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Abstract

The growth of Ca@Mgo.125xZN0 8740 nanoparticles with yellow-orange luminescencaadkieved

up to 2.5 at. % Cd via a modified sol—gel processay diffraction analysis confirmed that all
the nanoparticles have the hexagonal wurtzite strec It is found that Cd doping has a
considerable effect on the crystal size, microsfréand gap, and photoluminescence of the
Mgo.12¢Zno 8740 structure, originating from a preferred crystgikphic orientation along the
(101) plane of the wurtzite structure. The shiftl &moadening of th&,(high) mode observed in
the Raman spectra due to growth-induced strairoborates the small distortion observed in the

X-ray diffraction data. The optical band gap variesn 3.21 eV to 2.74 eV, being redshifted



with increasing Cd concentration (from 0 at. % t6 at. %). The photoluminescence obtained
with an excitation wavelength of 325 nm has a brgeltbw-orange emission peak at around 640
nm due to transitions related to oxygen vacanamesiaterstitial oxygen atoms. We located the
yellow-orange emission in the chromaticity coordenaliagram in the 2683-2777 K colour
temperature region, demonstrating that N0gh125xZN0pg75 hanoparticles have potential

applications in white light-emitting diodes.

Keywords: CdMgZnO nanopatrticles, Microstrain, Raman spectpgcY ellow-orange
luminescence, Oxygen defects.

1 Introduction

The remarkable band gap (3.37 eV) and exciton bmdnergy (60 meV) of ZnO because of the
photochemical stability have distinguished it as excellent semiconductor material with
exceptional luminescence properties in the ultia#isible (UV-vis) region [1,2, 3]. As a
unique luminescent material, it has novel applwei in UV detectors, photodiodes, light-
emitting diodes (LEDSs), laser diodes, sensors,ahdr heterojunction and electroluminescence
devices [4, 5, 6]. The detection of near-band-eddfeE) emission at room temperature in the
UV region and the broad deep-level emission (DLigcsrum associated with defects created in
the band gap are typical characteristics of the gh@toluminescence (PL). According to Raji et
al. [7], the origin of the emission due to defetztas remains unclear and controversial, and
different authors relate different kinds of defetttsZnO emissions [8, 9]. However, it is widely
believed that the green and red emission are tetatthe presence of oxygen vacancies [10] and
interstitial zinc atoms, respectively [11], whil@éet scarcely yellow-orange and orange-red
emission are related to the excess of oxygen frowxggen-rich system or atmosphere [12].
Depending on the type and amount of dopant, reesatarch articles and results from different
authors demonstrated that dopants can modify tleostructure and influence the luminescence
properties of ZnO nanostructures [13]. Among théspants, C8, Cd™*, and C4" have been
associated with red emission [8, 14, 15°'NMn?*, and Md* have been associated with green
emission [16, 17, 18,], Gl has been associated with blue emission [19f" Alas been

associated with orange-red emission [20], and p-ty$i/ZnO nanostructures have been



associated with yellow-orange emission [21]. To tdbote to clarification of those
structure/optical interactions, we synthesized Cd-éd-doped ZnO nanoparticles (NPs) by a
modified sol-gel method to study the relationshgwieen crystal structure defects and optical
properties when the maximum Cd concentration ishred.

With regard to the synthesis process and photaeldct applications of these luminescent
materials, co-doping with divalent (Cd and Mg) edamns is an effective technique for
engineering the intrinsic defects of ZnO to turimtb an ideal luminescent material [22].

Quite obviously Mg doping widens the band gap oODZmanostructures, whose strong Mg-O
binding energy (393.7 kJ mYl together with good textural properties and higérinal/surface
stability can control and decrease the numberratliative centres and quench e coming
from the surface of the nanostructures [13, 23,25}, The modulation of the electronic band
gap and the red shift of the absorption edge departie amount of Cd doping, which is related
to the broadband emission in the visible region2&B

