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Abstract 

The growth of CdxMg0.125-xZn0.875O nanoparticles with yellow-orange luminescence is achieved 

up to 2.5 at. % Cd via a modified sol–gel process. X-ray diffraction analysis confirmed that all 

the nanoparticles have the hexagonal wurtzite structure. It is found that Cd doping has a 

considerable effect on the crystal size, microstrain, band gap, and photoluminescence of the 

Mg0.125Zn0.875O structure, originating from a preferred crystallographic orientation along the 

(101) plane of the wurtzite structure. The shift and broadening of the E2(high) mode observed in 

the Raman spectra due to growth-induced strain corroborates the small distortion observed in the 

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



with increasing Cd concentration (from 0 at. % to 2.5 at. %). The photoluminescence obtained 

with an excitation wavelength of 325 nm has a broad yellow-orange emission peak at around 640 

nm due to transitions related to oxygen vacancies and interstitial oxygen atoms. We located the 

yellow-orange emission in the chromaticity coordinate diagram in the 2683–2777 K colour 

temperature region, demonstrating that CdxMg0.125-xZnO0.875 nanoparticles have potential 

applications in white light-emitting diodes.  

 

Keywords: CdMgZnO nanoparticles, Microstrain, Raman spectroscopy, Yellow-orange 

luminescence, Oxygen defects. 

 

1 Introduction 

The remarkable band gap (3.37 eV) and exciton binding energy (60 meV) of ZnO because of the 

photochemical stability have distinguished it as an excellent semiconductor material with 

exceptional luminescence properties in the ultraviolet–visible (UV–vis) region [1,2, 3]. As a 

unique luminescent material, it has novel applications in UV detectors, photodiodes, light-

emitting diodes (LEDs), laser diodes, sensors, and other heterojunction and electroluminescence 

devices [4, 5, 6]. The detection of near-band-edge (NBE) emission at room temperature in the 

UV region and the broad deep-level emission (DLE) spectrum associated with defects created in 

the band gap are typical characteristics of the ZnO photoluminescence (PL). According to Raji et 

al. [7], the origin of the emission due to defect states remains unclear and controversial, and 

different authors relate different kinds of defects to ZnO emissions [8, 9]. However, it is widely 

believed that the green and red emission are related to the presence of oxygen vacancies [10] and 

interstitial zinc atoms, respectively [11], while the scarcely yellow-orange and orange-red 

emission are related to the excess of oxygen from an oxygen-rich system or atmosphere [12].  

Depending on the type and amount of dopant, recent research articles and results from different 

authors demonstrated that dopants can modify the microstructure and influence the luminescence 

properties of ZnO nanostructures [13]. Among these dopants, Co2+, Cd2+, and Ca2+ have been 

associated with red emission [8, 14, 15], Ni2+, Mn2+, and Mg2+ have been associated with green 

emission [16, 17, 18,], Cu2+ has been associated with blue emission [19], Al3+ has been 

associated with orange-red emission [20], and p-type Si/ZnO nanostructures have been 



associated with yellow-orange emission [21]. To contribute to clarification of those 

structure/optical interactions, we synthesized Cd–Mg-co-doped ZnO nanoparticles (NPs) by a 

modified sol–gel method to study the relationship between crystal structure defects and optical 

properties when the maximum Cd concentration is reached.  

With regard to the synthesis process and photoelectronic applications of these luminescent 

materials, co-doping with divalent (Cd and Mg) elements is  an effective technique for 

engineering the intrinsic defects of ZnO to turn it into an ideal luminescent material [22].  

Quite obviously Mg doping widens the band gap of ZnO nanostructures, whose strong Mg–O 

binding energy (393.7 kJ mol-1) together with good textural properties and high thermal/surface 

stability can control and decrease the number of irradiative centres and quench the PL coming 

from the surface of the nanostructures [13, 23, 24, 25]. The modulation of the electronic band 

gap and the red shift of the absorption edge depend on the amount of Cd doping, which is related 

to the broadband emission in the visible region [13,26].  

