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a b s t r a c t
This investigation addressed the structural, optical and morphological properties of tellurium incorporated zinc oxide (Te–ZnO) thin ﬁlms. The obtained results indicated that Te-doped ZnO thin ﬁlms exhibit
an enhancement of band gap energy and crystallinity compared with non-doped ﬁlms. The optical transmission spectra revealed a shift in the absorption edge toward lower wavelengths. X-ray diffraction
measurement demonstrated that the ﬁlm was crystallized in the hexagonal (wurtzite) phase and presented a preferential orientation along the c-axis. The XRD obtained patterns indicate that the crystallite
size of the thin ﬁlms, ranging from 23.9 to 49.1 nm, changed with the Te doping level. The scanning
electron microscopy and atomic force microscopy results demonstrated that the grain size and surface
roughness of the thin ﬁlms increased as the Te concentration increased. Most signiﬁcantly, we demonstrate that it is possible to control the structural, optical and morphological properties of ZnO thin ﬁlms
with the isoelectronic Te-incorporation level.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
There exists great interest in zinc oxide (ZnO) materials, one
of the most important binary II–VI semiconductor compounds,
because of their usefulness in a wide range of high technology applications, low cost, resource availability, non-toxicity and
high thermal/chemical stability [1]. Applications for ZnO include
its potential use in ﬂat panel displays, solar cells and various
other optoelectronic devices [1–4]. Properties of ZnO that make
is amenable to these applications include its direct band-gap width
(being equal to 3.37 eV) and its large exciton binding energy
(60 meV).
ZnO is typically unintentionally doped n-type when grown due
to a stoichiometry imbalance that results in oxygen vacancies. Thus,
when attempting p-type doping of the ﬁlm with acceptors such as
nitrogen (N), compensated ﬁlms result. One compensating strategy
for oxygen vacancies is to add an isoelectronic impurity that would
occupy the oxygen vacancy. Using tellurium as the isoelectronic
element may provide additional advantages [5]. For example, Te
doping has been used to increase the nitrogen solubility in ZnSe
and ZnS [6]. The more covalent nature of the Zn Te bond may
improve acceptor mobility as well as raise the valence band energy,
resulting in better acceptor ionization [7]. Iribarren et al. reported
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the effect of Te atoms on the cathodoluminescence properties of
nanostructured ZnO ﬁlms grown by a vapor–solid process. The
results showed that Te atoms have a noteworthy effect on oxygen vacancy passivation in the ZnO structure, and that the oxygen
vacancy can be reduced [8–10]. Furthermore, Lee and Stringfellow
have investigated the inﬂuence of Te incorporation on the structure of GaAs grown by organometallic vapor phase epitaxy, and
demonstrated that Te doping using the precursor diethyltelluride
markedly decreased the surface roughness [11]. Park et al. reported
that isoelectronic Te doping induces large changes to the physical
properties of ZnO ﬁlms grown by molecular-beam epitaxy. In their
experiments, the low-level injection of Te atoms below ∼1019 cm−3
could improve the crystalline quality in the ZnO ﬁlms: narrowing of
emission line and ﬂattening of surface morphology [12]. In another
study, Park et al. report on the p-type conductivity in the ZnO ﬁlms,
grown on c-Al2 O3 substrates by molecular-beam epitaxy, using N
and Te codoping and thermal annealing. It has been shown that
Te doping improves the crystallinity and simultaneously increases
the donor-related emission, the acceptor-related emission, and the
nonradiative recombination in ZnO ﬁlms [13]. As a result, with tellurium as the isoelectronic doping element into ZnO ﬁlms, we could
expect an improvement in crystalline quality and surface morphology, and suppression of the generation of native defects.
A literature survey revealed that surprisingly, there have been
no reports on isoelectronic Te doping with ZnO thin ﬁlms using
sol–gel technique. Thus, in the present study, we report the
synthesis of Te-doped ZnO nanostructured thin ﬁlms with con-
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trolled structural, optical and morphological properties using the
sol–gel method.
2. Experimental procedure
2.1. Synthesis
The sol was prepared by dissolving zinc acetate dehydrate in
methanol at 60 ◦ C. The solution was stirred thoroughly using a
magnetic stirrer for 2 h. At the same time, triethylamine and ethylene glycol were added drop-wise as stabilizers until the solution
became transparent, and mixing was continued for an additional
1 h. Telluric acid was used as a tellurium source to obtain Te-doped
ZnO thin ﬁlms. Telluric acid was doped in various concentrations
(0.5, 1.0, 1.5, and 2.0% [w/v]) into the ZnO solution and mixed for 2 h,
and each doped solution was subjected to the magnetic stirrer for
1 h. To yield a stable, clear and homogeneous sol, the solution was
kept at room temperature for ∼24 h before deposition. Fluorinedoped Tin Oxide (FTO) glasses were used as the substrates for thin
ﬁlms. Prior to deposition, the FTO were sequentially cleaned in an
ultrasonic bath with acetone and ethanol before being ﬁnally rinsed
with distilled water and dried.
2.2. Sample preparation
After the above treatment, a spin–coating process was used to
deposit the ZnO solution on the FTO substrates. The spinning process was performed using a Holmarc Spin Coating Unit, and the
coating was done by rapidly depositing approximately 0.3 mL of
solution onto a FTO substrate spun in air at 3000 rpm for 30 s.
This process was repeated ﬁve times to achieve the desired ﬁlm
thickness. After each spinning process, samples were subjected to
repeated annealing processes at a temperature of 400 ◦ C for a 5 min
period before ﬁnally post-annealed in an oven at 550 ◦ C for 1 h.
2.3. Characterizations
The crystallographic phase and crystallite size of these thin ﬁlms
were been determined using an X-ray diffraction (XRD) technique
in which the diffraction angle is varied in the 2 = 30–60◦ range
using CuK␣ radiation. One-dimensional data were collected using a
Rigaku multiﬂex diffractometer with a diffracted beam monochromator. The morphology of these thin ﬁlms was analyzed using a
JEOL 6390-LV scanning electron microscope (SEM) with an accelerating voltage of 20 kV in the secondary electron image mode.
Moreover, the morphological characteristics of the ZnO thin ﬁlms
were determined using a Nanomagnetics Instruments atomic force
microscopy (AFM). Transmittance spectra were recorded at wavelengths ranging from 300 to 1100 nm with a data interval of 2 nm
using a Shimadzu 3600 UV–vis–NIR spectrophotometer at room
temperature.
3. Results and discussion
3.1. Crystallite structure
The XRD measurements allowed us to determine the orientation of pure and Te-doped ZnO nanostructures deposited on the
FTO substrates. The diffraction patterns of the samples are depicted
in Fig. 1. The ﬁlms were completely oriented along the (1 0 0),
(0 0 2), (1 0 1) planes at 2 = 31.8◦ , 34.5◦ and 36.3 is favorable to,
respectively. This result demonstrates that the thin ﬁlms have a
polycrystalline and hexagonal structure (JCPDS card no: 01-0708070). The presence of other orientations, such as (1 0 2), (1 2 1) and
(1 1 0), were also detected (as will be described below in the XRD