However, with regard to the compositions of Cd—Mgdoped ZnO presented in this work,
study of the role of divalent elements as dopariligovwovide better insight into the luminescence
properties for the use of Cd—Mg-co-doped ZnO asm@l material for solid-state lighting
devices. Indeed, with the correct concentratiodivélent elements inducing a low distortion in
the crystal structure (monovalent—divalent wurtataucture), a wide range of colour displays
with enhanced visible luminescence are envisaged [2

For the preparation of Cd—Mg-co-doped ZnO NPs, seduhe method reported by Kalu et al
[13], modified by use of an acetate reactant &%2Gd compared with the nitrate salt reagent of
only 2% reported in our previous work. Using thigeoach, we found that the yellow-orange PL
intensity with broadband emission in the visiblgiom depended on the Cd concentration, and
the origin of the emission peak in the visible oggiis related to the transition from the
conduction band to oxygen defects, as discussed lat

In addition, we also report the effect of incregs®d doping on thé&,(high) mode, which is
assigned to oxide vibrations that could similargyibfluenced by the amount of defects without
losing their crystal symmetry. We will return tagipoint in the discussion.

2. Experimental



CdiMQp.125xZN0p g75 NPs in the range size from 48 nm to 67 nm and @ithatomic content
from O to 2.5% were synthesized via a modified Hedwol-gel techniquéelo prepare 0.182 mol

of CdMgo.125xZn0Cps75 we started with 0.0514 mol of magnesium acetaiealydrate
(Mg(CH3C0Oy,)2-4H,0) and 0.0323 mol of cadmium acetate dihydrate QEECO,),: 2H,0)
added to 0.0983 maif zinc acetate monohydrate (Zn(6Z2D,),-2H,0) as Cd—Mg-co-doped
ZnO metal precursors with 155 mL of distilled wateder prolonged stirring. Then 0.2760 mol
of the complexing agent ammoniated ethylenediaratresicetic acid (gH16N2Og) and 0.2751
mol of citric acid monohydrate ¢ElsO7- H,O) solution, 20 mL each, were added dropwise to the
Cd—Mg-co-doped ZnO metal precursor. This solutioaswheated for 2 h at 65 °C with
continuous stirring on a thermal bath covered waitivatch glass. The transparent gel obtained
was dried at 200 °C and subsequently annealed®tGat a heating rate of 5 °C/min for 2 h.
All reagents were of analytical grade, purchasexmfrSigma-Aldrich, without any further

purification

2.1. Characterization

X-ray powder diffraction measurements were perfarmwéh a Bruker diffractometer (model D8
Advance) with Cu l& (2 = 1.5405 A) radiation operating at a voltage ofk¥0and a current of
30 mA at room temperature. The morphology of thes N\R&s analysed with a JEOL JEM-
2200FS high-resolution transmission electron mmops operating at 200 kV with a field-
emission gun and an omega filter, while the eneligpersive X-ray spectroscopy (EDS) spectra
were acquired with a Hitachi SU 3500 scanning eb&ctnicroscope. UV-vis absorption spectra
were recorded in the 200-800 nm wavelength range avV—vis—near infrared Evolution 220
spectrophotometer in diffuse reflectance mode. Ragan and PL measurements at room
temperature were performed on the synthesized powaeples with use of an NTEGRA
Spectra Il NT-MDT atomic force microscopy—Ramantsys a Jobin Yvon-Horiba T6400 triple
spectrometer (with gratings of 1800 grooves perlimmtre), and a Jobin Yvon HR800
spectrometer, always in backscattering geometrye 3pectra were recorded with a micro-
Raman setup with 532 nm excitation (second harmohg yttrium aluminium garnet laser) for

the Raman spectra and 325 nm radiation from a Héaged for the PL spectra.