However, with regard to the compositions of Cd–Mg-co-doped ZnO presented in this work, 

study of the role of divalent elements as dopants will provide better insight into the luminescence 

properties for the use of Cd–Mg-co-doped ZnO as potential material for solid-state lighting 

devices. Indeed, with the correct concentration of divalent elements inducing a low distortion in 

the crystal structure (monovalent–divalent wurtzite structure), a wide range of colour displays 

with enhanced visible luminescence are envisaged [27]. 

For the preparation of Cd–Mg-co-doped ZnO NPs, we used the method reported by Kalu et al 

[13], modified by use of an acetate reactant at 2.5% Cd compared with the nitrate salt reagent of 

only 2% reported in our previous work. Using this approach, we found that the yellow-orange PL 

intensity with broadband emission in the visible region depended on the Cd concentration, and 

the origin of the emission peak in the visible region is related to the transition from the 

conduction band to oxygen defects, as discussed later. 

In addition, we also report the effect of increasing Cd doping on the E2(high) mode, which is 

assigned to oxide vibrations that could similarly be influenced by the amount of defects without 

losing their crystal symmetry. We will return to this point in the discussion. 

 

2. Experimental  



CdxMg0.125-xZnO0.875 NPs in the range size from 48 nm to 67 nm and with Cd atomic content 

from 0 to 2.5% were synthesized via a modified Pechini sol–gel technique. To prepare 0.182 mol 

of CdxMg0.125-xZnO0.875, we started with 0.0514 mol of magnesium acetate tetrahydrate 

(Mg(CH3CO2)2·4H2O) and 0.0323 mol of cadmium acetate dihydrate (Cd(CH3CO2)2·2H2O) 

added to 0.0983 mol of zinc acetate monohydrate (Zn(CH3CO2)2·2H2O) as Cd–Mg-co-doped 

ZnO metal precursors with 155 mL of distilled water under prolonged stirring. Then 0.2760 mol 

of the complexing agent ammoniated ethylenediaminetetraacetic acid (C10H16N2O8) and 0.2751 

mol of citric acid monohydrate (C6H8O7·H2O) solution, 20 mL each, were added dropwise to the 

Cd–Mg-co-doped ZnO metal precursor. This solution was heated for 2 h at 65 °C with 

continuous stirring on a thermal bath covered with a watch glass. The transparent gel obtained 

was dried at 200 °C and subsequently annealed at 750 °C at a heating rate of 5 °C/min for 2 h. 

All reagents were of analytical grade, purchased from Sigma-Aldrich, without any further 

purification 

 

2.1. Characterization  

X-ray powder diffraction measurements were performed with a Bruker diffractometer (model D8 

Advance) with Cu Kα (λ = 1.5405 Å) radiation operating at a voltage of 40 kV and a current of 

30 mA at room temperature. The morphology of the NPs was analysed with a JEOL JEM-

2200FS high-resolution transmission electron microscope operating at 200 kV with a field-

emission gun and an omega filter, while the energy-dispersive X-ray spectroscopy (EDS) spectra 

were acquired with a Hitachi SU 3500 scanning electron microscope. UV–vis absorption spectra 

were recorded in the 200–800 nm wavelength range with a UV–vis–near infrared Evolution 220 

spectrophotometer in diffuse reflectance mode. The Raman and PL measurements at room 

temperature were performed on the synthesized powder samples with use of an NTEGRA 

Spectra II NT-MDT atomic force microscopy–Raman system, a Jobin Yvon-Horiba T6400 triple 

spectrometer (with gratings of 1800 grooves per millimetre), and a Jobin Yvon HR800 

spectrometer, always in backscattering geometry. The spectra were recorded with a micro-

Raman setup with 532 nm excitation (second harmonic of a yttrium aluminium garnet laser) for 

the Raman spectra and 325 nm radiation from a He–Cd laser for the PL spectra.  

