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Abstract. We study the optical properties of zinc-chromium (ZnCrO), zinc-
manganese (ZnMnO) and zinc-cobalt (ZnCoO) oxide layers grown on sapphire 
substrates, using a pulsed laser deposition technique. The influence of target 
composition and post-growth annealing on the optical transmission of the films and 
their bandgap energy are analyzed. 
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1. Introduction 
Zinc oxide belonging to II–IV semiconductor materials exhibits many favourable properties, such 
as wide bandgap (~ 3.3 eV), high exciton binding energy (~ 60 meV) and high chemical stability. 
Moreover, it is abundant in nature, non-toxic and environmentally friendly, while its growth 
requires low cost [1–5]. Over the last decades, zinc oxide has been extensively investigated with 
the purpose of its utilization in various industries and technologies. These are spintronics, light 
emitting diodes, laser diodes, sensors, varistors, heat mirrors, gamma-radiation sensing layers, 
pressure sensors, surface acoustic-wave devices, and transparent electrodes for solar cells and 
displays [6–16]. 

A number of physical and chemical methods have been used to fabricate high-quality thin 
ZnO films: molecular beam epitaxy [17], direct-current and radio-frequency magnetron sputtering 
[18], metal-organic chemical vapour deposition [19], dip coating [20], spin coating [21], electro-
deposition [22], spray pyrolysis [23], and pulsed laser deposition [5]. Notice also that doping of 
ZnO with transition-metal elements has offered a feasible means for fine-tuning of the bandgap 
and, eventually, such applications as UV detectors and light emitters [24]. Chromium is a typical 
transition-metal element with especially abundant electron-shell structure and, moreover, the ionic 
radius of Cr3+ is close to that of Zn2+. This means that Cr3+ can easily substitute Zn2+ in ZnO lattice 
[25]. It is worthwhile that doping of non-magnetic semiconductors with the transition metals (e.g., 
with Co, Ti, V, Cr, Mn, Fe, Ni and Cu) produces so-called diluted magnetic semiconductors, 
which are regarded as important materials for spintronic and photonic devices. Cr-doped thin films 
of ZnO have also attracted a close attention of researchers because the material reveals good 
chemical stability with respect to etching and a ferromagnetism phenomenon at the room 
temperature [25–27]. 

In particular, ZnCoO films which can be produced in an inexpensive manner exhibit high 
electron mobility, good optical transparency and high electrical conductivity [28]. The studies on 
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the ternary ZnCoO semiconductors have been greatly stimulated by a high Curie temperature of 
their ferromagnetic transition. It has been calculated for the bulk material and found to be around 
300 K [29]. 

ZnMnO has a great potential to become a multifunctional material with interesting magnetic, 
semiconducting and optical properties [30]. So, ZnMnO is regarded to be promising for different 
spintronic applications since it manifests a room-temperature ferromagnetism [31]. Unfortunately, 
there is still an insufficient number of works dealing with the structure, morphology and optical 
properties of ZnCrO, ZnMnO and ZnCoO layers (see Refs. [30–38]). It has been demonstrated 
earlier that the optical transmission spectra and the optical bandgap energy of the pure ZnO layers 
depend strongly on both growth conditions and post-growth treatment [5, 18, 20, 23]. In the 
present work we study the optical properties of thin ZnCrO, ZnMnO and ZnCoO films, which are 
obtained by a pulsed laser deposition technique on sapphire substrates, before and after annealing. 

2. Experimental 
Thin ZnCrO films on sapphire substrates were obtained at the Drohobych State University 
(Ukraine), using a pulsed laser deposition method in the vacuum 10–5 Pa. For this aim a KWO4 
laser was employed, with the repetition rate 20 pulse/min and the pulse energy 0.2 J. The 
deposition time was equal to 30 min and the pulse duration to 20 ns. Targets with the compositions 
Zn0.96Cr0.04O, Zn0.80Cr0.20O, Zn0.96Mn0.04O, Zn0.96Co0.04O were used. The ZnMnO films on sapphire 
substrates prepared from the Zn0.80Mn0.20O target were obtained by the same pulsed laser 
deposition technique at the University of Rzeszow (Poland), using the second harmonic of 
YAG:Nd laser with the repetition rate 50 pulse/min. Here the vacuum was equal to 3.3710–4 Pa 
and the substrate temperatures were either 20°C or 250°C. 