Fig. 1. X-ray diffraction patterns of pure and Te-doped ZnO thin ﬁlms. The inset
shows the magniﬁcation of the diffraction peak around 34.5◦ .

results) but in substantially lower intensities. The peak associated
with Te element was also identiﬁed at 2 = 42.6◦ (JCPDS card no:
03-065-2216) after doping. Other peaks were additionally deﬁned
for the FTO substrate.
As can be seen in Fig. 1, all of the samples had a high ZnO (0 0 2)
diffraction peak, indicating that the samples were strongly c-axis
oriented. It was also found that with increasing Te doping (the inset
of Fig. 1) resulted in the diffraction peak shifting slightly to a lower
angle side, which indicates that the Te-doped ZnO ﬁlm suffers from
compressive strain. This occurs because the crystal structure begins
to deteriorate at a higher doping concentration. Similar results with
Te doping were reported by Park et al. [12].
Here, the lattice constants a and c are calculated from the distance of (0 0 2) and (1 0 0) planes using the following equation:


d(hkl) =

4 h2 + hk + k2
l2
+ 2
3
a2
c

−1/2
(1)

where a and c are the lattice parameters, h, k and l are the miller
indices of the planes and d(hkl) is the interplanar spacing. As clearly
shown in Table 1, the values for a and c were computed and found
to be close to the standard values of l = 3.249 Å and c = 5.205 Å for
these samples. A small and negligible increase in the lattice parameters would be expected when O− ions are replaced by Te2+ ions,
due to the larger ionic radius of Te2+ compared with O− and Zn2+
[14,15,16]. The increase in the lattice parameters could also be
caused by interstitial incorporation of Te2+ ions into the lattice.
These results agree with other similar reports from the literature
[8,11].
Table 1
Some structural parameters of pure and Te-doped ZnO thin ﬁlms.
Samples

