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Abstract 

Wurtzite Zn1-xMgxO epilayers (x=0, 0.26, 0.44, 0.49, 0.66) grown by the plasma-

assisted molecular beam epitaxy on ScAlMgO4 substrate were characterized using the 

methods of optical spectroscopy: spectroscopic ellipsometry (SE), optical absorption 

(OA), and photoluminescence (PL). The complex dielectric function in the spectral 

range of 210 to 1690 nm, band gap width, exciton absorption and emission 

parameters, and film quality were studied and discussed. Individual characterization 

of samples was provided by combining SE and OA measurement results. The 

observed increase of the band gap up to 4.35 eV with the rise of the MgO content 

allowed the recommendation of the wurtzite Zn1-xMgxO epilayers as material for UV 

sensors. The origin of defects hampering the practical application of the materials was 

discussed. 

 

Keywords:  Zn1-xMgxO thin films; optical properties; optical spectroscopy; light 

absorption; luminescence; composition fluctuations. 

 

1. Introduction  

Zinc oxide ZnO has found numerous applications due to its unique properties: thermal 

and chemical stability, low density of defects, and strong radiation hardness, which 

determine a wide range of applications such as LEDs, sensors, catalysts, 

photodetectors, solar cells, and thermoelectric devices. Different chemical and 

physical methods have been used to produce high-quality ZnO structures. The aspects 

of morphology, preparation method, modification, doping, and the composite of ZnO–

based material for the mentioned applications have been discussed in recent reviews 

[1-14]. ZnO antibacterial properties for disinfection, supplementation, and 

immunomodulation applications also have been studied [15-17]. 

Besides, ZnO nanostructures have been studied as the transducer elements in different 

types of PL-based biosensors for the detection of analytes relevant to health and the 

environment, like antibiotics, glucose, bacteria, and virus or tumor biomarkers [18, 

19]. ZnO-based engineered nanomembranes, nanocomposites and nanoparticles have 

been used in water purification technologies [20, 21]. In combination with MgO, zinc 

oxide demonstrates excellent ferroelectric and piezoelectric properties, beneficial for 

practical application [22, 23] and large non-linear susceptibility, enabling ultrafast 

nonlinear optical devices [24]. 
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ZnO has attracted great interest as a material prospective for electronic and 

optoelectronic applications in the ultraviolet range [25, 26] due to the advantageous 

properties: direct wide band gap (3.37 eV at 4 K; 3.3 at RT) [1, 2, 27, 28] and large 

free exciton binding energy (60 meV) [28], providing exciton emission at and above 

room temperatures.  

 

Even more possibilities for application in the deep ultraviolet region (< 300 nm) may 

be expected from ZnO compounds combining it with some elements from groups II 

and III, such as Be, Mg, Ca [29, 30]. Furthermore, variations in components' mutual 

concentration allow for tuning of the compound band gap in a controllable way. Deep 

UV photon sensors based on ZnO-related compounds can be used as biological and 

chemical sensors for ozone detection and as detectors for water purification, as well as 

sensors for detection of pollution levels in any biological agent [31]. Up to now, the 

most prospective ZnO combinations were reported with the use of MgO (direct band 

gap with Eg = 7.8 eV [32-34]), producing alloy thin films and heterostructures with 

different techniques (PLD, MOCVD, magnetron sputtering, plasma-assisted MBE, 

etc.), using different substrates (ZnO, sapphire or quartz wafers, SiO2, and others) [35, 

36 and references therein] and different buffer layers. Thus, a-plane MgZnO films 

were grown on a-GaN/r-sapphire by PLD [37], ZnMgO thin films were produced by 

plasma-assisted MBE on c-plane sapphire substrates using MgO/ZnMgO buffer layer 

[38]. The same method was used in combination with ZnO substrate and ZnO buffer 

layer [39], ZnMgO monocrystalline thin films were produced on glass and silicon 

substrate by E-beam deposition technique [40], ZnO/Zn1-xMgxO multiple quantum 

wells were grown on LiGaO2 substrate using plasma-assisted MBE [41], high-quality 

ZnMgO thin films were grown on Zn-O seed-layer-coated oxide glass substrates 

using the electrochemical deposition [42], etc. Potentially Zn1-xMgxO compounds may 

provide a tunable band gap in the 3.3-7.8 eV range, which covers the deep UV region 

of the highest interest. Promising results in achieving band gap engineering (Eg = 

4.5...5.7 eV) were obtained for Zn1-xMgxO single quantum wells with Mg content 

x = 0.2 … 0.8 grown by molecular beam epitaxy technique [34]. 

 

In general, alloying ZnO and MgO into the Zn1-xMgxO compound is challenging. Due 

to different crystal structures, mutual solubility of ZnO (non-centrosymmetric 

hexagonal wurtzite (WZ) lattice structure) and MgO (rock salt (RS) lattice structure) 

has certain limits, beyond which phase separation occurs, preventing achieving 

compounds with a band gap in the 4.3-5.5 eV range. However, this obstacle can be 

overcome by stabilizing the crystal structure of binary compounds by using low lattice 

mismatch substrates with a hexagonal structure such as ScAlMgO4 (SCAM) for the 

high MgO-content WZ Zn1-xMgxO; and cubic MgO or Cu2O substrates for high ZnO-

content RS Zn1-xMgxO epilayers. This concept was implemented by Wen et al., using 

the MBE method  to successfully produce rock-salt Zn1-xMgxO epilayers with x=0.22-

0.87 on MgO substrate [43] and wurtzite Zn1-xMgxO epilayers with x=0.26-0.66 on 

SCAM substrate [44]. Both types of ZnMgO thin films demonstrated a blue shift of 

the band gap value with increasing MgO content. The highest Mg content reported in 

WZ ZnMgO by PA MBE was 74.6 %, with the estimated band gap of 5.9 eV [45]; 

however, the PL of the sample contained a strong emission band from pure ZnO, 

confirming the inhomogeneity of the compound.   