 

3. Results and discussion 



3.1. Structural characterization by X-ray diffraction 

Fig. 1(a) shows the Rietveld refinement of the X-ray diffraction (XRD) patterns of CdxMg0.125-

xZnO0.875 (x = 0, 0.010, 0.015, 0.020, 0.025) performed with TOPAS (from Brucker). The series 

of diffraction peaks and their corresponding Miller indices match a hexagonal wurtzite structure 

belonging to ZnO (JCPDS card no. 36-1451). Also, the lack of evidence of an impurity peak 

associated with CdO validates that the synthesized CdxMg0.125-xZnO0.875 NPs are highly 

crystalline with the hexagonal wurtzite phase [28, 29]. In other words, Cd incorporated in the 

lattice does not form CdO clusters. With increase of Cd doping up to 2.5%, although the 

hexagonal symmetry is preserved, a small distortion in the lattice due to the tensile stress along 

the [101] crystallographic direction is produced. Rietveld refinement was performed with the 

least-squares values based on space group P63mc, symmetry number 186 of the International 

Tables for Crystallography [30], and Z=2 molecules per cell, the cations and anions being at the 

2b Wyckoff positions [30]. 

The crystallographic parameters extracted from the Rietveld fitting are given in Table 1. With 

increasing x, the a and c lattice parameters increase gradually from 3.2562 (1) Å to 3.2629 (2) Å  

and from 5.1977 (1) Å to 5.2106 (2) Å, respectively. This increase can be explained basically by 

the volume increase due to the larger ionic radius of Cd2+(IV) (≈0.78 Å) as compared with 

Zn2+(IV) (≈0.60 Å) [13]. The unit-cell volume (the volume of the wurtzite unit cell is given by 

√3a2c/8) increase for x = 0.025 by a factor of 1.0078, while the increase due to the larger ionic 

radius is a factor of 1.0075. The inset in Fig. 1(a) shows the small shift produced in the (102) 

reflection to a lower 2θ angle when the Cd2+ content is increased, which gives rise to the small 

lattice distortion. 

The effect of the microstrain observed in Table 1 (or the inset in Fig. 1(a)) can be studied by 

Williamson–Hall analysis [31], which relates the peak shift and broadening to the variation of 

the particle size and the induced lattice strain through the equation 

βhklcosθ = λ/D + 4εsinθ,   (1) 

where βhkl is the full width at half maximum of the peak, D is the average crystallite size, ε is the 

average estimated microstrain, θ is the Bragg angle, and λ is the XRD wavelength previously 

defined. 

According to this analysis, increasing values of the microstrain are related to the increasing level 

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



gap redshift and the increasing intensity of the DLE. Furthermore, the observed positive trend 

shown in the graph in Fig. 1(b) (left scale) suggests a smaller lattice mismatch coming from the 

strain field as grain boundary defects on the addition of Cd2+ ions. The straight line 

corresponding to the evolution of the strain with the Cd content corresponds to an isotropic 

crystal. However, the right scale in Fig. 1(b) indicates that the crystallite size is not proportional 

to the strain (of course there is no reason for it to be proportional), but rather increases 

monotonically. This indicates an improvement of the crystalline nature of the alloy. The number 

of vacancies or dislocations, defects in general, may decrease [32]. The growth of the crystallite 

became faster when the Cd content approached 2.5%, with Cd occupying the equivalent 

crystallographic positions of Zn2+(IV) in the tetrahedral site of the wurtzite lattice, thereby 

inducing a uniform state of stress with a tensile component quasiparallel to the [101] direction, 

which may be attributed to the increase of the unit-cell volume [33]. Clearly, a minimal increase 

of the unit-cell volume and the basal bond angle from 110.5° to 111.05° preserved the 

monovalent nanostructure of CdxMg0.125-xZnO0.875. This is crucial for the PL properties because 

of the slightly delocalized charges around the sample on the substitution of Cd2+(IV) (≈0.78 Å) 

compared with the actual tetrahedral angle of 109.5° for Zn2+(IV) (≈0.60 Å).  