3. Results and discussion



3.1. Structural characterization by X-ray difframti
Fig. 1(a) shows the Rietveld refinement of the X-d#fraction (XRD) patterns of G¥go 125
xZNOpg75 (x = 0, 0.010, 0.015, 0.020, 0.025) performed withPKS (from Brucker). The series
of diffraction peaks and their corresponding Milledices match a hexagonal wurtzite structure
belonging to ZnO (JCPDS card no. 36-1451). Alse, ldtk of evidence of an impurity peak
associated with CdO validates that the synthesi@elMgo.125xZN0Cps75 NPs are highly
crystalline with the hexagonal wurtzite phase [28]. In other words, Cd incorporated in the
lattice does not form CdO clusters. With increa$eCd doping up to 2.5%, although the
hexagonal symmetry is preserved, a small distoitiathe lattice due to the tensile stress along
the [101] crystallographic direction is producedetRReld refinement was performed with the
least-squares values based on space gRégmc symmetry number 186 of the International
Tables for Crystallography [30], artk2 molecules per cell, the cations and anions bairthe
2b Wyckoff positions [30].
The crystallographic parameters extracted fromRhetveld fitting are given in Table 1. With
increasingk, thea andc lattice parameters increase gradually from 3.286A to 3.2629 (2) A
and from 5.1977 (1) A to 5.2106 (2) A, respectivdliiis increase can be explained basically by
the volume increase due to the larger ionic radii€d*(IV) (=0.78 A) as compared with
Zn**(IV) (=0.60 A) [13]. The unit-cell volume (the volume dietwurtzite unit cell is given by
V3a%c/8) increase fok = 0.025 by a factor of 1.0078, while the incredse to the larger ionic
radius is a factor of 1.0075. The inset in Fig.) aows the small shift produced in the (102)
reflection to a lower 2 angle when the Gticontent is increased, which gives rise to the small
lattice distortion.
The effect of the microstrain observed in Tableod the inset in Fig. 1(a)) can be studied by
Williamson—Hall analysis [31], which relates theakeshift and broadening to the variation of
the particle size and the induced lattice straioubh the equation

Prco) = AID + 4esing, (D)
wherepfnuis the full width at half maximum of the pedl,is the average crystallite sizeis the
average estimated microstrathjs the Bragg angle, andis the XRD wavelength previously
defined.
According to this analysis, increasing values @f thicrostrain are related to the increasing level

of Cd doping, which translates to structural digtor or defects, which contributed to the band-



gap redshift and the increasing intensity of theEDEurthermore, the observed positive trend
shown in the graph in Fig. 1(b) (left scale) suggi@ssmaller lattice mismatch coming from the
strain field as grain boundary defects on the &ftitof Cd* ions. The straight line
corresponding to the evolution of the strain witie tCd content corresponds to an isotropic
crystal. However, the right scale in Fig. 1(b) mates that the crystallite size is not proportional
to the strain (of course there is no reason fotoitbe proportional), but rather increases
monotonically. This indicates an improvement of tingstalline nature of the alloy. The number
of vacancies or dislocations, defects in generaly decrease [32]. The growth of the crystallite
became faster when the Cd content approached 28, Cd occupying the equivalent
crystallographic positions of Zf{(IV) in the tetrahedral site of the wurtzite lagtjcthereby
inducing a uniform state of stress with a tensdenponent quasiparallel to the [101] direction,
which may be attributed to the increase of the-oeilt volume [33]. Clearly, a minimal increase
of the unit-cell volume and the basal bond anglemfr110.5° to 111.05° preserved the
monovalent nanostructure of Bdlyo 125xZN0u 75 This is crucial for the PL properties because
of the slightly delocalized charges around the sarop the substitution of G{1V) (=0.78 [1)
compared with the actual tetrahedral angle of 10@5Zn?*(1V) (=0.60 ).

3.2. Transmission electron microscopy and EDS amaly

Fig. 2(a) and (b) shows transmission electron rsmopy images of Gigo 125xZN0p g75 NPS,
with Fig. 2(a) corresponding to the sample growthaut Cd & = 0) and Fig. 2(b) corresponding
to the sample with the highest Cd concentratios 0.025). From the micrographs, the sample
without Cd had a nearly spherical shape, with lagglomeration and smaller grain size
compared with the more agglomerated sample, withelagrain size as a consequence of the
improvement of the crystallinity due to the incamion of Cd x = 0.025). The presence of the
agglomeration with roughness and the formation labters could be related to the rate of
reaction, dopant ion concentration in the hostdattand possibly the duration of the annealing
process leading to coalescence, which increasepdtiele size. An increase in the average
particle size with increasing Cd content was olbeserafter we had fit the histograms using the
log-normal function, and the average particle sizese 47.61+0.33 nm and 56.15+0.38 nm,

respectively, as shown in Fig. 2(c) and (d).



