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Undoped and Te-doped ZnO nanostructured films were prepared on glass substrates by a sol-gel tech-

nique with different atomic concentrations of Te. The deposited films were characterized to investigate the 

structural, surface, and optical properties. The films are polycrystalline in nature and have a hexagonal 

structure. The crystal structure of ZnO1 – xTex films was determined, and various crystal parameters such 

as 2 value, FWHM, crystalline size, lattice strain, and dislocation density were calculated. The surface 

morphology of the films was tailored, and it was found that as the doping concentration of Te increases in 

ZnO, a decrease in the grain size is observed. The transmittance spectra of undoped ZnO and Te-doped 

ZnO films were highly transparent (~ 80 %) in the visible region. The average transparency was increased 

to increase the Te doping concentration. Transmittance edges were shifted to lower wavelengths when the 

atomic percentage of Te concentration increased. When the concentration of Te increased, an increase in 

the optical band gap of the deposited films was observed. Photoluminescence (PL) shows that all nanofilms 

have strong peaks in the ultraviolet region and small deep-level emission peaks in the visible region, de-

pending on the Te concentration. The PL spectra of Te-doped ZnO shows a large blue shift from 396 to 

381 nm in the UV emission peak position. It was also observed that as the Te doping concentration  

increased, the intensities of the PL bands in the visible range also increased. 
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1. INTRODUCTION 
 

Zinc oxide (ZnO) semiconductor material has a wide 

band gap of 3.44 eV, exciton binding energy of 60 meV, 

good transparency in the visible wavelength range at 

room temperature. Therefore, it can be used in the 

fabrication of various optoelectronic devices such as 

photodetectors, light-emitting diodes and solar cells [1]. 

There are mainly two types of nanostructural proper-

ties extracted from XRD peak analysis: crystallite size 

and lattice strain. The change in crystallite size and 

lattice strain depends on the behavior and concentra-

tion of dopant materials [2]. XRD peak position line 

broadening is used to investigate the dislocation distri-

bution. Normally, doping is used to improve the electri-

cal, structural, and optical properties of pure ZnO thin 

films to make them suitable for optoelectronic applica-

tions [3]. 

One of the most suitable dopants is Tellurium (Te) 

in ZnO; Te is a chalcogen family element [4]. Te acts as 

an anionic dopant in the ZnO lattice and changes its 

optical properties in the visible spectral region by re-

ducing oxygen vacancies, thus rendering them as a 

prospective material for next-generation optoelectronic 

devices [5]. In the present investigation, the synthesis 

of nanoscale undoped and doped with various concen-

trations of Te ZnO films with different structural, sur-

face and optical controlled properties is carried out by 

the sol-gel method on microscopic glass substrates. 

 

2. EXPERIMENTAL DETAILS 
 

The starting precursor reagents, solvent and stabi-

lizer used for this deposition method, were zinc acetate 

dehydrate [(C4H6O4Zn.2H2O) Sigma Aldrich-CAS 

No. 5970-45-6], tellurium tetrachloride [(TeCl4) Sigma 

Aldrich-CAS No. 10026-07-0], 2-Methoxyethanol 

[(C3H8O2) Rankem-CAS No. 109-86-4] and Ethanola-

mine [(H2NCH2CH2OH) Rankem-CAS No. 141-43-5]. 

0.45 M solutions were prepared using zinc acetate de-

hydrate and tellurium tetrachloride powder, which 

were mixed to formula ZnO1 – xTex taken at different 

at. % concentrations x  0, 1, 3, 5 and 7 in 25 ml in  

2-methoxy ethanol simultaneously. The solutions were 

stirred on a magnetic hot plate at ~ 75 °C for 30 min; 

five drops of ethanolamine were added to each solution. 

The mixture of solutions was stirred on a magnetic hot 

plate at a temperature of ~ 75 °C for half an hour; the 

solutions became transparent and finally aged for 8 h 

at room temperature. 

Before deposition, glass substrates were cleaned 

with chromic acid and acetone. The films were deposit-

ed on a glass substrate using a spin coater. The spin 

coater speed was maintained at 2000 rpm for 25 s. The 

coating procedure was repeated twelve times. After 

each coating, all the films were preheated at 225 °C for 

10 min. Finally, samples were post-annealed at a tem-

perature of 350 °C for 1 h in the furnace. 
 

