS analysis was employed in addition to probing the
nstrument to FESEM. The optica. transmittance in the 300-1000 nm wavelength region was
measudred using a Shimadzu _V 1800 ultraviolet—visible spectrophotometer. The magnetic domain
structures of the films were thoroughly analyzed at an area of 1 um x 1 um and a lift-scan height of
50 nm using M=V 1 tapping mocde. Every measurement was done at room temperature.

3. Results anad DJiscussion

_.2 Structural Properties

Figuie  sioows tac, »tter o fo-iay ciffractios of all films produced on glass substrates,
Cliiy UOGO. 00 0 C GG-Coo2d 00, and (Sa, Al co-doped ZnO. The XRD data presents two
Cifooction pewss, which be.ong to tne paanes of (002) and (103) with (002) planes being the
¢ominant. Tnese peaxs are iccated a: 26 of 34.2° and 62.75°, which demonstrates the formation of
ZnC nexagona. wurtzite structure verif ed by .CSD No. 98-018-6243. Despite doping together with
Go w..d Ai, N0 acoitionas proases o Jenxs iinced with these elements were detected in the XRD
Looern. This proves tie elfcciive repacement of Znions in the ZnO lattice by Gd and Al ions [29].
As ZnO is co-acpec w th Gd wna A, the originaily strong and intense diffraction peaks grew broader
and weaker. Tris indicates trat dopant fims have a poor crystalline structure, which Gd and Al ion
deping decreases ZnO crysta.linity. Furthermore, the films doped with Gd and (Gd, Al) showed a
di.owcement O e aifiraction peaxs towards a lower diffraction angle. The peak shift is produced
L, w.lerences n G e jonicr wous ¢f 2n 0.074 nm), Gd (0.094 nm), and Al (0.054 nm) due to the

Lrasence of bo:n Gdand A ¢atne ZnO structure [5],[30;.
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Fig. 1. XRD patterns of undoped ZnO, Gd-doped ZnO, and (Gd, Al)
co-coped ZnO films

3.2 Viorpholog.cal Properties

The morphology of the synthesized films was assessed using FESEM, and the resulting

images are presented in Figure 2.

Fig. 2. FZSEV. imases of (a, undopea ZnO, (b, Gd-doped ZnO, and (c) (Gd, Al) co-
doped Zn 0 fiims
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The synthesized uncopea ZrJ, Gd-coped ZnU and (Gd, Al) co-doped ZnO showed a
spnerical morpnology with a homogeneous particle structure, as confirmed by FESEM images. As
observed in FESEM images, the surface morphology remains unchanged despite the addition of Gd
and (Gd, Al) doping. However, the spherical morphology has fewer boundaries and more finer as
Ca and Al incorporatec into ZnO. The size of the particle structure also decreases after doping ZnO
witn Gd and A. as disp.ayed in Figure 2(c). This can be explained by dopant elements that fill the
gaps .n the ZnO structure and cause a reduction in the average size of spherical shapes, thus
producing smalier structures ;31]. Similar observations are also previously reported [29],[32]. These
results are interconnected with the XRD anaiysis as the addition of Gd and Al into ZnO modify the
d:mensionai properties of tre crysto, lattice and cause disruptions, leading to broadening and
recuCiag crystauinity which a1 turn ‘mpact the size and shape of the ZnO particles. Overall, the
smauer grains are expected to be hzpful for spin-based electronics because they lessening the
occurrence of magnetic doma:n bouncarics, improving the material’s magnetic homogeneity.