As shown in Fig. 2(e) and (f), the emission peakihe EDS spectra confirm the presence of Zn,
O, Mg, and Cd at approximately 1.60 at. %. Inladl $pectra, the emission peaks were identified
at 0.523 keV, 1.019 keV, 1.254 keV, and 3.134 kedkther with additional peaks at 3.317 keV,
8.639 keV, and 9.572 keV. Among those peaks, thiayXenergies of 0.523 keV and 1.254 keV
correspond to the K shell of O and Mg, while tho$d..012 keV and 3.134 keV correspond to
the L-shell edge of Zn and Cd, respectively [34]Je highest emission intensity, at 1.012 keV, is
attributed to the convolution of the Zp2 and Zn s, signals [35], while the emission with the
lowest intensity, at around 3.134 keV, may correspm the Cd @/, signal [36]. The additional
X-ray emissions at 1.254 keV and 9.456 keV aregassi to the 4 core level of Mg and Zn,
respectively, while the EDS mapping of ;Mo 125xZN0hs75 NPs shown in Fig. 2(g)—()
revealed a uniform distribution of Zn and O complangth that of Mg and Cd at a lower density

and with the lowest atomic percentage of Cd asarpe

3.3.Optical properties of NPs
The optical absorption spectra of ,®)y125xZNCp 575 NPs obtained by diffuse reflectance are
shown in Fig. 3(a). According to Fig. 3(a), thedamental absorption edge at room temperature
for x = 0 was located at 378 nm (3.21 eV), and withaasing Cd concentration the absorption
edge redshifted monotonically (linearly in the 0.010-0.025 region). The UV NBE emission at
378 nm is widely known and is related to excitomézombination of electrons from the
conduction band to the valence band [24], whilerdushift of the absorbance at 445 nm (2.74
eV) could be due to the presence of defects indbgethe tensile strain, deep levels, or the
presence of impurity states below the conductiordlziue to the Cd doping [37]. The redshift of
the absorption edge caused by Cd (reduction inbdred gap) is probably due to the low
distortion of the crystal lattice that modulatede tlelectronic structure. Furthermore, on
substitution of Cd, the states of the conduction band minimum can be nateldldownward
because of the decreasing order of dlstates, which iss3(Mg) > 4s (Zn) >5s (Cd), from the
constituent atoms, thus modifying the band gamef@dMgo.125xZn0Cy 875 NPs to lower energy.
Analysis of the optical band gap was performed dayversion of the diffuse reflectance spectra
with the Kubelka—Munk functiof(R.) [13], and represented by the following equations:

F(R.,) = KIS= (1- R.)%2R,, )

a(hv) = A(hv - E)™, (3)



whereR,, is the diffuse reflectance for a semi-infinite $deK andS are the Kubelka—Munk
absorption and scattering coefficientsis the linear absorption coefficient of the sampleis
the photon energy) is an energy-independent constétis the optical band gap, ant=Y% for
a direct-band-gap material.
Assuming that the sample scatters in a perfectfusk manner, then Tauc’s formula [38] given
by Eq. (3) can be written in terms of the Kubelkas#M¥ function as