 

The present paper focuses on the characterization of the WZ Zn1-xMgxO (x= 0,…, 

0.66) thin layers grown on SCAM substrate with the MBE method, using the methods 
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of spectroscopic ellipsometry (SE), optical absorption (OA), and photoluminescence 

(PL). The main attention is focused on the detection of the band gap, which is the 

most important parameter for application of these materials for deep UV sensors. The 

task of the present study is to evaluate the applicability of the WZ Zn1-xMgxO 

compounds with a tuned band gap for deep UV sensors. 

 

2. Experimental 

 

2.1. Samples 

Hexagonal WZ Zn1-xMgxO epilayers were deposited on (0001) ScAlMgO4 substrates 

by plasma-assisted molecular beam epitaxy (PA-MBE). Prior to the epitaxial growth, 

the substrate in size of 10x10 mm2 was annealed at 1000 oC for one day, subsequently 

followed by cleaning in acetone and isopropanol. Detailed growth conditions were 

described in a previously published paper [44]. Both pure ZnO epilayer and 

pseudobinary epilayers Zn1-xMgxO with x=0.26-0.66 were grown and characterized 

by X-ray diffraction and cathodoluminescence methods and reported by Wen et al.  

[44]. X-ray diffraction showed that only the sample with the largest amount of MgO 

content (66%) had a minor contribution of the RS phase, while all other samples 

possessed only the WZ structure. MgO compositions in the ready Zn1-xMgxO samples 

were determined by the energy-dispersive X-ray spectroscopy (EDS) method. The 

thickness  of the Zn1-xMgxO layer varied in the 100-300 nm range depending on the 

used ZnO and MgO fluxes. 

 

2.2. Methods and Equipment  

 

In the present research, the samples were studied by methods of spectroscopic 

ellipsometry (SE), optical absorption (OA), and photoluminescence (PL). 

Spectroscopic ellipsometry. Optical properties and film thicknesses were obtained 

employing spectroscopic ellipsometer (SE) WOOLLAM RC2 in the spectral range 

from 210 to 1690 nm (or from 5.9 to 0.7 eV). The main ellipsometric parameters  

and  were measured at the incident angles from (55-70) with the 5 step. Refractive 

index n and extinction coefficient k dispersion curves were modelled using Gaussian 

(GO) and Tauc-Lorentz oscillator (TLO) functions [45]. The optical properties of the 

SCAM were obtained from SE measurements of pure substrates without films. The 

surface roughness was modelled utilizing Bruggeman effective medium 

approximation (EMA) [46]. The optical gradient of n and k was calculated by dividing 

the film layer into sub-layers with smaller thicknesses and applying the EMA, 

considering the films as a mixture of voids to vary the n and k values from the bottom 

to the top of the film [47]. SE experimental data model-based regression analyses 

were performed with the WOOLLAM software CompleteEASE®. The substrate and 

films were modelled as isotropic materials despite the WZ and RS crystallographic 

orientation of the SCAM and Zn1-xMgxO because the anisotropic measurements had 

shown that the off-diagonal Muller matrix (MM) elements were near zero and not 

changing with the azimuthal sample orientation respect to the SE coordinate system. 

The Zn1-xMgxO films were too thin to distinguish different optical paths due to film 

anisotropy. Nevertheless, the reflectance MM measurements showed no anisotropy 

presence for current SCAM substrates and thin films, thus, permitting to neglect 

anisotropy and to model the substrate and the films as isotropic materials.  
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Optical absorption and photoluminescence. OA was measured using the UV VIS 

spectrophotometer Specord 210 (Analytik Jena AG). The samples were inserted in the 

closed cycle helium refrigerator (Janis), providing sample temperature of 10-300 K, 

which, in turn, was embedded in the spectrophotometer sample compartment. PL was 

excited with the wavelength-tunable pulsed solid-state laser Ekspla NT342/3UV as an 

excitation source and detected with the Andor Kymera 328i-B2 spectrometer coupled 

with the Andor iStar sCMOS CCD camera. PL spectra of Zn1-xMgxO samples were 

measured under excitation light at 260 nm, while those of ZnO sample - at 290 nm 

excitation. These excitation wavelengths were chosen as optimal, taking into account 

excitation efficiency and spectral separation from emission bands of the Zn1-xMgxO 

samples, peaking in the 290-330 nm region for x = 0.26, …, 0.66 and at 373 nm for x 

= 0. For the PL measurements, the samples were cooled using an Advanced Research 

Systems DE202 N closed-cycle helium refrigerator in the 10-300 K temperature 

range. 

3. Results and discussion 

3.1. Spectroscopic Ellipsometry  

SE is a powerful method for sensing very thin layers. Many commercially available 

SE instruments measure the main ellipsometric angles (, ) with a resolution of  

0.001; thus, SE can measure the sub-angstrom thickness change [48] and detect the 

presence of a very small amount of substances. 