 

3.2. Transmission electron microscopy and EDS analysis 

Fig. 2(a) and (b) shows transmission electron microscopy images of CdxMg0.125-xZnO0.875 NPs, 

with Fig. 2(a) corresponding to the sample grown without Cd (x = 0) and Fig. 2(b) corresponding 

to the sample with the highest Cd concentration (x = 0.025). From the micrographs, the sample 

without Cd had a nearly spherical shape, with less agglomeration and smaller grain size 

compared with the more agglomerated sample, with larger grain size as a consequence of the 

improvement of the crystallinity due to the incorporation of Cd (x = 0.025). The presence of the 

agglomeration with roughness and the formation of clusters could be related to the rate of 

reaction, dopant ion concentration in the host lattice, and possibly the duration of the annealing 

process leading to coalescence, which increases the particle size. An increase in the average 

particle size with increasing Cd content was observed after we had fit the histograms using the 

log-normal function, and the average particle sizes were 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 peaks in the EDS spectra confirm the presence of Zn, 

O, Mg, and Cd at approximately 1.60 at. %. In all the spectra, the emission peaks were identified 

at 0.523 keV, 1.019 keV, 1.254 keV, and 3.134 keV together with additional peaks at 3.317 keV, 

8.639 keV, and 9.572 keV. Among those peaks, the X-ray energies of 0.523 keV and 1.254 keV 

correspond to the K shell of O and Mg, while those of 1.012 keV and 3.134 keV correspond to 

the L-shell edge of Zn and Cd, respectively [34]. The highest emission intensity, at 1.012 keV, is 

attributed to the convolution of the Zn 2p1/2 and Zn 2p3/2 signals [35], while the emission with the 

lowest intensity, at around 3.134 keV, may correspond to the Cd 2p3/2 signal [36]. The additional 

X-ray emissions at 1.254 keV and 9.456 keV are assigned to the 1s core level of Mg and Zn, 

respectively, while the EDS mapping of CdxMg0.125-xZnO0.875 NPs shown in Fig. 2(g)–(j) 

revealed a uniform distribution of Zn and O compared with that of Mg and Cd at a lower density 

and with the lowest atomic percentage of Cd as expected. 

 

3.3. Optical properties of NPs 

The optical absorption spectra of CdxMg0.125-xZnO0.875 NPs obtained by diffuse reflectance are 

shown in Fig. 3(a). According to Fig. 3(a), the fundamental absorption edge at room temperature 

for x = 0 was located at 378 nm (3.21 eV), and with increasing Cd concentration the absorption 

edge redshifted monotonically (linearly in the x = 0.010–0.025 region). The UV NBE emission at 

378 nm is widely known and is related to excitonic recombination of electrons from the 

conduction band to the valence band [24], while the redshift of the absorbance at 445 nm (2.74 

eV) could be due to the presence of defects induced by the tensile strain, deep levels, or the 

presence of impurity states below the conduction band due to the Cd doping [37]. The redshift of 

the absorption edge caused by Cd (reduction in the band gap) is probably due to the low 

distortion of the crystal lattice that modulated the electronic structure. Furthermore, on 

substitution of Cd, the s states of the conduction band minimum can be modulated downward 

because of the decreasing order of the s states, which is 3s (Mg) > 4s (Zn) >5s (Cd), from the 

constituent atoms, thus modifying the band gap of the CdxMg0.125-xZnO0.875 NPs to lower energy. 

Analysis of the optical band gap was performed by conversion of the diffuse reflectance spectra 

with the Kubelka–Munk function F(R∞) [13], and represented by the following equations: 

F(R∞) = K/S = (1 −  R∞)
2/2R∞,   (2) 

α(hν) = A(hν − Eg)
m,    (3) 



where �� is the diffuse reflectance for a semi-infinite sample, K and S are the Kubelka–Munk 

absorption and scattering coefficients, α is the linear absorption coefficient of the sample, hν is 

the photon energy, A is an energy-independent constant, Eg is the optical band gap, and m=½ for 

a direct-band-gap material. 