3. RESULTS AND DISCUSSION 
 

3.1 XRD 
 

XRD spectra of various Te doping concentrations of 

0, 1, 3, 5, and 7 at. % of nanostructured films are 

shown in Fig. 1a. The XRD spectra show that all depos-

ited films have a hexagonal structure with JCPDS card 

No. 36-1451. The samples have a high orientation peak 

(002), indicating that all samples are strongly oriented 

along the c-axis. Dominant peaks are oriented at 2 

values of 31.77°, 34.42°, 36.25°, 47.53°, 56.60°, 62.86° 

and 67.96° with related XRD peak position of (100), 
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(002), (101), (102), (110), (103) and (112) planes of the 

hexagonal structure material. No additional peaks are 

observed in these spectra, since successful doping of Te 

into the ZnO lattice occurs without changing the ZnO 

structure [6]. 
 

    a        b                             

c 
 

Fig. 1 – (a) XRD spectra, (b) crystalline size and FWHM, (c) 

lattice strain and dislocation density of different Te concentra-

tions of ZnO1 – xTex nanostructured films 
 

It is noticeable from the XRD spectra that the high 

intensity of the (002) diffraction peak is strongest at 

1 % (b) compared to 0 % (a) for undoped ZnO and other 

different atomic concentrations of Te-doped ZnO films. 

The intensity of the (002) peak decreases with increas-

ing Te concentration from 1 to 7 at. %. High Te doping 

concentrations may produce an excess of lattice distor-

tion and subsequently inhibit grain growth. Hence, 

reduced crystallinity occurs at a high doping percent-

age of Te-doped ZnO films. These films reveal that the 

(002) diffraction peak position is shifted towards a 

smaller angle of 2 values compared to 0 % (a). Lattice 

strain was introduced into the Te-doped ZnO structure 

due to the main difference in ionic radii of Te2 – (2.07) 

and O2 – (1.40) ions [7]. 

In the study, the effect of Te doping concentrations 

on the crystal structure of ZnO1 – xTex films in various 

crystal parameters was calculated. The calculated val-

ues are listed in Table 1. The crystalline size (D) in the 

(002) diffraction peak of ZnO1 – xTex films was deter-

mined by Scherrer's equation [8]: 
 

 
0.94 

(cos ) 
D



 
 , (1) 

 

where  is the full width at half maximum (FWHM). 

The calculated crystalline grain sizes at the Te doping 

concentration from 0 to 7 at. % were found to be 10.08, 

18.18, 15.99, 14.79 and 13.14 nm. Fig. 1b shows the 

crystalline size and FWHM for the (002) peak at differ-

ent concentrations of ZnO1 – xTex films. The crystalline 

size values initially increased and reached their maxi-

mum, and then decreased as the Te concentration in-

creased from 0 to 7 at. %. The FWHM value was initial-

ly high, then decreased to its lowest value and then 

increased as the Te concentration increased from 0 to 

7 at. %. A smaller FWHM value indicates a better crys-

talline quality of the samples. The resulting FWHM 

values were attributed to a decrease in crystalline size. 

The lattice strain (ε) in undoped and Te-doped ZnO 

films with different atomic concentrations was deter-

mined by the following equation [9]: 
 

 
 cos 

4

 
  . (2) 

 

The lattice strain values were found to be 0.001164 

to 0.002171, respectively. The dislocation density () 

was calculated as follows: 
 

 
2

1

D
  . (3) 

 

The calculated dislocation density values were 

found to be 0.002829 to 0.009841. The dislocation den-

sities decreased as the Te concentration increased in 

the ZnO films investigated. Fig. 1c shows the lattice 

strain and dislocation density of the (002) peak at dif-

ferent Te concentrations of ZnO1 – xTex films. The lattice 

strain values were initially high (0 %), decreased to the 

lowest (1 %), and then increased as the Te concentra-

tion increased from 1 to 7 at. %. The dislocation density 

values were initially maximum (0 %), decreased to the 

lowest (1 %), then slightly increased (3 %), and finally 

decreased as the Te concentration increased from 3 to 

7 at. %. 
 