In ellipsometry, the two main ellipsometric angles (, ), which are functions of 

wavelength  and incident angle of light , are defined by 

                                   𝜌 ≡ tan()𝑒𝑖 =
|𝑟�̃�|

|𝑟�̃�|
=

𝐸𝑝
𝑜𝑢𝑡/𝐸𝑝

𝑖𝑛

𝐸𝑠
𝑜𝑢𝑡/𝐸𝑠

𝑖𝑛                                            (1), 

where �̃�𝑝  and �̃�𝑠  are Fresnel’s coefficients for p (parallel) and s (perpendicular) 

polarized light, 𝐸𝑝
𝑜𝑢𝑡 , 𝐸𝑝

𝑖𝑛, 𝐸𝑠
𝑜𝑢𝑡 , and 𝐸𝑠

𝑖𝑛 represent p and s components of the incident 

and reflected electric fields of the light beam [49 Zubkins]. Tan is the amplitude 

ratio upon reflection and  =  𝛿𝑝 − 𝛿𝑠  is the phase shift induced by the reflection 

between the p-wave and the s-wave. The ratio  is related to the optical properties of 

the material or materials under investigation, namely, the complex refractive index 

�̃�= n + ik, where n is the index of refraction and k - extinction coefficient. The high 

sensitivity of this technique is derived from the fact that the detected (, ) is a 

relative measurement of the change in polarization (a ratio or difference of two values 

rather than the absolute value of either), which explains robustness, high accuracy, 

and reproducibility of the technique. 

 

Experimental and modelled main ellipsometric angles  and  as a function of 

incident angle  and photo energy E are presented in Figure 1 for the Zn0.74Mg0.26O 

epilayer, which was taken as an example. The low oscillation of (, ) in the VIS and 

NIR spectral range (0.7 - 3 eV) could be explained by the similarity of refractive 

indexes n of SCAM substrate and Zn1-xMgxO thin films (Fig. 2). The larger is the 

difference between (n, k) of the substrate and the film, the larger are the (, ) 

oscillations. For example, the  and  oscillations could  reach up to 20 and 350 for 

ZnO thin films on a glass substrate [49], and up to 10 and 40 on Pt substrate [50]. 

The low oscillations in (, ) cause larger errors in the fitting parameters, especially 

in the case of the presence of optical gradient, and proper model development 

becomes much more challenging and  time-consuming. 
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The modelled isotropic dispersion curves have shown that with an increase of MgO 

content, the peak positions of the (n, k) curves and optical band gap Eg (fitting 

parameter of the Tauc-Lorentz oscillator) shifted towards higher E values (Fig. 2). At 

low E in the range of  0.7-1.8 eV, refractive index values for all measured Zn1-

xMgxO samples with x  0 were higher with respect to pure ZnO thin film (Fig. 2a). 

The decrease of n from 1.88 to 1.75 at low photon energies was observed for Zn1-

xMgxO epilayers with the increase of MgO content from 0.26 to 0.66, which was 

related to the lattice disorder. Despite the small difference in ionic radii of Zn2+ and 

Mg2+, replacing Zn2+ with Mg2+ distorted the cation tetrahedrons and decreased the 

lattice constants ratio c/a of the wurtzite ZMO. These distortions were attributed to the 

changes in the electronic configuration of the two cations, which resulted in the 

decrease of refractive index and blue shift of the Eg in the WZ ZMO compounds [51]. 

Obtained results were in good agreement with the experimental [52, 53] and 

theoretical reports [54]. 

 

SE analysis showed that all films exhibited some imperfections: (1) surface roughness 

from 4 nm up to 34 nm, (2) optical gradient for Zn0.34Mg0.66O (Fig. 3), (3) thickness 

non-uniformity (confirmed by TEM) for ZnO and Zn0.34Mg0.66O thin films, and (4) 

the presence of the interphase (confirmed by TEM) between the substrate and the film 

with the thickness of 7 nm for Zn0.51Mg0.49O (ZnO buffer) and 14 nm for 

Zn0.74Mg0.26O (ZnO buffer) thin films. The surface roughness tended to increase with 

the increase of MgO content in the films. The presence of the interphase was related 

to a thin ZnO buffer layer of ~5 nm deposited at 700 °C prior to the epitaxial growth 

of ZMO [44]. Indeed, the optical properties of the modelled interphase layer were 

comparable with those of ZnO thin film. The presence of the thicker interphase layer 

(14 nm) might be related to the fact that the first layers of ZMO had optical properties 

similar to ZnO and in the model, it was considered an interphase. 

 

The best model fit for Zn0.34Mg0.66O was found by considering the sample as a two-

layer film to perform complicated refractive index variation within the film depth (see 

curves (5’) and (5”) in Figure 2). The CompleteEASE software permitted  continuous 

optical gradient modelling within one layer film, which in the case of Zn0.34Mg0.66O 

gave mean square error (MSE) up to 20, which was a rather high value for SE. Good 

model fit in SE gives MSE only up to 3. The presence of high and asymmetric 

amplitudes of  for Zn0.34Mg0.66O compelled the consideration of sharp refractive 

index changes within the film, which could be modelled with CompleteEASE only if 

the film was considered as a two-layer model, even if physically, the film was made 

of one layer. The anisotropic and backside reflection effects on (, ) spectra of 

Zn0.34Mg0.66O were excluded since Muller Matrix off-diagonal elements showed to be 

near zero, and no depolarization was observed in the visible spectral range. 

 

Both layers, which described Zn0.34Mg0.66O thin film, exhibited optical gradient (Fig. 