Assuming that the sample scatters in a perfectly diffuse manner, then Tauc’s formula [38] given 

by Eq. (3) can be written in terms of the Kubelka–Munk function as 

[F(R∞)]2 =B(hν − Eg).    (4) 

From the inset in Fig. 3(b), the relationship between the band gap and the Cd concentration 

shows that the CdxMg0.125-xZnO0.875 NPs have a smaller band gap with increasing x. The band 

gaps corresponding to Cd contents x = 0, 0.01, 0.015, 0.020, and 0.025 are 3.21 eV, 2.94 eV, 

2.87 eV, 2.81 eV, and 2.74 eV, respectively, as obtained from the plot of [F(R∞)]
2 versus photon 

energy (hν) after extrapolation of the linear portion of the energy axis to zero F(R∞). The 

decreasing trend for the band gap with increasing Cd concentration was reported in our previous 

work [13] up to Cd content x = 0.020. Here, the band gap follows a linear decrease up to x = 

0.025. This variation in the band gap can be explained on the basis of a higher concentration of 

carriers (Burstein shift) and the strong p–d interaction of the Zn 3d and Cd 4d orbitals, whose 

action pushes the O 2p orbital upward [39]. It is also obvious that the effect of Cd doping and its 

d states distorted the host lattice as already mentioned during the discussion of the XRD data, 

and there is an increase in the unit-cell volume leading to the redistribution of electrons and an 

increase of the bond length and thus a decrease in the atomic interaction [40, 41]. A stronger 

bond (linear combination of atomic orbitals model) produces a larger band gap. This also 

validates that narrowing the band gap could create sublevels (defect energy level) that are 

optically active as broadband emission induced by the presence of defects associated with 

oxygen as vacancies or interstitial atoms.  

Apart from the strong effect of the d orbitals, the ionic strength related to metal (Mg, Zn, Cd)–

oxygen (O) bonding decreases due to the replacement of Zn by Cd. This is observed as the 

smallest energy contribution of the 5s orbital of Cd to the conduction band in comparison with 

the 3s and 4s orbitals of Mg and Zn, respectively, which moves the conduction band tail and 

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

 

3.4. Raman spectroscopy 



To investigate the influence of Cd doping on the composition of CdxMg0.125-xZnO0.875 NPs, we 

performed Raman measurements; see Fig. 4(a). Normally, at the Г (k = 0) point of the Brillouin 

zone, the optical phonon modes according to group theory are A1 + E1 + 2B1 + 2E2 for the 

hexagonal wurtzite lattice structure with space group P63mc [43]. The A1 and E1 modes are polar 

phonon modes which are Raman and infrared active, the E2 modes are nonpolar and thus are 

only Raman active, while the B1 mode is a silent mode. The A1 and E1 polar modes split into 

transverse optical (TO) and longitudinal optical (LO) modes, while the two nonpolar E2 modes 

are found at low (mostly the Zn atoms dominate) and high (the O movement dominates) phonon 

frequencies [44]. The E1(TO) and A1(TO) modes are first-order Raman modes, the first one 

arising when the zinc blende structure is folded in the c-direction to constitute the wurtzite 

structure. The TO–LO splitting is related to the strength of the polar bonds associated with the c-

axial displacement of the cations in the lattice, the A1(LO) and E1(LO) modes come from the 

long-range electrostatic order [45, 46], while the TO modes come from deformation potential 

interaction [45]. 

The Raman spectra of CdxMg0.125-xZnO0.875 for the different Cd contents (x = 0–0.025) are shown 

in Fig. 4(a). There are two prominent peaks: namely the E2(low) phonon mode located at 102 cm-

1 and the E2(high) phonon mode located at 438 cm-1 for x = 0 [47], see Table 2. These modes 

dominate the vibrational response as cation (Cd, Mg, Zn) and oxygen components, respectively, 

of the synthesized NPs for x = 0 [48]. Since the E2 modes are not polar, they are usually used to 

account for the stress in the material, and there is no influence of the electron concentration as in 

the case of the polar modes. The slight redshift of the E2(low) mode from 102 cm-1 to 98 cm-1 

and the E2(high) mode from 438 cm-1 to 433 cm-1 as the Cd concentration increases shows the 