Table 1 – 2 values, FWHM, crystalline size, lattice strain (ε), 

dislocation density () and grain size for undoped and Te-

doped ZnO nanofilms annealed at 350 C with different Te 

doping concentrations 
 

Te 

doping 

ratio 

(at. %) 

Peak 

posi-

tion 

2 (°) 

FWHM 

 (°) 

Crystal-

line size 

(XRD) D 

(nm) 

Lattice 

strain 

ε 

Disloca-

tion 

density   

(nm – 2) 

Grain 

size 

(FESEM) 

(nm) 

0 34.42 0.862 10.08 0.00217 0.00984 19.84 

1 34.38 0.462 18.80 0.00116 0.00282 26.10 

3 34.36 0.543 15.99 0.00136 0.00462 23.67 

5 34.32 0.587 14.79 0.00147 0.00391 22.69 

7 34.29 0.661 13.14 0.00166 0.00369 22.01 

 

3.2 Surface Morphology 
 

Fig. 2(a-e) shows FESEM images for different con-

centrations of Te-doped ZnO films with different sur-

face morphology and nanocrystalline nature. These 

micrographs also observe that the surface morphology 

and shape of undoped ZnO nanostructured films were 

affected by the Te doping concentration. These images 

reveal that the grain size changes with increasing Te 

doping concentration of ZnO films. In Te-doped ZnO 

images, a decrease in the grain size can be seen on the 

nanofilm surface with increasing Te concentration, as 

shown in Fig. 2(b-e). 

The grain size of 0, 1, 3, 5, and 7 at. % of Te-doped 

ZnO nanofilms estimated from FESEM micrographs 

are 19.84, 26.10, 23.67, 22.69, and 22.01 nm, respec-

tively. Fig. 2f shows 7 at. % Te-doped films with O, Zn, 

and Te peaks, and the other spectrum appears due to 

the glass substrate. The EDAX spectra confirmed the 

successful incorporation of Te element into ZnO films. 
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Fig. 2 – FESEM images of (a) undoped ZnO, (b) 1 at. %, (c) 

3 at. %, (d) 5 at. %, (e) 7 at. % Te-doped ZnO; (f) EDAX spectra 

of 7 %Te-doped ZnO nanocrystalline films 

 

3.3 Optical Properties 
 

Fig. 3a shows that optical transmittance spectra for 

nanostructured films were highly transparent (~ 80 %) 

in the visible region. A comparison of the transmittance 

spectra for undoped and different Te-doped ZnO films 

showed that the average transparency increased with 

increasing Te doping concentration. Also, the transmit-

tance edges shifted towards lower wavelengths as the 

atomic percentage of the Te concentration increased. 

The decrease in the transmittance spectra with in-

creasing Te doping may be due to light scattering at 

grain boundaries [10]. Optical band gap energies (Eg) of 

undoped and Te-doped nanostructured ZnO films were 

determined using Tauc’s formula as follows [11]: 
 

 (hυ)2  A(hυ – Eg). (4) 
 

Fig. 3b shows that optical band gap energy Eg values 

increase with an increase in the Te doping concentra-

tion. Films with Te concentrations of 0, 1, 3, 5, and 

7 at. % have the corresponding band gap values of 3.215, 

3.223, 3.245, 3.275, and 3.290 eV. The optical band gap 

energies of the variation in Te-doped ZnO films were 

blue-shifted upward due to the MB effect [12]. 

 

3.4 Photoluminescence 
 

The effect of undoped and Te-doped (with different 

concentrations) nanostructured ZnO films is studied 

using photoluminescence (PL) spectra. With an excita-

tion wavelength of 330 nm, the measured PL spectra at 

room temperature for all nanofilms are shown in Fig. 4. 

The PL spectra of undoped and Te-doped ZnO nanofilms 

  a     b           
 

Fig. 3 – (a) Optical transmittance spectra, (b) (hυ)2 vs hυ plot 

for ZnO1 – xTex nanocrystalline films at different Te doping 

concentrations 
 

 
Fig. 4 – PL spectra for different doping concentrations of Te-

doped ZnO nanofilms 
 

exhibit strong peaks in the ultraviolet (UV) region and 

small deep level emission peaks in the visible region. 