Figure 3 shows the ECS spectrum obtained from EDS analysis, which was used to examine
e e.emental distribution anc asom presence in undoped ZnO, Gd-doped ZnO, and (Gd, Al) co-
wo.2..2Zn0 flinss

ull Sz GO0 otz Cursor 0000

Fig. 3. EDS spectru v of (a) cncopec Zn0, (b) Ge-doped Zn0O, and (c) (Gd, Al) co-doped

ZnC {lims

Accerdiig o the B2 spetiroa of undoped ZaO film in Figure 3(a), Zn is the most
previ.2nt eemant, (o.owed o, C. Foure 3.0, depicts the existence characteristics element of
Ga, Zn, anc C in EDS spe-irun [or Ca-coped ZnO fims, revealing that Gd atoms were
successfully doped 5). The E2S spectrum revealed the presence of an extra element Al peak in
tne ZnO co-copad with Gd anz A .Feorn 3(c,,, in add:tion to Zn, O, and Gd elements, confirming
CC.. Jopart e.emiis we « fly o ouporated ‘nto ZoC. ot shouid be noted that despite the
a.lfc. 2nt seiec.2d oreas of .o recs oo L.uv hat were chosen, a.. of the films had consistent
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eiemeat content, demonstratig thie Lnnorm ond contindous distribution of Zn, O, Al, and Gd in
deposited films. Tabie 2 .ist the resuits of the atomic percentage for each element presents in all
films. These findings reveal that ali the films are free of impurities and other elements except Gd,
Al, Zn, and O.

Table 2

Atomic percentage \at%, of each e.ement in the prepared films

Sampie Zn %art) O (at%) Al (at%) Gd (at%)
Undoped Zn0O 38.92 61.08 NA NA
Gd-dupec. ZnC 37.5¢ 5933 NA 3.09
(Gd, Ai) c.-dopec Zn0 4s. 80 52.14 3.06 3.00

3.3 Optical Proyertics

Tne tunsmitta. ce wpecura o0 -aC o Lhat ac undope ., Gd-doped, and co-doped with Al and Gd

G.e o.ovidec i Figeie 4a) Toe flie a2 G testea at roem temperature within the wavelength
raize of 300 .. o T20C 10 s oy oaescea fiins sossess good transparency in the visible
spectrum, witl an average anar . Thce oes aocve 0 %. The (Gd, Al) co-doped ZnO film
exiiuited the | ‘phest transn warce spocara, acicatiag tnal co-doped (Gd, Al) into ZnO improves
LY. Lansparen s, oo the dor. The Cooaied roswls s cencistent with the smaller grains and finer

St .l.ure exhiciiec 'n FESEN ‘mages os the (e structure reduced scattering of light, contributing
to nigher tran:parenc, n (Jd, A, co-copec Zn0 fiim. The absorption edge is termed as the
wave.ength at .wiic. the per_entaz» S-Casmission is zero seen to shift slightly to lower wavelength
witn Gd dopine anw (Ca, A, -o-acoping < exiioiced in Figure 4(b). This blue shift in transmittance
OC.uis due to .aatorias moaiizaticns woere cifferent Lopants ions (Gd, Al) have replaced the Zn

100 ~33].
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Fig. 4. .a) Transmitiince spec.ia, and o, /wscration edge of undoped ZnO and doped films

The bar.zgap for eaci: [lim v.os measurea through extrapolating of the straight-line from a
aro. of (anv,© azainst hy, Srediciec uy the eq .ation of Tauc. Figure 5(a) to 5(c) presents the graph
pice.ec for uns_ope. ZrC, cro Zoped iins. Bosed on the presented graph, the estimated bandgap
of undoped ZrnC [ was 3 C- 2/, 2y .icorpornting Gd and (Gd, Al), the bandgap value increased to

(@]
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3.0 eV ancd 3.5 ey, respectvely. Lo Compaison vaiae of bandgap energy for all the films were
tabu.ated in Taoie 3. This drcacening in pancgap was catsed by the Moss-Burstein phenomenon
[34]. The interaction of ions zr.?* and O in uncoped ZnO fi.ms resulting in deficiency of free charge
carrers. By supsticuting Zn?* ions with Gd®*and A* ions in the ZnO lattice, additional free electrons
are introduced inio the vaieace banc. Since the donor eiectrons from Gd3* and AIR* occupy the
po.io states 0 e condoction 02nd, electrons in the valence band need extra energy to
trans.tion intc a.gher concuction band states. For this reason, the edge of the absorption band
mov.ng upwarc towaras high. zhotoa 2nergy and widens the bandgap. Thus, broadening in bandgap
by co-dop.ng with /. heips in ‘mprev ng the spin polarization of charge carriers, which is critical in

so...tronic aev.ces especially Tor their 52.n detecticn and spin injection [35].