[F(R.)]* =B(hv - Ey). 4)
From the inset in Fig. 3(b), the relationship bedswehe band gap and the Cd concentration
shows that the GMgo.125xZN0h s75 NPs have a smaller band gap with increasinghe band
gaps corresponding to Cd conterts 0, 0.01, 0.015, 0.020, and 0.025 are 3.21 ¥ 2V,
2.87 eV, 2.81 eV, and 2.74 eV, respectively, asiobt from the plot off(R.)]* versus photon
energy [wv) after extrapolation of the linear portion of tkeergy axis to zerd(R.). The
decreasing trend for the band gap with increasidg@hcentration was reported in our previous
work [13] up to Cd contert = 0.020. Here, the band gap follows a linear desgeup tox =
0.025. This variation in the band gap can be erpthion the basis of a higher concentration of
carriers (Burstein shift) and the stropgd interaction of the Zn@®and Cd 4 orbitals, whose
action pushes the parbital upward [39]. It is also obvious that tHéeet of Cd doping and its
d states distorted the host lattice as already meatialuring the discussion of the XRD data,
and there is an increase in the unit-cell volunaalileg to the redistribution of electrons and an
increase of the bond length and thus a decreasigeimtomic interaction [40, 41]. A stronger
bond (linear combination of atomic orbitals modplpduces a larger band gap. This also
validates that narrowing the band gap could creatglevels (defect energy level) that are
optically active as broadband emission induced H®y presence of defects associated with
oxygen as vacancies or interstitial atoms.
Apart from the strong effect of tteeorbitals, the ionic strength related to metal (Mg, Cd)—
oxygen (O) bonding decreases due to the replaceofedh by Cd. This is observed as the
smallest energy contribution of ths orbital of Cd to the conduction band in comparisath
the 3 and 4 orbitals of Mg and Zn, respectively, which movls tonduction band tail and

decreases the band gap to a lower energy [42].

3.4. Raman spectroscopy



To investigate the influence of Cd doping on thenposition of CdVgo.125xZN0p 875 NPS, we
performed Raman measurements; see Fig. 4(a). Ngrmathel’ (k = 0) point of the Brillouin
zone, the optical phonon modes according to grbwory areA; + E; + 2B; + 2E; for the
hexagonal wurtzite lattice structure with spaceugreésmc[43]. TheA; andE; modes are polar
phonon modes which are Raman and infrared actinee 5t modes are nonpolar and thus are
only Raman active, while th®; mode is a silent mode. Thg andE; polar modes split into
transverse optical (TO) and longitudinal opticaDjLmodes, while the two nonpol&s modes
are found at low (mostly the Zn atoms dominate) kgt (the O movement dominates) phonon
frequencies [44]. Th&;(TO) and A(TO) modes are first-order Raman modes, the firg o
arising when the zinc blende structure is foldedha c-direction to constitute the wurtzite
structure. The TO-LO splitting is related to theesgth of the polar bonds associated withadhe
axial displacement of the cations in the lattides A(LO) andE;(LO) modes come from the
long-range electrostatic order [45, 46], while @ modes come from deformation potential
interaction [45].

The Raman spectra of @dgo 125xZn0y g7sfor the different Cd contentx € 0—0.025) are shown
in Fig. 4(a). There are two prominent peaks: nartted¥,(low) phonon mode located at 102 'cm
1 and theE,(high) phonon mode located at 438 tfor x = 0 [47], see Table 2. These modes
dominate the vibrational response as cation (Cd, &y and oxygen components, respectively,
of the synthesized NPs far= 0 [48]. Since th&, modes are not polar, they are usually used to
account for the stress in the material, and trer®iinfluence of the electron concentration as in
the case of the polar modes. The slight redshitheE,(low) mode from 102 cihto 98 cnt
and theE,(high) mode from 438 cihto 433 cnit as the Cd concentration increases shows the
existence of a structural distortion with a goottida mismatch in the GMQo.125xZN0yp g75
nanostructures [49]. According to Fig. 4(b), thelpéntensity of theE;(high) mode decreases
with increasing Cd concentration, which means thatincorporation of Cd gives rise to changes
in the molecular environment. This observation @borates the XRD results with increasing
crystallite sizes greater than 20 nm. Also, thithigh) mode ascribed to oxide vibrations could
be attributed to the amount of oxygen defects (erygacancies or interstitial oxygen atoms)
since the linear decrease in the Raman frequenayneE,(high) phonon mode varies with
increase in Cd concentration. This argument igne@ment with Ref. [50].



Furthermore, a decrease of the full width at haikimum from 18.7 cf (x = 0) to 17.4 crit (x

= 0.025) for theE,(high) phonon modes compared to the uniform futltviat half maximum of
the Ex(low) phonon mode may be attributed to shortenihthe phonon lifetime initiated by a
decay mechanism due to crystal defects common pedicsystem, hence confirming the
presence of oxygen vacancies as the Cd concemtiaticeases. Therefore, it is expected that the
substitution of Cd in GiiNgo.125xZNn0p 875 Samples will substantially affect the size of tndered
domains and interfere with the long-range propagatif the zone centre phonons [51].