existence of a structural distortion with a good lattice mismatch in the CdxMg0.125-xZnO0.875 

nanostructures [49]. According to Fig. 4(b), the peak intensity of the E2(high) mode decreases 

with increasing Cd concentration, which means that the incorporation of Cd gives rise to changes 

in the molecular environment. This observation corroborates the XRD results with increasing 

crystallite sizes greater than 20 nm. Also, this E2(high) mode ascribed to oxide vibrations could 

be attributed to the amount of oxygen defects (oxygen vacancies or interstitial oxygen atoms) 

since the linear decrease in the Raman frequency of the E2(high) phonon mode varies with 

increase in Cd concentration. This argument is in agreement with Ref. [50].  



Furthermore, a decrease of the full width at half maximum from 18.7 cm-1 (x = 0) to 17.4 cm-1 (x 

= 0.025) for the E2(high) phonon modes compared to the uniform full width at half maximum of 

the E2(low) phonon mode may be attributed to shortening of the phonon lifetime initiated by a 

decay mechanism due to crystal defects common in doped system, hence confirming the 

presence of oxygen vacancies as the Cd concentration increases. Therefore, it is expected that the 

substitution of Cd in CdxMg0.125-xZnO0.875 samples will substantially affect the size of the ordered 

domains and interfere with the long-range propagation of the zone centre phonons [51].  

The Raman band located in the frequency region from 391 cm-1 to 383 cm-1 represents the 

A1(TO) mode peak, while the small broad peaks at around 331 cm-1 to 326 cm-1 could be related 

to the E2(high)–E2(low) mode at the border of the Brillouin zone (density of states). For both 

Raman modes, the behaviour of the A1(TO) and E2(high)–E2(low) modes suggests a monovalent 

lattice that is perturbed and slightly distorted from the fluctuating lattice vibration as Cd doping 

increases [52]. 

The additional modes from 513 cm-1 to 511 cm-1 and from 613 cm-1 to 595 cm-1 are assigned to 

the 2LA (longitudinal acoustic) and E1(LO) scattering modes, respectively. The origin of this 

2LA peak has been debated and is ascribed to a local vibrational mode due to defects, whereas 

the larger broadening of the E1(LO) mode has been attributed to defects such as oxygen 

vacancies, interstitial zinc atoms, or defects created by Cd atoms with the in-plane atomic motion 

perpendicular to the c-axis [53]. In any case, the broadening is always increased due to disorder 

or lack of crystallinity. 

 

3.5. Photoluminescence 

To analyse the effect of Cd doping on the luminescence properties of CdxMg0.125-xZnO0.875 NPs, 

the PL spectra were recorded with use of the 325 nm line of a He–Cd laser. The results are 

shown in Fig. 5.  

We observe in Fig. 5(a) weak UV emission around 343–400 nm, in addition to a strong broad 

DLE [12] in the visible region. The redshift and increase in intensity of the normalized UV 

emission centred at 370 (±0.2) nm (3.36 eV) for x = 0.025 is shown in detail in the inset in Fig. 

5(a). The slight redshift of the NBE emission peaks can be assigned to a radiative transition 

between the Mg 3s–Zn 4s–Cd 5s hybrid level and the O 2p level [54,55], which is the usual 

excitonic recombination of ZnO.  



The broad visible luminescence signal spanning the range from 450 nm to 786 nm is attributed to 

the high-doping effect of Cd resulting in structural distortion or band gap defects as excited 

charge carriers recombine with impurity traps after absorbing visible light. This phenomenon 

shows that the formation of impurities as traps within the band gap structure (deep levels) 

together with a low distortion effect by Cd doping may have depleted the recombination of 

photogenerated charge carriers of the NBE and channelled them as strong broad emission in the 

entire visible spectrum of CdxMg0.125-xZnO0.875, indicating the easy recombination of electrons 

and holes as the Cd concentration increases. Such broadband emissions corresponding to the 

visible region are related to DLE induced by structural defects originating from the dopants [9].  