3, curves (2’) and (2”)): n drastically decreased the thickness of layer 1 from 60 nm 

up to 80 nm and then reached values of the second layer; the layer 2 had slight 

gradient near the surface from 220 nm to 260 nm thickness. Layer 2 showed smaller 

changes in refractive index with the thickness increase compared to layer 1. The 

presence of such a complex optical gradient might be related to some irregularity of 

the film deposition process (e.g., slight, very short-term variation in ZnO and MgO 

fluxes). The optical properties of layer 1 were comparable with the ZnO thin film in 
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terms of Eg. The refractive index for layer 1 was found to be lower compared to the 

ZnO thin film.  Considering the previous studies on ZnO [49, 50] and information 

available in the literature [55], the obtained n values for the interphase layers, layer 1 

of Zn0.34Mg0.66O and Zn1Mg0O were found to be comparable to n values of an 

amorphous ZnO thin film. Based on TEM observation, a 20 nm thin ZnO layer  was 

determined between ZMO and SCAM. For some ZMO thin films, this thin interphase 

layer was also detected by SE (see interphase layer thickness in Table 1). For all ZnO-

MgO thin films, the low n values were related to the structural fluctuations resulting 

in lower density seen as reduced n values of these films. 

 

The thickness of the interphase dint, the thickness of the epilayer d (roughness 

excluded), the thickness of non-uniformity dNU (%), the surface roughness ds (nm), the 

optical band gap Eg and refractive index n at 632.8 nm (HeNe laser wavelength) 

obtained from SE for five Zn1-xMgxO compounds were summarized in  Table 1. The 

high error for Eg of Zn0.56Mg0.44O was due to very small oscillations of (, ) related 

to similar optical constants between SCAM and this thin film, thus, reducing the 

sensitivity of the SE method. 

 

Table 1. Optical properties of Zn1-xMgxO compounds obtained from SE 

measurements.  

Zn1-xMgxO MSE 
dint, 

nm 

d by 

SE, nm 

dNU, 

% 
ds, nm 

d by 

TEM, 

nm 

Eg, eV 
n@632.8 

nm 

Zn1Mg0O 8.1 - 166  8 
24  

8 
4  2 159 

3.23  

0.07 

1.81  

0.08 

Zn0.74Mg0.26O 3.6 
14.5  

0.7 
208  2 - 13  1 - 

3.80  

0.03 

1.88  

0.01 

Zn0.56Mg0.44O 6.4 - 209  2 - 29  1 - 
3.72  

0.35 

1.83  

0.01 

Zn0.51Mg0.49O 8.2 
7.2  

0.1 
140  1 - 13  1 - 

4.18  

0.10 

1.80  

0.02 

Zn0.34Mg0.66O 5.9 - 
281  

41) 

5.8 

0.7 
34  1 277 

4.32  

0.03 

(3.19  

0.15) 

 

1.75  

0.05 

1.84  

0.05 

1) The total thickness of the film consisting of two layers, where the 1st layer is 75 nm thin, 

and the 2nd layer is 206 nm thin. 

 

MSE - mean square error of the model, dint - thickness of the interphase, d - thickness of the 

film d (roughness excluded), dNU (%) - thickness non-uniformity, ds (nm) - surface roughness, 

Eg - optical band gap, n - refractive index n at 632.8 nm. For comparison d obtained by TEM 

is given for some samples.  
 

3.2. Optical absorption 

Optical absorption of the WZ Zn1-xMgxO epilayers for x=0, 0.26, 0.44, 0.49, 0.66 was 

measured in the temperature range 10-300 K. Fig. 4 presents the results of the OA 

measurements at 10 K. For Zn1Mg0O sample, the absorption curve was typical for 

ZnO: in the near-band-gap region, it had characteristic exciton features around 3.4 eV, 

where two subbands were clearly seen. According to [28 references therein], 

depending on the sample treatment, up to three dominating subbands could be 

observed in the OA spectrum of ZnO, which were interpreted as free exciton 

transitions from the valence band to the conduction band. The valence band of ZnO  
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split into three subbands due to the influence of crystal field and spin-orbit 

interactions; hence, there are three free exciton transitions corresponding to each 

subband designated by symbols A, B, and C. 

 

Other Zn1-xMgxO samples had OA spectra with band edge shifted to the higher 

energies, and the larger was MgO concentration, the larger was the shift of the band 

edge. The exciton absorption band for these samples was revealed as an unstructured 

bump on the band edge slope. Energy positions of the exciton absorption band, 

determined from the graphs for all samples, are shown in Table 2. Exciton absorption 

bands demonstrated the blue shift with an increase in MgO concentration. It should be 

mentioned that with the increase of MgO concentration, the band edge slope in the 

OA spectra became ever gentler. It could be explained by the increased structural 

inhomogeneity, providing a larger number of localized states, forming the Urbach tail. 

[37 Zhang]. The absorption curve of the Zn0.34Mg0.66O had a minor feature at around 

3.4 eV, corresponding to the free exciton absorption in pure ZnO. This observation 

corresponded to the ellipsometric studies of the sample, where SE analysis revealed 

inhomogeneity of the refractive index n in Zn0.34Mg0.66O. The first 75 nm of this film 

had n and Eg values comparable within the error with those of ZnO (Fig.2, Table 1), 

and the rest of the 260 nm film had the optical properties corresponding to ZnO-MgO 

compound.   

