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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 ZnO:_.Te, films was determined, and various crystal parameters such
as 20 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
7Zn0, 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 [(C4H604Zn.2H20) Sigma Aldrich-CAS
No. 5970-45-6], tellurium tetrachloride [(TeCls) Sigma
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Aldrich-CAS No. 10026-07-0], 2-Methoxyethanol
[(C3sHsO2) Rankem-CAS No. 109-86-4] and Ethanola-
mine [(H:2NCH2CH20H) 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 ZnO:-.Tex 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 26
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].
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Fig. 1 - (a) XRD spectra, (b) crystalline size and FWHM, (c)
lattice strain and dislocation density of different Te concentra-
tions of ZnO: - Te; 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 260 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-.Tex 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 ZnOi-.Tex films was deter-
mined by Scherrer's equation [8]:

_ 0.941 ’ )
(cosO)pB
where g 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 ZnOi1-xTex films. The crystalline
size values initially increased and reached their maxi-
mum, and then decreased as the Te concentration in-
creased from O 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-
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talline quality of the samples. The resulting FWHM
values were attributed to a decrease in crystalline size.

The lattice strain (¢) in undoped and Te-doped ZnO
films with different atomic concentrations was deter-
mined by the following equation [9]:

g:ﬁcosﬁ.

1 @)

The lattice strain values were found to be 0.001164
to 0.002171, respectively. The dislocation density (o)
was calculated as follows:

6= ek 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 - ,Tey 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 - 20 values, FWHM, crystalline size, lattice strain (g),
dislocation density (6) and grain size for undoped and Te-
doped ZnO nanofilms annealed at 350 °C with different Te
doping concentrations

Te | Peak Crystal- . Disloca- | Grain
doping| posi- [FWHM| line size Lattl_ce tion size
ratio | tion | B(°) |(XRD) D| ™™™ | density 5| (FESEM)
(at. %)| 2000 (am) £ @m-2 | (@m)

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
Zn0O 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]:

(ahv)? = A(hv — Eg). 4)

Fig. 3b shows that optical band gap energy E; 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
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Fig. 3 - (a) Optical transmittance spectra, (b) (ahv)? vs hv plot
for ZnO:-.Te: nanocrystalline films at different Te doping
concentrations
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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-
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Briiue pisHUX KOHLEHTpPAIIHN TEJypPy HA CTPYKTYPHI TA ONTHYHI BJIaACTHBOCTI
HaHOCTPYKTYPOBaHUX IUIiBOK ZnO, HaHeCeHUX 30JIb-TeJIb METO0M
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Heunerosani ta serosani Te HanocTpykTypoBaHi mriBgu ZnO OyJix BUTOTOBJIEHI HA CKIISTHUX ITITKJIAIKAX
30JIb-T€JIb METOZOM 3 PI3HHMHU aTOMHUME KoHIleHTparismu Te. IIpoBemeni mocmimskeHHS IX CTPYKTYPHUX,
HOBEPXHEBUX Ta ONTUYHUX BiactuBocred. [IIiBKU IosikpucTasivyHi 32 CBOEK IIPUPOJIOK 1 MAOTh I'eKCaro-
HAJIbHY CTPYKTYpy. ByJio BusHaueHO KpucTaIivyHy cTpyKTypy ILTBoK ZnO:_.Tex 1 pospaxoBamo pisHi Kpuc-
TaYHI ITapaMeTpH, Takl K 3Hadenns 20, FWHM, poamip kpwucramitis, mgedopMalis IpaTkd Ta T'yCTAHA
mucnokarin. [Ipu BuBYeHHI MOpdoJI0rii MOBEPXHI IIIBOK BCTAHOBJIEHO, IO 31 301IbIIEHHAM KOHIIEHTPAIIL
sneryBauus Te B ZnO cmocrepiraersest 3MeHIIeHHsT po3mipy 3epeH. CIeKTpy NpOITyCKAaHHS HEJIETOBAHUX
wriBok ZnO ta mwriBok ZnO, smeroBanux Te, Bucororposopi (~ 80 %) y Bummmiit obsacti criexrpy. Cepemrst
IPO30PICTh 3pocrasia Tpu 30LmbinenH] KourenTtpairii aromiB Te. Kpai mpomyckaunsa Oyiau 3mimieHl B OIK
MEHINKX JIOBKWH XBUJIb, KOJIM aTOMHUM BIJCOTOK KoHIeHTparri Te 36iibrryBascs. [Ipu 30iabimeHH] KOHITE-
arparii Te crocrepirasiocst 301/IbIIeHHST ONTHYHOI 3a00pOHEHO1 30HU HaHeceHUX ILTIBOK. PoTosroMiHeCIeH-
mist (OJI) mokasye, 10 BC1 HAHOIUTIBKU MAIOTh CHJIBHI KK B YJIBTPadioIeToBii 00J1aCcTi Ta HEBEJIMKL TJTH00-
Kl MKW BUIIPOMIHIOBAHHS y BUAUMIN obsacti 3asesxno B koumenTparii Te. Cuexrpu @OJI mwrisok ZnO, se-
ropaunx Te, IeMOHCTPYIOTH BeJHWKe CHHE 3MilmeHHA Bixm 396 mo 381 HM y monoskenHi mkry YO-
BUNPOMIHIOBAHHA. TaKok yCTAHOBJIEHO, 110 31 30L/IBIMIEHHAM KOHIIEHTpAIll JeryBauHsa Te 3pocrae iHTeHCH-
BHicTh emyr DJI y BuauMomMy miamasoHi.

Karouosi cnosa: 3oib-rests mpuroryBanus, Kpucramiuua crpykrypa, Posmip kpucrasna, Jledopmarria rpaTkm.
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