The Raman band located in the frequency region f8&h cm® to 383 cnt represents the
A1(TO) mode peak, while the small broad peaks atrat@81 crit to 326 critt could be related
to the Ex(high)-Ex(low) mode at the border of the Brillouin zone (siéy of states). For both
Raman modes, the behaviour of é€TO) andE(high)-Ex(low) modes suggests a monovalent
lattice that is perturbed and slightly distortednfr the fluctuating lattice vibration as Cd doping
increases [52].

The additional modes from 513 no 511 crit and from 613 cif to 595 cnit are assigned to
the 2LA (longitudinal acoustic) and;(LO) scattering modes, respectively. The originttaé
2LA peak has been debated and is ascribed to huiwational mode due to defects, whereas
the larger broadening of thE;(LO) mode has been attributed to defects such ageox
vacancies, interstitial zinc atoms, or defectstegéy Cd atoms with the in-plane atomic motion
perpendicular to the-axis [53]. In any case, the broadening is alwaysdased due to disorder

or lack of crystallinity.

3.5. Photoluminescence

To analyse the effect of Cd doping on the luminesegroperties of G go.125xZN0p 575 NPS,
the PL spectra were recorded with use of the 325linenof a He—Cd laser. The results are
shown in Fig. 5.

We observe in Fig. 5(a) weak UV emission around-348 nm, in addition to a strong broad
DLE [12] in the visible region. The redshift andciease in intensity of the normalized UV
emission centred at 370 (x0.2) nm (3.36 eV)Xer 0.025 is shown in detail in the inset in Fig.
5(a). The slight redshift of the NBE emission peaks be assigned to a radiative transition
between the Mg $Zn 4s-Cd 5 hybrid level and the ORlevel [54,55], which is the usual

excitonic recombination of ZnO.



The broad visible luminescence signal spanningahge from 450 nm to 786 nm is attributed to
the high-doping effect of Cd resulting in structudsstortion or band gap defects as excited
charge carriers recombine with impurity traps a#ibsorbing visible light. This phenomenon
shows that the formation of impurities as trapshimitthe band gap structure (deep levels)
together with a low distortion effect by Cd dopintay have depleted the recombination of
photogenerated charge carriers of the NBE and @ll@anthem as strong broad emission in the
entire visible spectrum of Gllgo 125xZn0yp g75 indicating the easy recombination of electrons
and holes as the Cd concentration increases. Suadltand emissions corresponding to the
visible region are related to DLE induced by stnuat defects originating from the dopants [9].
The relatively broad yellow-orange emission cente#d640 (+0.2) nm can be analysed as
transitions related to interstitial oxygen atom4][2t is also noted that the intensity and the
broadening of the linewidth of the DLE peaks insezh with increasing Cd content, and this
could be related to the presence of oxygen defeitts induced structural distortion from the
substitution of Cd, with their signatures obserasddecreased intensity of thghigh) mode in
the Raman spectrum and the increase in crystapbgrgparameters from the XRD results [13,
50]. A quick survey of the literature concerning tbrigin of yellow-orange emission attributed
the emission to excess oxygen and the transitielaged to interstitial oxygen atoms for ZnO
nanostructures [56].

In terms of structural defects, zinc vacancies fadonor—acceptor pairs with transitions
associated with the broad yellow-orange emissiaf}, [hile the growth orientation along the
(101) plane of the hexagonal wurtzite structure @aginate from the incorporation of interstitial
oxygen atoms producing the typical yellow-orangassion of Si/ZnO nanostructures according
to Ref. [21]. Thus, regardless of the exact ormfithe yellow-orange emission, the large ratio of
the yellow-orange PL intensity to the NBE emissiatensity indicates that the @dgo 12s.
xZNOp g75 NPs were structurally distorted by Cd doping vatbrowth orientation along the (101)
plane facilitating the diffusion of oxygen into theterstitial sites.