2 (◦ )

D (nm)

FWHM (◦ )

a (Å)

c (Å)

Pure ZnO
0.5% Te
1.0% Te
1.5% Te
2.0% Te

34.54
34.53
34.52
34.48
34.46

23.9
28.1
29.7
49.1
44.9

0.348
0.296
0.280
0.169
0.185

3.238
3.239
3.241
3.247
3.247

5.189
5.191
5.193
5.199
5.201
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Fig. 2. Calculated values of the crystallite size for pure and Te-doped ZnO thin ﬁlms.

Fig. 3. Calculated values of the texture coefﬁcient for pure and Te-doped ZnO thin
ﬁlms.

To calculate the Te doping-dependent crystallite sizes (D, in nm)
of these ﬁlms, the Debye–Scherrer formula was employed on the
XRD spectra (assuming a homogenous strain across the ﬁlm), which
is given as [17]:

3.2. Surface structure

D=

0.9
ˇcos

(2)

where  is the X-ray wavelength,  is the Bragg angle and ˇ is the
full width at half the maximum intensity (FWHM). The obtained
diffraction patterns were ﬁtted to a Gaussian function to obtain the
value of the FWHM of the peak from the XRD pattern. The FWHM
values of ZnO thin ﬁlms decreased with increasing Te concentrations. Fig. 2 shows the Te doping dependence of the crystallite size
for the (0 0 2) plane. As D is considered a good tool for estimating
the crystallinity of the ﬁlm, it can be said that the ﬁlm crystallinity
improved as the Te% content increased up to 1.5% Te. For an incorporation level of 2.0%, the ﬁlm gradually deteriorated. The calculated
value of the crystallite size varied between 23.9 nm and 49.1 nm
with Te incorporation, which can be explained by the coalescence
of the crystallite of the thin ﬁlms and might also be related to the
larger ionic radii and atomic weight of Te2+ compared with that of
Zn2+ [18].
The wide variety of textures observed at varying deposition
conditions provides detailed information about the structural properties of the ﬁlms. The degree of preferred orientation in the
Te-doped ZnO thin ﬁlms as a function of the Te concentration was
obtained by the Harris texture analysis [19]:
TC(hkl) =



I

1/N

 (hkl)


/I0(hkl)

I
/I
N (hkl) 0(hkl)



(3)

where I(hkl) is the measured intensity, I0(hkl) is the standard intensity, and N is the number of diffraction peaks. The texture coefﬁcient
(TC(hkl) ) represents the texture of a particular plane; deviation of
a plane from unity implies that this is the preferred direction of
growth. For a preferential orientation, the TC(hkl) values should be
greater than one [20]. The degree of preferred orientation denoted
by the calculated coefﬁcient of texture using Eq. (3) is presented
in Fig. 3. When the TC(hkl) values were investigated, all of the ZnO
thin ﬁlms demonstrated a clear preference for growth along the
(0 0 2) planes. This effect, i.e., preferential growth, becomes more
predominate with increasing dopant concentration. The highest TC
value was obtained for the (0 0 2) plane of the 1.5% Te-doped ZnO
thin ﬁlm.

To establish the role of dopants, further studies using SEM and
AFM were performed. The SEM and AFM images are shown in Fig. 4.
The image patterns were consistent with the XRD spectra. From
SEM images, when Te was used as a dopant in ZnO thin ﬁlm, the
grains were found to be oriented and larger than those observed in
pure ZnO thin ﬁlms. The value of the root mean square (rms) is the
most widely used parameter to characterize surface roughness. The
rms roughness of the pure ZnO and 1.5% Te-doped ZnO thin ﬁlms
were found to be approximately 1.51 and 0.94 nm, respectively.
Park et al., reported that the surface roughness of pure ZnO ﬁlm (as
measured by AFM) was 3.54 nm, while that of the lightly Te-doped
ZnO ﬁlm was 0.54 nm [16]. Our AFM results reveal that the surface
roughness decreases with increasing Te concentrations.