The optical transmission spectra of the thin films under test were recorded with a 
CARY 5000 spectrophotometer. Additionally, the samples were annealed during 5 min in the air 
(a NABERTHERM LH04 furnace) at the temperature 400°C. The transmission spectra were 
measured after annealing or, more exactly, after the samples had been cooled. 

3. Results and discussion 
The optical transmission spectra for the as-grown ZnCrO, ZnMnO and ZnCoO layers and for the 
sapphire substrate itself are shown in Fig 1. The spectra for the ZnCrO samples depend strongly on 
the target composition. For instance, the optical transmission of the sample obtained with 20% of 
Cr in the target (sample No 1, according to our notation) is significantly higher than that obtained 
in case of the target with the 4% of Cr content (sample No 2). This effect is different from that 
reported in Ref. [32] where the changes in the Cr3+ content in the region 1–8% influence only 
slightly the transmission of ZnCrO layers, and that described in Ref. [30] where the transmission 
of samples decreases with increasing chromium content (3–6% Cr). 

The ZnMnO samples have been deposited from the target with 4% (sample No 3) or 20% Mn 
content at the substrate temperatures 20oC (sample No 4) and 250oC (sample No 5). The optical 
transmission of the sample No 5 in the spectral region 200– 850 nm is higher than that recorded 
for the other samples. Finally, the sample ZnCoO (sample No 6) has been deposited from the 
target with 4% of Co content. The transmission for this sample does not exceed 5% (not shown in 
Fig. 1). We are to note that the substrate temperature also notably affects the optical spectra for 
Zn0.80Mn0.20O layers. As an example, the layer obtained at the substrate temperature 250°C has 
higher optical transparency in the visible region than that obtained at 30°C.  
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Fig. 1. Optical transmission spectra detected for as-grown Zn0.80Cr0.20O (1), Zn0.96Cr0.04O (2), Zn0.96Mn0.04O (3), 
Zn0.80Mn0.20O at 20°C (4), Zn0.80Mn0.20O at 250°C (5), and sapphire (6). 

The absorption edge of our samples can be approximated using a well-known Tauc relation 
[39] (see Fig. 2): 

 αhυ = B(hυ − Eg)m, (1) 

where Eg is the optical bandgap, h the Planck constant, υ the frequency of incident photons, B a 
constant, and m the index which can acquire different values. In particular, we have m = 2, 3, 1/2 
and 1/3 respectively for indirect allowed, indirect forbidden, direct allowed and direct forbidden 
optical transitions. In our case, the approximation with m = 1/2 is satisfactory for all of the 
samples. This corresponds to the direct allowed transitions, which have been earlier observed for 
the pure ZnO layers [20]. 

In case of the direct transitions, the optical bandgap for the films can be determined using a 
transformed version of Eq. (1), 
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Fig. 2. Dependences of optical ab-
sorption on the photon energy in Tauc 
coordinates, as obtained for some of our 
samples. 
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Fig. 2 shows an example plot of the (αhν)2 parameter versus the photon energy. It enables one 
to obtain the energy gap with a sharp edge absorption, using a simple linear approximation 
approach. The Eg values calculated in this manner for the as-grown layers are gathered in Table 1. 

Table 1. Bandgap values calculated for the samples corresponding to as-grown and annealed states. 
 Bandgap Eg, eV 