The band gap values at 10 and 300 K were determined for all the studied Zn1-xMgxO 

samples, applying the Tauc plot to the absorption curves: (𝛼ℎ𝜈)2 versus photon energy 

ℎ𝜈. The photon energy ℎ𝜈 and absorption coefficient 𝛼 are linked to band gap energy 

Eg by relation [40 Rathore and references therein]: 

                                                    𝛼ℎ𝜈 = 𝐾(ℎ𝜈 − 𝐸𝑔)
2
,                                              (2) 

where K is a constant. From the Tauc plot, the band gap value was determined as an 

intersection point of the tangent to a curve with an abscissa. Fig 5.  shows the 

detection of a band gap value on the example of Zn0.34Mg0.66O at low temperature, 

where two band gap values can be discriminated: one for ZnO-MgO compound 

(Eg1=4.35 eV), another for pure ZnO (Eg2=3.35 eV). All other Zn1-xMgxO samples had 

only one band gap, whose values varied from 3.35 eV for x=1 to 4.35 eV for x=0.34 

at a temperature of 10 K. With temperature rise, the band gap energy decreased due to 

an increase of atomic vibrations leading to larger interatomic spacing and increased 

interaction of free charge carriers with lattice phonons [56, 57]. As a result, the band 

gap energies demonstrated the red shift. Band gaps of the studied Zn1-xMgxO 

epilayers determined using the Tauc plot at room temperature constituted values from 

3.29 to 4.3 eV, correspondingly. All band gap values at 10 and 300 K are presented in 

Table 2.   

Both SE and optical absorption experiments confirmed that the increase in MgO 

content caused the sequential blue shift of the Zn1-xMgxO band gap. That might be 

explained by the appearance of the larger number of electrons due to the lower 

electron affinity of MgO compared to ZnO, which occupied the energy levels located 

at the bottom of the conduction band. Electron transitions between the top of the 

valence band and unoccupied states of the conduction band, rising ever higher with an 

Mg increase, would increase the energy of the lowest optical transitions, thus 

contributing to the increase of the band gap [52, 54]. 
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3.3. Photoluminescence 

Photoluminescence spectra of WZ ZnMgO thin films were measured in the 10-300 K 

temperature region; the normalized spectra of all samples at 10 K are shown in Fig.6. 

PL spectra of all Zn1-xMgxO samples are presented with a near band edge (NBE) 

narrow band and a broad green defect band. Just as the band gap, NBE luminescence 

bands are consistently shifted to higher energies with an increase in MgO 

concentration in ZnMgO alloys. Thus, NBE emission peaks at 10 K are located at 

3.33, 3.76, 3.93, 4.09 and 4.25 eV for x=0, 0.26, 0.44, 0.49 and 0.66.  

 

Generally, the NBE luminescence band in ZnO relates to free and bound excitons [28 

Ozgur]. In PL spectra of high-quality ZnO samples, a complicated structure of NBE 

emission is observed. The 3.37 – 3.55 eV region contains several features 

corresponding to transitions of free excitons from the conduction band to three 

valence subbands. A-free-exciton binding energy of 60 meV determines the Stokes 

shift compared to the absorption band. The 3.348 – 3.374 eV region of PL spectra is 

determined by the presence of several bound excitons, which are localized near 

neutral or charged donors and acceptors. The most intense is a line at 3.3605 eV 

assigned to A excitons, which are bound to neutral donors. In the 3.1- 3.3 eV region of 

the PL spectrum, the fine structure is determined by LO phonon replicas of the main 

exciton transitions. 

 

In the NBE emission bands of the samples under investigation, no fine structure 

features could be distinguished even at the lowest temperatures, mainly because of the 

small thickness of samples, providing relatively low PL signal, and equipment 

resolution limitations. At low temperatures, the dominant contribution in NBE 

emission was provided by the bound excitons. That followed from correspondence of 

the Zn1Mg0O exciton band’s maximum (3.327 eV) to the region of the bound excitons 

[28] and peculiarities of the thermal evolution of NBE luminescence in Zn1-xMgxO, 

which will be described further. 

 

The full width at half-maximum (FWHM) of NBE emission bands of samples could 

be estimated from the PL spectra in Fig. 6. The FWHM value was the smallest for 

Zn1Mg0O: at temperature10 K, it was 115 meV; for Zn74Mg26O, it became larger– 

205 meV, and for the epilayers, with the high MgO content, it became ever larger– 

around 300-330 meV. FWHM values at 10 K are found in Table 2. An increase of 

FWHM in Zn1-xMgxO epilayers with growing x corresponds to literature data [38, 44, 

58] and can be explained by chemical inhomogeneity and strain due to random 

alloying or Mg clustering, increasing with MgO concentration, which provides a 

number of slightly differing exciton states resulting in broadening of the emission 

peaks.  

 

It is also worth mentioning that some of the PL spectra in Fig. 6 exhibited strong 

emission in the blue to red regions due to the presence of deep-level radiative defects. 

The deep level emission (DLE) of the Zn1Mg0O sample possessed a maximum 

intensity of approximately2.8 eV, which was higher than the value of 2.3 eV of the 

MBE grown ZnO epilayer reported in literature [59]. The broad DLE peak at 2.7 eV 

could be caused by either recombination of conduction band electrons with holes 

trapped at shallow acceptors or recombination of electrons trapped on shallow donors 

to holes at the valance band. The shallow donor and acceptor states could be related to 

Zn interstitial (Zni) and Zn vacancy (VZn) defects, respectively. The former was 
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located about 0.3-0.4 eV below the bottom of the conduction band, whereas the latter 

had energy distributed in a range from 0.2 to 0.9 eV [60-65]. Emission bands in the 

2.4 - 2.1 eV energy region might relate to electron transitions between the defect 

levels linked to oxygen vacancies (VO, VO
1+, VO

2+) and the valence band [8]. 