3.3. Optical analysis
The optical properties of pure and Te-doped ZnO thin ﬁlms were
examined to investigate the effect of doping. As seen in Fig. 5, the
transparency in the visible range of the ZnO thin ﬁlms increased as
the amount of Te dopant increased. This increase in transparency is
related to the structural properties of the ﬁlm because changes in
transmittance depend on the material characteristics of the ﬁlms
[21].
The thickness (d) of the ZnO thin ﬁlms can be determined using
the Swanepoel’s envelope method with the help of fringes in the
transmittance spectrum. The thickness of the samples was deduced
to be 469 nm for a pure ZnO thin ﬁlm and 447, 429, 423, and 422 nm
for 0.5%, 1.0%, 1.5%, and 2.0% Te-doped ZnO thin ﬁlms, respectively.
The absorption coefﬁcient of the ZnO thin ﬁlms can be determined
from the transmittance measurements. Since Swanepoel’s method
is invalid in the strong absorption zone, the calculation of the
absorption coefﬁcient of the ﬁlm in this zone can be calculated using
the following equation:
˛=

1
ln (T )
d

(4)

where ˛ and T are absorption coefﬁcients and transmittance spectra of thin ﬁlms, respectively. Near the absorption edge (in the
strong absorption zone) of the transmittance, ˛ is related to the
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Fig. 4. Surface properties of pure and Te-doped ZnO thin ﬁlms: SEM images of (a) pure ZnO and (b) 1.5% Te-doped ZnO; AFM images of (c) pure ZnO and (d) 1.5% Te-doped
ZnO.
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Fig. 5. Transmittance spectra of pure and Te-doped ZnO thin ﬁlms.

0.0
2.50

 

optical energy gap Eg following the power-law behavior of Tauc’s
relation [22]:



(˛h) = A h − Eg

r

2.75

3.00

3.25

3.50

3.75

h ν (eV)
Fig. 6. The (˛h)2 versus photon energy (h) for pure and Te-doped ZnO thin ﬁlms.

(5)

where A is a constant, h is the photon energy and the exponent
r = 1/2 stands for the allowed direct transitions, since it gives the
best linear graph near the band edge.
Fig. 6 shows that the optical band gap of the ﬁlms increased as
the Te concentration increased. The wider optical band gap energy

of Te-doped ZnO thin ﬁlms, as compared to that of pure ZnO, can be
explained by the Burstein–Moss effect, which is attributed to the
transition energy in degenerate semiconductors due to the partially
ﬁlled conduction band [23–26].
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4. Conclusion
In conclusion, we reported the inﬂuence of isoelectronic Te
doping on the structural, optical, and surface properties of Tedoped ZnO ﬁlm grown on FTO substrate by a sol–gel method. The
XRD results indicate that the crystal quality of ZnO ﬁlms improved
as the Te% content increased up to 1.5%, whereas at an incorporation
level of 2.0% the ﬁlm gradually deteriorated. While grain size in SEM
images increased with increasing isoelectronic Te concentrations,
the surface roughness decreased with increasing isoelectronic Te
concentrations from AFM images. The optical study revealed that
there was a slight reduction in the value of the band gap with Te
doping and an increase in the width of the localized state in the band
gap. Consequently, we conﬁrmed that a 1.5% Te-doping ratio could
improve the physical properties of ZnO ﬁlms. Therefore, we propose
that Te-doped ZnO ﬁlms may have applications in areas such as the
fabrication of microelectronic devices, photovoltaics, and sensors
due to the doping effects. Work on the utilization of these ﬁlms is
currently under way and will be reported in the future.
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[5] S. Sönmezoğlu, T.A. Termeli, S. Akın, İ. Askeroglu, Synthesis and characterization
of tellurium-doped CdO nanoparticles thin ﬁlms by sol–gel method, J. Sol-Gel
Sci. Technol. 67 (2013) 97–104.