e G(4-clOpec Zn0O

Undoped ZnO
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35
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Fig. 5. Lreor jpwl projectic © Ccaro -ap enegy of (a) Undoped ZnO,

(b) Gd-t.2ped 200, mne ¢; (Ga Ay co-copad ZrC Lms
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o agnetc broperties

The MFM ana.ys:s was per.ormec to measure the magnetic characteristics; the MFM images
yiCiezdiniorn. tior on magr.atic features, inc.ucing th2 root mean square value of frequency shift
O, M casares the nagneds siuctur 2 of the im surface by scanning magnetic samples
w..l. .nagaetic proses and monitoring tne nteracticn between the probes and surfaces. The
eq.unon Je.ow used to express the magnetic force operating between the tip and the sample [36]:

jV(:.Vl ip A'f,:,‘n,,iu/‘ G \/t,,) = HC J>7,“V/“S£ ripie - Fi .p) stum,;/a (1)

tr» .5 convo..tor and the sample magnetic moment,

Vi cooa isanp gpresefties g i

el octivay nonawnng, kg ond Rsenge representec Jy the tip and sample stray magnetic field,
2. _ctive.,. L..er. ar2 tw.C .orces aatl ara acting o.a tne magnetic tip as it moves across the

coou2's cufoces whicn ase cep s nd atractive Lorces The interactions of spin polarization
Ve 18 N, - bd ), WG Le VB 7 et resemdl .re repu.sive forces, while the opposite

v ol L1

o, e (NS 20 L lo e alttinol w2 icroes. Tn@ omain i sretic structure pattern is described by the

Li -..-dark cenrast apparas: on GAFL. inages, which correiates to the (S) and (N) magnetic poles'
¢o.1. polarisation (37], .38].

In Fiou. 2 6, the left sce disp.ays two-cimensional (2D) AFM topography images, while the

gL side Ligoays 20 MIN. Images o7 uncoped Zn3, and doped films. The topography and

cated WA Biroges were captorad or ecen film, with scanning size of 1 um x 1 pm and a fixed

SC o lift op ostoace. Figu.e 5(a) cisp.ays that undopec ZnO exhibits no visible phase contrast,

magr.e: c response. This resuit is predictable since the undoped ZnO

LG.cating an eaorenne.y wea..
th.: nc masnetic siznal is shown. Subsequently, with similar

fiio s non-mognatc mater.a,

C ...Ng C.-Cu.astzaces, sing.y aopec (Ga, anc co-dopea (Gd, Al) films exhibit an obvious magnetic
; ase, 3. ¢, cervea o Feure 60, -ac 6., Tne bright-dark contrast was clearly shown within the

stng the <zns of masnetism .n doped fiims [38]. The &fims were estimated from

i . .mages, .8 %

e MFM ina-2 0. oo syroowsizec ©.ms usir.? XEl soltware as tabulated in Table 4. The 6fims is

Livioocterizac s 2.orave intrat.c? 20 magr 2tic varictions within the scanned area of the MFM
C. Juncop2. /nC, Gd-dcped ZnO, and (Gd, Al) co-doped

T

A 22 Teoras iy s revea that o
CMS w2 oo .03 Sl Looidi oy, The . asais of 6fims increased when singly doped
v od DR o AULUC LSy oproved anen co-coped ita (Gd, Al A higher Ofims value indicates
er Mo U0 ntesacti s Lovocen e proce 1. e scanning film, which forming a high
ticc n a5t 3 ¥ 3ot 3 17w o o-dopant signoficantly change the crystal
. Wil ) A Foe g conributing Lo the improvement of the
fic ol O Feectel oy W g v i Ofrms
Table
Va.u? L Sens forau prepared fiin
Ofrms
Cace.siiac 0.12
Gd-dc ced ZnC 0.69

(Gqa, .., co-cecpeu ZnO 9.1C
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