The relatively broad yellow-orange emission centred at 640 (±0.2) nm can be analysed as 

transitions related to interstitial oxygen atoms [21]. It is also noted that the intensity and the 

broadening of the linewidth of the DLE peaks increased with increasing Cd content, and this 

could be related to the presence of oxygen defects with induced structural distortion from the 

substitution of Cd, with their signatures observed as decreased intensity of the E2(high) mode in 

the Raman spectrum and the increase in crystallographic parameters from the XRD results [13, 

50]. A quick survey of the literature concerning the origin of yellow-orange emission attributed 

the emission to excess oxygen and the transitions related to interstitial oxygen atoms for ZnO 

nanostructures [56].  

In terms of structural defects, zinc vacancies form donor–acceptor pairs with transitions 

associated with the broad yellow-orange emission [57], while the growth orientation along the 

(101) plane of the hexagonal wurtzite structure can originate from the incorporation of interstitial 

oxygen atoms producing the typical yellow-orange emission of Si/ZnO nanostructures according 

to Ref. [21]. Thus, regardless of the exact origin of the yellow-orange emission, the large ratio of 

the yellow-orange PL intensity to the NBE emission intensity indicates that the CdxMg0.125-

xZnO0.875 NPs were structurally distorted by Cd doping with a growth orientation along the (101) 

plane facilitating the diffusion of oxygen into the interstitial sites. 

To identify the specific defects related to the broad DLE, a deconvolution of the luminescence 

spectra for x = 0.025 was performed and is shown in Fig. 5. In Fig. 5(b), the PL has been fitted 

with four Gaussians with their peaks positioned at 479 (±0.2) nm (≈2.58 eV), related to blue 

emission attributed to interstitial zinc atoms and zinc vacancies, 565 (±0.2) nm (≈2.19 eV), 

related to yellow emission from neutral oxygen vacancies, 644 (±0.2) nm (≈1.92 eV), related to 



orange emission associated with interstitial oxygen atoms, and 709 (±0.2) nm (≈1.75 eV), related 

to red emission connected to interstitial oxygen atoms, donor–acceptor transitions of oxygen 

vacancies, and zinc vacancies. The findings of some studies reporting defects states and their 

luminescence properties are consistent with the deconvoluted peaks for x = 0.025 [12, 20, 22, 

32,58].  

In addition, it is also observed that the deconvoluted spectra were dominated by the contribution 

of zinc vacancies, monovalent neutral oxygen vacancies, and interstitial oxygen atoms, where the 

intensity of the deconvoluted spectra for yellow and orange region are dominated as the source 

of the yellow-orange emission of CdxMg0.125-xZnO0.875 NPs. 

Accordingly, to determine the exact emission colour and colour purity of the samples, the 

International Commission on Illumination (CIE) chromaticity diagram was calculated from the 

PL spectra of the samples under 325 nm excitation; the corresponding chromaticity coordinates 

are given in Table 3. 

In Fig. 6, the chromaticity coordinates for CdxMg0.125-xZnO0.875 NPs marked with triangles in the 

CIE 1931 chromaticity diagram were located in the yellow-orange region and thus facilitated the 

formation of broadband emission with low crystal distortion by Cd dopant. The correlated colour 

temperature (CCT), which is related to the colour appearance, was calculated with the McCamy 

equation [59]: 

CCT = −449n3 + 3525n2 − 6823.3n + 5520.33,  (5) 

where n=(X − Xe)/(Y − Ye) is the inverse slope of the line that is defined from the chromaticity 

epicentre given as Xe = 0.3320, Ye = 0.1858, where X and Y are the sample chromaticity 

coordinates.  

In Table 3, the CCTs obtained for CdxMg0.125-xZnO0.875 are on the order of 2700 K. These values 

are close to the CCTs for soft white compact fluorescent and LED lamps, which makes 

CdxMg0.125-xZnO0.875 a suitable material for warm white light when combined with a blue LED 

chip.  

 

4. Conclusions 

Single-phase CdxMg0.125-xZnO0.875 NPs were synthesized by a modified sol–gel route with Cd 

dopant to increase the optical efficiency. Structural studies showed that the band gap narrowed to 

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



observed, and the yellow-orange emission intensity appears to increase with the amount of Cd. 