323

[6] H.D. Jung, C.D. Song, S.Q. Wang, K. Arai, Y.H. Wu, Z. Zhu, T. Yao, H.K. Yoshida,
Carrier concentration enhancement of p-type ZnSe and ZnS by codoping with
active nitrogen and tellurium by using a ␦-doping technique, Appl. Phys. Lett.
70 (1997) 1143.
[7] H.L. Porter, A.L. Cai, J.F. Muth, J. Narayan, The refractive index and other properties of doped ZnO ﬁlms, Appl. Phys. Lett. 86 (2005) 211918.
[8] A. Iribarren, P. Fernandez, J. Piqueras, Cathodoluminescence study of Te-doped
ZnO microstructures grown by a vapour–solid process, J. Mater. Sci. 43 (2008)
2844.
[9] A. Iribarren, P. Fernandez, J. Piqueras, Inﬂuence of defects on cathodoluminescence along ZnTex O1−x –ZnO microstructures grown by the vapor solid
technique, Rev. Cub. Fisica 26 (2009) 42.
[10] A. Iribarren, P. Fernández, J. Piqueras, Recombination processes in Te-doped
ZnO microstructures, Phys. Status Solidi B: Basic Solid State Phys. 251 (2013)
683.
[11] S.H. Lee, G.B. Stringfellow, Inﬂuence of tellurium doping on step bunching of
GaAs 0 0 1 vicinal surfaces grown by organometallic vapor phase epitaxy, Appl.
Phys. Lett. 73 (1998) 1703.
[12] S.H. Park, T. Minegishi, D.C. Oh, D.J. Kim, J.H. Chang, T. Yao, T. Taishi, I. Yonenaga,
Inﬂuence of isoelectronic Te doping on the physical properties of ZnO ﬁlms
grown by molecular-beam epitaxy, Jpn. J. Appl. Phys. 52 (2013) 055501.
[13] S.H. Park, T. Minegishi, D.C. Oh, J.H. Chang, T. Taishi, I. Yonenaga, T. Yao, P-type
conductivity control of heteroepitaxially grown ZnO ﬁlms by N and Te codoping
and thermal annealing, J. Cryst. Growth 363 (2013) 190.
[14] Y. Sun, S.E. Thompson, T. Nishida, Strain Effect in Semiconductors: Theory and
Device Applications, Second ed., Springer, New York, NY, 2010.
[15] A. Iribarren, P. Fernandez, J. Piqueras, Cathodoluminescence characterization
of ZnO:Te microstructures obtained with ZnTe and TeO2 doping precursors,
Superlattices Microstruct. 43 (2008) 600.
[16] S.H. Park, T. Minegishi, H.J. Lee, J.S. Park, I.H. Im, T. Yao, D.C. Oh, T. Taishi, I.
Yonenaga, J.H. Chang, Investigation of the crystallinity of N and Te codoped
Zn-polar ZnO ﬁlms grown by plasma-assisted molecular-beam epitaxy, J. Appl.
Phys. 108 (2010) 093518.
[17] D. Cullity, S.R. Stock, Elements of X-Ray Diffraction, third ed., Prentice-Hall Inc.,
New Jersey, 2001.
[18] C. Suryanarayana, M.G. Norton, X-ray Diffraction, Plenum Press, New York, NY,
1998.
[19] H. He, Y. Wang, Y. Zou, Photoluminescence property of ZnO–SiO2 composites
synthesized by sol–gel method, J. Phys. D: Appl. Phys. 36 (2003) 2972.
[20] C.S. Barrett, T.B. Massalski, Structure of Metals, third ed., Pergamon, New York,
NY, 1980.
[21] P.J. Nair, R. Jayakrishnan, B.C. Nandu, R.K. Pandey, In situ Sb doped CdTe thin
ﬁlms, Semicond. Sci. Technol. 13 (1998) 340–344.
[22] J.P.D. Neufville, S.C. Moss, S.R. Ovshinsky, Photostructural transformations in
amorphous As2 Se3 and As2 S3 ﬁlms, J. Non-Cryst. Solids 13 (1974) 191–223.
[23] J. Tauc, Absorption edge and internal electric ﬁelds in amorphous semiconductors, Mater. Res. Bull. 5 (1970) 721–729.
[24] M. Grundmann, The Physics of Semiconductors, second ed., Springer Berlin
Heidelberg, New York, NY, 2006.
[25] T.S. Moss, The interpretation of the properties of indium antimonide, Proc. Phys.
Soc. London, Sect. B 67 (1954) 775–782.
[26] E. Burstein, Anomalous optical absorption limit in InSb, Phys. Rev. 93 (1954)
632–633.