However, the intensity of the DLE peak in the Zn74Mg26O spectrum was significantly 

reduced at the addition of Mg to 0.26, probably due to the strong inhibition effect of 

Mg on the formation of Zni proposed by Li et al. [66]. In addition, the DLE peak was 

observed again at energy of 2.9 eV and 3.2 eV for the Zn56Mg44O and Zn34Mg66O 

samples, respectively.  Qui et al. [67] pointed out the possibility that Mg atoms might 

occupy the interstitial sites in ZnO as the Mg content exceeded far beyond the 

thermodynamic solubility limits. The emission peak corresponding to the 

recombination of trapped electrons from Mgi to holes at the valence band was 

reported to exhibit energy of 3.0 eV or above [60], which was very close to those of 

the DLE peaks for the two samples. The presence of vacancy and interstitial defects in 

the studied Zn1-xMgxO compounds was determined by the growth conditions of the 

particular samples. Similar low-energy emission bands showing chaotic behaviour 

both in intensity and energy were also observed in other ZnMgO compounds [34]. 

 

Fig.7 demonstrates the absorption and emission spectra for the investigated Zn1-

xMgxO samples. Here the position of exciton bands attracts the main interest. The 

observed Stokes shift, calculated as the difference between exciton absorption 

(indicated by arrows) and emission energies, constituted around 50 meV for x=0, 290 

meV for x=0.26, and remained within the value of 600 meV for higher MgO 

concentrations.  The dependence of Stokes shift on Mg concentration might be 

explained by potential fluctuations of the band gap caused by spatially 

inhomogeneous alloy composition. Random alloying or the creation of Mg clusters 

could generate microscopic potential minima, causing exciton transitions with lower 

energy [68].  

 

3.4. Thermal behaviour of Photoluminescence 

Some characteristic features of the material may be determined from PL dependence 

on temperature. With temperature rise, the PL intensity of both exciton and defect 

bands decreased in the studied Zn1-xMgxO samples, and the energy position of the 

exciton band shifted. Typical PL behaviour with temperature rise from 10 to 300 K is 

shown in Fig. 8 on an example of Zn0.56Mg0.44O. Other Zn1-xMgxO samples 

demonstrated similar thermal evolution of PL. 

 

The decrease of the exciton luminescence intensity with temperature (temperature-

dependent emission quenching) is determined by an increased rate of the nonradiative 

recombination process. The transition from radiative to non-radiative process is 

characterized by nonradiative thermal activation energy Ea, which is interpreted as 

thermal energy necessary for the liberation of the bound exciton from the localization 

of the potential minimum. Activation energy can be found from the Mott-Seitz 

equation [69],   

                                                𝐼(𝑇) =
𝐼0

1+𝑎∙𝑒𝑥𝑝(−
𝐸𝑎
𝑘𝑇

)
                                                       (3) 

where I0  and I(T) are luminescence intensities at temperatures 0 and T, k is Boltzmann 

constant, and a is a frequency factor, determined by the ratio of radiative τR and 

nonradiative lifetimes τNR: a=τR/τNR.   
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In the Arrhenius plot, the activation energy is characterized by the slope of the linear 

part of the curve at higher temperatures. Arrhenius plot of exciton luminescence is 

shown in Fig. 9 for all the samples under investigation. From Fig.9, it is seen that the 

slopes of the Arrhenius curves obtained for the studied samples differed only slightly 

from each other and demonstrated no correspondence to the MgO content. For 

Zn1Mg0O, the estimated Ea value constituted 36 meV, which was larger than the 

values reported in the literature - 15 meV [37, 38]. Activation energies of other Zn1-

xMgxO samples were found to be in the 46-90 meV range, irrespective of the 

concentration range of MgO. This differed from the regularity observed in [38], where 

activation energy increased sequentially from 15 meV to 127 meV for x= 0…0.37 in 

WZ Zn1-xMgxO compounds grown on c-plane sapphire substrates. The inconsistency 

in activation energy values in the present study those reported in literature could be 

explained by the structural properties of the samples under investigation, producing 

microscopic potential minima with different energy depths, depending on both 

random Mg alloying and on compound production conditions. 

 

Another important characteristic of the exciton band is the dependence of its position 

on temperature. The behaviour of the exciton band energy at temperature growth, both 

in pure ZnO and in Zn1-xMgxO epilayers, can show either continuous red shift [38] or 

S-type dependence (red shift – blue shift – red shift). In the case of ZnO, the S-type 

behaviour of the maximum position was explained by the thermal evolution of bound 

and free excitons [28, 70]. According to these authors, at the lowest temperatures, the 

exciton peak resulted from recombination luminescence of a bound exciton, which 

showed a red shift with temperature rise due to the narrowing of the band gap. At T ≥ 

65 K, a free exciton band with the higher energy emerged at the expense of the 

thermal release of bound excitons and became a dominating feature at around T ≥ 175 

K, thus providing a blue shift. At ever higher temperatures, the free exciton band 

obeyed the thermal shrinkage of the band gap.   

 

In the case of ZnO-MgO compounds, the exciton band was ascribed to bound excitons 

throughout the temperature region up to RT. Then the observed S-type behaviour of 

the exciton band was explained by the presence of the bound excitons localized in 

alloy-induced potential fluctuations [37, 38]. The rise of temperature stimulated the 

overcoming of the shallower potential barriers and recombination of bound excitons 

with a red shift. With the further increase of temperature, the excitons were localized 

at the deeper potential fluctuation minima, providing a blue shift. At ever further 

increase of temperature, the recombination energy of bound excitons obeyed the 

thermal shrinkage of the band gap, thus demonstrating a red shift. Some authors 

reported the continuous red shift instead of the S-type behaviour of the exciton band 

in ZnO-MgO pseudobinary compounds [71]. 