We compared with undoped ZnO nanostructure films, 

the PL spectra of Te-doped ZnO show a large blue shift 

from 396 to 381 nm in the UV emission peak position; 

this supports the shift of the optical band gap in these 

samples and the XRD results on different doping con-

centrations of Te in the ZnO structure [13]. 

It was found that in undoped and 1 % Te-doped ZnO 

nanofilms, the PL emission intensity was lowest, since 

Te is incorporated into the ZnO crystal lattice in the 

form of an interstitial point defect. It was also observed 

that as the Te doping concentration increases from 1 to 

7 at. %, the intensity of PL bands in the visible range 

increased because Te doping percentage changes the 

relative concentration of intrinsic defects. These types 

of defects in the ZnO structure with Te doping provide 

better utilization of materials in visible light. We ob-

served that as the atomic concentration of Te in-

creased, the intensities of the broad luminescence 

bands also increased. These results can be used in 

optoelectronic applications [14, 15]. 

 

4. CONCLUSIONS 
 

XRD patterns showed that all nanostructures are 

polycrystalline in nature with a hexagonal structure 

and have a preferential orientation along the (002) 

plane. The FWHM, crystalline grain size, lattice strain, 

and dislocation density of films are affected by different 

Te doping concentrations. The FESEM images show 

that the surface morphology and shape of undoped ZnO 

nanoparticles change with different Te doping concen-

trations. In Te-doped ZnO images, one can see a de-

crease in grain size on the surface of nanostructured 

films with increasing Te concentration. Te incorpora-

tion is confirmed by EDAX investigations. The trans-
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mittance of the deposited nanofilms is found to be very 

high. The band gap values of the films increase with 

increasing Te concentrations in the ZnO structure. 

When studying the PL spectra of undoped and Te-

doped (with different lower concentrations) nanocrys-

talline ZnO films, strong peaks in the ultraviolet region 

and small deep level emission peaks in the visible re-

gion are observed. It is also found that as the Te doping 

concentration increases from 1 to 7 at. %, the intensity 

of the PL bands in the visible range increases because 

Te doping percentage changes the proportional concen-

tration of intrinsic defects. We believe that these re-

sults for Te-doped ZnO can be used in nanoscale optoe-

lectronic applications. 
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Вплив різних концентрацій телуру на структурні та оптичні властивості  

наноструктурованих плівок ZnO, нанесених золь-гель методом 
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Нелеговані та леговані Te наноструктуровані плівки ZnO були виготовлені на скляних підкладках 

золь-гель методом з різними атомними концентраціями Te. Проведені дослідження їх структурних, 

поверхневих та оптичних властивостей. Плівки полікристалічні за своєю природою і мають гексаго-

нальну структуру. Було визначено кристалічну структуру плівок ZnO1 – хTex і розраховано різні крис-

талічні параметри, такі як значення 2Ѳ, FWHM, розмір кристалітів, деформація гратки та густина 

дислокацій. При вивченні морфології поверхні плівок встановлено, що зі збільшенням концентрації 

легування Te в ZnO спостерігається зменшення розміру зерен. Спектри пропускання нелегованих 

плівок ZnO та плівок ZnO, легованих Te, високопрозорі (~ 80 %) у видимій області спектру. Середня 

прозорість зростала при збільшенні концентрації атомів Te. Краї пропускання були зміщені в бік 

менших довжин хвиль, коли атомний відсоток концентрації Te збільшувався. При збільшенні конце-

нтрації Te спостерігалося збільшення оптичної забороненої зони нанесених плівок. Фотолюмінесцен-

ція (ФЛ) показує, що всі наноплівки мають сильні піки в ультрафіолетовій області та невеликі глибо-

кі піки випромінювання у видимій області залежно від концентрації Te. Спектри ФЛ плівок ZnO, ле-

гованих Te, демонструють велике синє зміщення від 396 до 381 нм у положенні піку УФ-

випромінювання. Також установлено, що зі збільшенням концентрації легування Те зростає інтенси-

вність смуг ФЛ у видимому діапазоні. 
 

Ключові слова: Золь-гель приготування, Кристалічна структура, Розмір кристала, Деформація гратки. 
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