From the PL studies, the emerging high intensity of yellow-orange emission at 640 nm is 

believed to be due to the transitions associated with interstitial oxygen atoms, which reflects a 

structural distortion along the (101) plane of the wurtzite CdxMg0.125-xZnO0.875 NPs induced by 

Cd doping. The CIE colour coordinates of all the samples are located in the yellow-orange region 

of the chromaticity diagram with low CCTs as soft white light, suggesting that CdxMg0.125-

xZnO0.875 NPs hold great promise in the application of low-cost white LEDs and other light 

devices. 
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Fig. 1. (a) Rietveld refinement of CdxMg0.125-xZnO0.875 (x = 0, 0.010, 0.015, 0.020, 0.025) 

nanoparticles annealed at 750 °C. The inset shows the shift of the (102) reflection with Cd 

content (see the text). 

 (b) Average microstrain and crystallite size versus Cd atomic content.  



Fig. 2. Transmission electron microscopy images of CdxMg0.125-xZnO0.875 for x = 0 (a) and x = 

0.025 (b). Histograms of particle size distribution for x = 0 (c) and x= 0.025 (d). (e,f) Energy-

dispersive X-ray spectroscopy spectra of CdxMg0.125-xZnO0.875 for x = 0 (e) and x = 0.025 (f). 

Mapping of the CdxMg0.125- xZnO0.875 nanoparticles corresponding to the Lα1-2 edge of Zn (g), 

Kα1 of O (h), Kα1-2 of Mg (i), and Lα1 of Cd (j). 

Fig. 3. (a) Optical absorption spectra and (b) [F(R∞)]
2 versus photon energy (hν) for CdxMg0.125-

xZnO0.875 nanoparticles. 

Fig. 4. (a) Raman spectra recorded at room temperature for CdxMg0.125-xZnO0.875 nanoparticles. 

The excitation wavelength was 532 nm. (b) Raman frequency of the E2(high) mode for 

CdxMg0.125-xZnO0.875 as a function of Cd concentration. LA, longitudinal acoustic; LO, 

longitudinal optical; TO, transverse optical. 

Fig. 5. (a) Photoluminescence (PL) spectra of CdxMg0.125-xZnO0.875 nanoparticles. (b) 

Deconvoluted PL spectra (for x= 0.025) obtained with 325 nm excitation from a He–Cd laser. 

Oi, interstitial oxygen atoms; VO, oxygen vacancies, VZn, zinc vacancies. 

Fig. 6. Chromaticity coordinates of CdxMg0.125-xZnO0.875 (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 CdxMg0.125-xZnO0.875 nanoparticles obtained from 

Rietveld fitting and Eq. (1).  

Cd2+ Lattice parameter Cell 

volume 

Crystal 

size 

Microstrain Zn–O–Zn 

bond angle 

Reliability 

factor  

content x a, b (Å) c (Å) V (Å3) D (nm) εεεε × 10
-3 (°) χ

2 

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) 0.100 (1) 111.01 1.78 

0.015 3.2582 (1) 5.2047 (1) 47.851 (1) 53 (1) 0.141 (1) 111.02 1.77 

0.020 3.2587 (1) 5.2051 (1) 47.871 (1) 55 (1) 0.151 (1) 111.04 2.09 

0.025 3.2629 (2) 5.2106 (2) 48.044 (2) 67 (1) 0.189 (1) 111.05 2.21 

 



 

 

 

 

Table 2. Phonon modes in the Raman spectra of CdxMg0.125-xZnO0.875 nanoparticles. 

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

  

 

 

Table 3. CIE chromaticity coordinates, correlated colour temperature and Ra values of 

CdxMg0.125-xZnO0.875 (x = 0, 0.010, 0.015, 0.020, 0.025) nanoparticles. 
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Highlights 

• Enhanced optical properties induced by oxygen defects, and a structural distortion along 

the (101) plane of the wurtzite structure are discussed. 

• Rietveld analysis and the E2-(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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