To identify the specific defects related to thedastd®dLE, a deconvolution of the luminescence
spectra forx = 0.025 was performed and is shown in Fig. 5.ith &(b), the PL has been fitted
with four Gaussians with their peaks positionedt#® (£0.2) nm £2.58 eV), related to blue
emission attributed to interstitial zinc atoms aridc vacancies, 565 (+0.2) nrs2.19 eV),

related to yellow emission from neutral oxygen vexes, 644 (£0.2) nn=(1.92 eV), related to



orange emission associated with interstitial oxygems, and 709 (£0.2) nm.75 eV), related
to red emission connected to interstitial oxygeomes, donor—acceptor transitions of oxygen
vacancies, and zinc vacancies. The findings of sstudies reporting defects states and their
luminescence properties are consistent with thermeduted peaks fox = 0.025 [12, 20, 22,
32,58].
In addition, it is also observed that the decontemlispectra were dominated by the contribution
of zinc vacancies, monovalent neutral oxygen vaeanand interstitial oxygen atoms, where the
intensity of the deconvoluted spectra for yellovd amange region are dominated as the source
of the yellow-orange emission of (dgo.125xZN0y g75 NPS.
Accordingly, to determine the exact emission colaad colour purity of the samples, the
International Commission on lllumination (CIE) chraticity diagram was calculated from the
PL spectra of the samples under 325 nm excitatfcorresponding chromaticity coordinates
are given in Table 3.
In Fig. 6, the chromaticity coordinates for®)o.125XZN0p.57s NPs marked with triangles in the
CIE 1931 chromaticity diagram were located in te#opv-orange region and thus facilitated the
formation of broadband emission with low crystatdition by Cd dopant. The correlated colour
temperature (CCT), which is related to the colqpemrance, was calculated with the McCamy
equation [59]:

CCT =-44° + 3525 - 6823.3 + 5520.33, (5)
wheren=(X — Xg)/(Y — Ye) is the inverse slope of the line that is defifiedn the chromaticity
epicentre given a¥e = 0.3320,Y. = 0.1858, whereX and Y are the sample chromaticity
coordinates.
In Table 3, the CCTs obtained for At 125xZn0Cp 75 are on the order of 2700 K. These values
are close to the CCTs for soft white compact flsoemt and LED lamps, which makes
CdiMQp 125xZn0p g75 @ suitable material for warm white light when condal with a blue LED

chip.

4. Conclusions
Single-phase G#go.125xZN0p 375 NPs were synthesized by a modified sol-gel route @d
dopant to increase the optical efficiency. Struaitstudies showed that the band gap narrowed to

lower energies, up to 2.74 eV, with increasing Gdtent. An increase in the linewidth was also



observed, and the yellow-orange emission interegfyears to increase with the amount of Cd.
From the PL studies, the emerging high intensityyellow-orange emission at 640 nm is
believed to be due to the transitions associated mterstitial oxygen atoms, which reflects a
structural distortion along the (101) plane of thartzite CdMgo.125xZN0p 75 NPs induced by
Cd doping. The CIE colour coordinates of all thengkes are located in the yellow-orange region
of the chromaticity diagram with low CCTs as sofhite light, suggesting that Q@dgo 12s-
xZNOy g75 NPs hold great promise in the application of lavgtcwhite LEDs and other light

devices.
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Fig. 1. (a) Rietveld refinement of GMIgo 125xZnCpg7s (X = 0, 0.010, 0.015, 0.020, 0.025)
nanoparticles annealed at 750 °C. The inset shbesshift of the (102) reflection with Cd
content (see the text).

(b) Average microstrain and crystallite size ver@a atomic content.



Fig. 2. Transmission electron microscopy images ofMig} 125xZN0p g75 for x = 0 (a) andk =
0.025 (b). Histograms of particle size distributiimn x = 0 (c) andx= 0.025 (d). (e,f) Energy-
dispersive X-ray spectroscopy spectra ofNIgh 125xZN0p g75 for x = 0 (e) andx = 0.025 (f).
Mapping of the CgMgo.125-xZN0p 75 Nanoparticles corresponding to the; L edge of Zn (g),
Ka, of O (h), Kay20f Mg (i), and Lo, of Cd (j).