Sample Sample 
No 1 

Sample 
No 2 

Sample 
No 3 

Sample 
No 4 

Sample 
No 5 

Sample 
No 6 

Before 
annealing 4.82 2.40 5.96 2.95 3.94 1.96 

At 400oC 3.43 4.00 5.91 2.97 3.97 3.46 

The Eg value depends essentially on the samples, ranging in a wide interval from 1.96 to  
5.96 eV. The Eg parameters known from the literature for ZnO are also located in a wide enough 
region, 3.24–5.87 eV [40, 41]. The differences in Eg can be partially due to different degrees of 
crystallinity typical for different samples. In particular, the authors of Ref. [20] have revealed that 
a blue shift of the absorption edge can be due to poor crystallinity of thin ZnO films. Due to a lack 
of long-range translational periodicity, the inter-atomic distances in the relevant amorphous 
structure would be longer and more disordered, if compared to that peculiar for the crystalline 
structure. As a consequence, the absorption of photons is dominated by the amorphous ZnO 
component and, hence, the absorption edge turns out to be blue-shifted [20]. We note also that the 
bandgap of ZnO depends on the film thickness [20]. Small transmittances observed for the samples 
No 2 and No 6 and their low Eg values can be due to the presence of Zn particles in the layers, 
together with ZnO. These phenomena will be explained in a more detail in our forthcoming works. 
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Fig. 3. Transmission spectra for the sample No 1 (Zn0.8Cr0.2O) detected before and after its annealing. 

Annealing of the sample No 1 in the air at the temperature 400oC decreases the optical 
transmission below 370 nm and increases the transmittance above 370 nm (see Fig. 3). The optical 
energy gap decreases strongly after the sample is annealed at 400oC (see Table 1). Annealing of 
the sample No 2 at the temperature of 400oC leads to significant transmission increase if compared 
to the sample No 1 (see Fig. 4). Here the optical bandgap Eg increases after annealing by about 1.7 
times (see Table 1). This effect is opposite to that found for the sample No 1 (see Table 1). In case 
of the sample No 6, the changes in the transmission observed after annealing have the same 
character as those typical for the sample No 2. 
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Fig. 4. Transmission spectra for the sample No 2 (Zn0.96Cr0.04O) detected before and after its annealing. 

After annealing of the sample No 3 in the air at the temperature 200oC, a strong increase in the 
transmission is observed (see Fig. 5). Annealing at 400oC leads to transmission decrease (Fig. 5) but 
the transmission at the wavelengths shorter than 435 nm is still greater than that detected before 
annealing. Some Eg changes are also observed, although they are smaller than those seen for the other 
samples (see Table 1). Annealing of the samples No 4 and No 5 increases slightly their optical 
transmission (see Fig. 6). However, for the sample No 5 it is practically immeasurable. 
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Fig. 5. Transmission spectra for the sample No 3 (Zn0.96Mn0.04O) detected before and after its annealing. 
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Fig. 6. Transmission spectra for the sample No 4 (Zn0.80Mn0.20O) detected before and after its annealing. 



 

Ukr. J. Phys. Opt. 2019, Volume 20, Issue 4 148 

A small optical transmittance of the ZnCoO sample No 2 can be due to Zn particles which 
are present in the layers, together with ZnO. The post-growth annealing can lead to oxidation of 
Zn and producing of ZnO particles. This mechanism can also explain significant Eg changes 
occurring after heating. The work [42] dealing with the zinc nitride films has demonstrated that 
oxidized films reveal higher bandgap and transmittance in the short-wavelength spectral region, if 
compared with the appropriate parameters typical for the non-oxidized films. The reason is 
formation of ZnO/Zn(OH)2 phase. We notice also that a fine-polycrystalline structure has been 
found for the sample No 6 before it is heated. After annealing, the coarse-grained polycrystalline 
structure has been detected with the TEM method. Such changes can partially affect the increase in 
the transmission detected after annealing [23]. 

4. Conclusion 
Summarizing, we have found in the present work that the target composition and the kind of 
doping affect strongly the optical transmission spectra of the ZnTMO (TM = Cr, Co and Mn) 
layers and their optical bandgap energy. The Zn0.96Cr0.04O and Zn0.96Co0.04O layers are poorly 
permeable, but annealing at the temperature 400oC improves significantly their transmission. The 
post-growth annealing in the air leads to increasing optical transmission for all of our samples, 
except for the sample No 3 heated up to 400oC. We have also shown that the Eg value depends on 
the target composition and the character of doping. Moreover, it changes after the samples are 
annealed. 
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Анотація. Вивчено оптичні властивості шарів цинково-хромового (ZnCrO), цинково-
марганцевого (ZnMnO) і цинково-кобальтового (ZnCoO) оксидів, вирощених на сапфірових 
підкладках, використовуючи техніку імпульсну лазерного висадження. Проаналізовано 
вплив вихідного складу та післяростового відпалу на оптичне пропускання плівок і їхню 
ширину забороненої зони. 
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