 

The energy position of exciton luminescence maximum for the studied Zn1-xMgxO 

epilayers is shown in Fig. 10. The exciton bands showed a continuous red shift for all 

studied compound samples. No S-type behaviour of the exciton emission band was 

observed in the studied samples. The most probable reason for the continuous 

decrease of the exciton recombination energy was the presence of the bound excitons 

localized at compositional fluctuations of ZnO-MgO alloys throughout the used 

temperature region. Due to the difference in electron affinity and ionic radius of Mg2+ 

and Zn2+ ions, the increased number of Mg ions substituting for Zn ions in the 

ZnMgO lattice increased the number of defects, which acted as localization sites for 
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excitons, thus stimulating abundance and thermal stability of bound excitons. The 

relatively large values of activation energy mentioned above spoke in favour of 

exciton localization in deep potential fluctuations already at the lowest temperatures; 

their thermal release with following radiative recombination corresponded to 

narrowing of the band gap. The effect of insufficient sensitivity of the equipment used 

also could not be omitted.  

 

Table 2. Energy parameters (eV) of the studied WZ Zn1-xMgxO epilayers. 

 

Zn1-xMgxO 

sample 

@ 300 K  @10K  

SE Eg 
OA Eg 

± 0.01 

OA Eg 

± 0.01 

 

Exciton abs. 

± 0.01 

Exciton PL 

±0.005 

Stokes shift 

± 0.01 

FWHM± 

0.005 

Ea ± 

0.005 

Zn1Mg0O 3.23  0.07 3.29 3.35  3.38  3.334  0.05  0.115  0.036  

Zn0.74Mg0.26O 3.80  0.03 3.82 3.84 4.05 3.763 0.29 0.205 0.068 

Zn0.56Mg0.44O 3.72  0.35 4.02 4.05 4.53 3.932 0.60 0.330 0.046 

Zn0.51Mg0.49O 4.18  0.10 4.20 4.23 4.67 4.074 0.60 0.320 0.088 

Zn0.34Mg0.66O 
4.32  0.03 

(3.19  0.15) 

4.30; 

(3.29) 

4.35; 

(3.35) 
4.83 4.243 0.59 0.295 0.056 

 

SE Eg and OA Eg band gap energy retrieved from SE and absorption measurements, Exciton 

abs and Exciton PL - exciton absorption and photoluminescence bands energy positions, 

Stokes shift as the difference of exciton absorption and emission energies, FWHM – full 

width at half maximum of exciton emission band, Ea - nonradiative thermal activation energy. 

 

The used methods of SE, OA and PL had provided mutually complementary results, 

which allowed comprehensive characterization of particular thin film samples, 

including energy parameters determined by sample composition, as well as the 

presence of chemical phases and interphases, layer thickness and roughness induced 

by peculiarities of the epitaxy process. Summarizing the results of optical 

spectroscopy studies of WZ Zn1-xMgxO epilayers, we noticed that samples grown by 

the plasma-assisted molecular beam epitaxy on SCAM substrate with an increase of 

MgO content revealed the sequential blue shift of the band gap width; free exciton 

absorption energy, and bound exciton emission energy (see Table 2). The main 

interest was attracted by the band gap values because this parameter determined the 

applicability of WZ Zn1-xMgxO epilayers for the UV sensors. It is noteworthy that Eg 

values of the studied materials, obtained by methods of SE and OA, were very close 

and constituted numbers from 3.23 eV to 4.32 eV at RT and from 3.35 eV to 4.35 eV 

at 10 K (x = 0,…, 0.66), shown in  Fig.11. The only diverged point in the dependence 

was that obtained by SE for Zn0.59Mg0.44O: 3.72  0.35 eV. The diminished band gap 

value was explained by the reduced sensitivity of the SE method due to very small 

oscillations of (, ) related to similar optical constants between SCAM and this thin 

film. However, within the error limits, this Eg value matched with Eg obtained from 

OA: 4.02  0.01 eV.  

 

For comparison, the data from other literature sources are also shown in Fig.11. Band 

gap values obtained from transmission measurements of WZ ZnO-MgO thin films 

[44] practically coincided with the results of the present investigation. Data from [72] 

and the lower part (at x < 0.3) of the curve from [73] related to WZ type Zn1-xMgxO 

also were in good correspondence with the present results. On the contrary, the data 

from [72] for (x > 0.3) and those from [34, 74] related to the RS type Zn1-xMgxO were 
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characterized by the distinguished behaviour of the band gap dependence versus Mg 

content. The graph demonstrates that compared to the previous studies, the samples 

under the present investigation maintain the WZ structure up to higher Mg values (x = 

0.66).  

 

The Urbach tail of the fundamental absorption edge also demonstrated a sequential 

increase with the rise of MgO concentration. Other spectral parameters of WZ Zn1-

xMgxO thin films, such as Stokes shift and FWHM of exciton luminescence, showed 

the smallest values for x=0, larger ones for x=0.26, and approximately equal values 

for x=0.44, 0.49, 0.66. The thermal quenching activation energy was obtained as 36 

meV for Zn1Mg0O and 56-88 meV for the Zn1-xMgxO epilayers. An increase of MgO 

content in the studied materials caused ever-growing structural inhomogeneity or 

composition fluctuations, which had generated slightly differing energy states, 

causing an increase of Urbach tail, Stokes shift, FWHM of exciton emission band and 

thermal nonradiative activation energy. Some of these parameters did not follow the 

MgO concentration sequentially within the whole studied range (x = 0, …, 0.66), that 

could be explained by particular conditions of sample production, providing an 

individual set of uncontrolled structural defects. As an example, the sample 

Zn0.34Mg0.66O could be mentioned, which, apart from the alloy layer ZnO-MgO, had a 

layer of amorphous ZnO, revealed in SE and OA measurements. Moreover, thin 

interphase layers (with optical properties similar to ZnO) were also found in the 

Zn0.74Mg0.26O and Zn0.51Mg0.49O samples. 