Fig. 3. (a) Optical absorption spectra and (BJf.,)]? versus photon energin() for CdMgo.125.
xZNOp g7s Nnanoparticles.

Fig. 4. (a) Raman spectra recorded at room temperatur€ddngo 125xZN0y g75 Nanoparticles.
The excitation wavelength was 532 nm. (b) Ramamjueecy of theE,(high) mode for
CdMgp.125xZnNOpg75 @as a function of Cd concentration. LA, longitudinacoustic; LO,
longitudinal optical; TO, transverse optical.

Fig. 5. (a) Photoluminescence (PL) spectra of \Ngh125xZN0pg7s nanoparticles. (b)
Deconvoluted PL spectra (fo= 0.025) obtained with 325 nm excitation from a Bd-aser.
Oi, interstitial oxygen atoms;d/ oxygen vacancies,z, zinc vacancies.

Fig. 6. Chromaticity coordinates of Qdgo.125xZn0Cp 875 (X = 0, 0.010, 0.015, 0.020, 0.025) in the
CIE 1931 diagram obtained with 325 nm excitation.

Table 1. Crystallographic parameters of BAlo.125xZn0Chs75s hanoparticles obtained from
Rietveld fitting and Eq. (1).

Cdo™* Lattice parameter Cell Crystal Microstrain Zn-0-Zn Reliability
volume size bond angle factor
contentx  a, b (A) c(A) V (A% D (nm) £x 1073 ) Ve
0 3.2543 (1) 5.1977 (1) 47.673(1) 48(1) 0.011(1) 110.09 1.27
0.010  3.2562 (1) 5.2009 (1) 47.758 (1) 52(1) 0.0 111.01 1.78
0.015 3.2582 (1) 5.2047 (1) 47.851(1) 53(1) 0.91 111.02 1.77
0.020  3.2587 (1) 5.2051 (1) 47.871(1) 55(2) 0.(51 111.04 2.09
0.025  3.2629 (2) 5.2106 (2) 48.044(2) 67 (1) 0.199 111.05 2.21




Table 2. Phonon modes in the Raman spectra gMgd 125xZN0yp 75 Nanopatrticles.

Ccd* E,(low) E,(high) — A;(TO) E,(high) 2LA E;(LO) (cmiY)
contentx  (cm?)  E,(low) DOS (cn) (cm? (cm)  (cm™) (+0.1)
(*0.1) (+0.1) *0.1)  (:0.1) (+0.1)

0 102.0 331.9 390.0 438.0 513.0 612.2
0.010 100.0 327.6 385.2 436.0 512.0 609.3
0.015 99.5 328.7 384.1 435.5 511.5 604.0
0.020 99.0 327.0 383.3 434.2 510.5 598.4
0.025 98.0 326.4 382.5 433.0 510.3 595.3

DOS, density of states; LA, longitudinal acoustic; LO, longitudinal optical; TO, transverse optical.

Table 3. CIE chromaticity coordinates, correlated coloumperature and Ra values of
CdMgo.125xZn0Op 875 (X = 0, 0.010, 0.015, 0.020, 0.025) nanoparticles.

Cd?* contentx

CIE coordinates Correlated colour Ra
X Y temperature (K)

0 0.4781  0.4409 2683 92
0.010 0.4799 0.4419 2668 92
0.015 0.4772  0.4386 2678 93
0.020 0.4745 0.4440 2750 92
0.025 0.4679 0.4356 2777 93
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Highlights

» Enhanced optica propertiesinduced by oxygen defects, and a structural distortion along
the (101) plane of the wurtzite structure are discussed.

* Rietveld analysis and the E,.(high) phonon mode revealed an increase in the tensile stress
component with increasing Cd concentration.

* By exchange interaction of the Cd 4d and O 2p orbitals, the band gap is modified and
sublevels (defect energy level) are created.

» Photoluminescence spectra show transitions associated with oxygen defects, which

increase with the amount of Cd in the solid solution.
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