 

A perfect candidate for deep UV sensor material should have an absorption spectrum 

with a steep band edge in the UV region without any features in the visible spectral 

region. Though the values of the band gap of the studied WZ Zn1-xMgxO epilayers 

were appropriate for this purpose, the shape of the optical cut-off was not steep, 

especially for higher MgO concentrations. It was explained with growth of Urbach 

tail due to increased number of inhomogeneity-induced localization states with 

increase of MgO concentration. Besides, the presence of the defect band in the visible 

region of the absorption spectrum observed in all studied samples was not favourable 

for material application for UV sensors. In general, the WZ Zn1-xMgxO thin films 

grown on SCAM substrate by plasma-assisted molecular beam epitaxy have 

demonstrated a tuned band gap in the UV region and could be recommended for 

application as UV light sensor materials, provided that some corrections in the 

production process were implemented to control the quality of the film structure to 

eliminate the structural imperfections. 

 

Conclusions 

Spectroscopic ellipsometry, optical absorption, and photoluminescence methods were 

applied to determine optical, luminescence properties, and film quality values (e.g., 

surface roughness, thickness non-uniformity, optical gradient) of wurtzite Zn1-xMgxO 

epilayers (x=0, 0.26, 0.44, 0.49, 0.66) grown by the plasma-assisted molecular beam 

epitaxy on ScAlMgO4 substrate. The results of the investigation have shown that an 

increase of MgO content in the Zn1-xMgxO compounds caused the blue shift of the 

band gap up to 4.35 eV at 10 K (4.32 eV at RT), an increase in exciton absorption and 

emission energy, and the blue shift of refractive index and extinction coefficient peak 

positions. The decrease of refractive index from 1.88 to 1.75 at low photon energies 

was observed for Zn1-xMgxO epilayers with an increase of x from 0.26 to 0.49. The 

character of the thermal evolution of PL of Zn1-xMgxO compounds allowed 
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assignment of the band edge emission to the luminescence of bound excitons. The 

increased values of Stokes shift and FWHM of exciton emission, thermal quenching 

activation energy, and Urbach tail in the absorption spectrum, were determined by the 

increased number of inhomogeneity-induced localization states with rising of MgO 

concentration. 

 

The WZ Zn1-xMgxO thin films grown on SCAM substrate by plasma-assisted 

molecular beam epitaxy demonstrated a tuned band gap in the UV region and could 

be recommended for application as UV light sensor materials, provided that some 

corrections in the production process were implemented to control the quality of the 

film structure in order to eliminate the structural imperfections demonstrated by the 

spectroscopic analysis. 
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Figure 1. Experimental (symbols) and modelled (line) main ellipsometric angles  

(a) and  (b) vs photon energy at three angles  for the Zn0.74Mg0.26O thin film. 
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Figure 2. Refractive index n (a) and extinction coefficient k (b) dispersion curves of 

SCAM substrate and five Zn1-xMgxO compounds. The sample Zn0.34 Mg0.66O was 

modelled as two-layer thin film (see layer 1 (5’) and layer 2 (5”) n and k curves). The 

given n curves of Zn0.34 Mg0.66O are mean values of the n near the surface and near the 

bottom for the layers 1 and 2. 

 

0 20 40 60 80 100 120 140 160 180 200 220 240 260

1.60

1.64

1.68

1.72

1.76

1.80

1.84

1.88

1.92

1.96

2.00

R
e

fr
a

c
ti
v
e

 i
n

d
e

x
 n

 (
a

.u
.)

Distance from substrate (nm)

Optical gradient

n@632.8 nm1

2 '
2 ''

 
Figure 3. The change of refractive index at 632.8 nm for ZnO (1) and Zn0.34Mg0.66O 

epilayers. The Zn0.34Mg0.66O was modelled as two-layer thin film, where the first 

layer (2’) was is 75 nm thin, and the second layer (2’’) - 206 nm thin. 
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Figure 4. Optical absorption of WZ ZnMgO thin films at 10 K.  
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Figure 5. Tauc plot for Zn0.34Mg0.66O at temperature 10 K. 
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Figure 6. Normalized photoluminescence spectra of WZ Zn1-xMgxO thin films at 

temperature 10 K excited with wavelengths 290 nm (1) and 260 nm (2-5). 
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Figure 7. Comparison of absorption (1) and PL (2) spectra, demonstrating Stokes 

shift of exciton bands for Zn1-xMgxO alloys at temperature 10 K. Arrows indicate 

position of exciton absorption energy. 
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Figure 8. PL spectra of Zn0.56Mg0.44O in the 10-300 K temperature range under 

excitation 260 nm.  
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Figure 9. Arrhenius plot of integrated PL intensity of exciton luminescence band in 

the studied WZ Zn1-xMgxO epilayers.  Calculated activation energies of the samples 

are shown in the legend. 
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Figure 10. Thermal evolution of exciton emission band peak for Zn1-xMgxO 

epilayers. 
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Figure 11. Zn1-xMgxO band gap energy dependence on Mg content: obtained from 

OA at 10 K and SE at RT in the present study (an error bar is shown for Eg of 

Zn0.56Mg0.44O, obtained by SE); obtained from transmittance measurements at RT [44, 

72-74], and CL at RT [34]. 

 


