Research Article SOHAG JOURNAL OF SCIENCES

https://doi.org/10.21608/sjsci.2023.218544.1093

The Effect of Al and Sn Doping on the Optical and Electrical Properties
of ZnO Nanostructures

G. Ahmed?, M. F. Hasaneen?3, W. S. Mohamed?2, H.M. Alit, E.M.M. Ibrahim®*

1 Physics Department, Faculty of Science, Sohag University, Sohag-82524, Egypt

2 Physics Department, College of Science, Jouf University, Al-Jouf, Sakaka, P.O. Box 2014, Saudi Arabia

3Thin Films and Nanotechnology Lab, Physics Department, Faculty of Science, Sohag University, 82524, Sohag, Egypt
“E-mail: e.ibrahim@science.sohag.edu.eg

Received: 11" July 2023, Revised: 5™ September 2023, Accepted: 18" September 2023
Published online: 8" October 2023

Abstract: This work presents a comparison between the impact of Al and Sn doping on the structural, electrical, and optical
properties of ZnO nanostructures (NSs). The samples have been synthesized using the well-known chemical vapor deposition at
optimized conditions of temperature and ambient gas. The formation of the hexagonal Wurtzite structure of the ZnO has been
confirmed using the x-ray diffraction technique. The impact of doping by Al and Sn on the morphology and particle shapes of ZnO
has been explored using a field emission scanning electron microscope. The Kubelka-Munk's and Tauc’s equations have been used
for studying the optical properties while the Burstein Moss shift effect has been employed to explain the increase in the optical
energy gap upon doping. The undoped and doped nanostructures show typical semiconductor features and the electrical conduction

mechanisms have been described using Arrhenius's model.
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1. Introduction

Zinc Oxide is a direct wide band gap (=3.37 eV)
semiconductor with large binding energy (60 meV) [1-2]. It
has gained a lot of interest due to many advantages such as
non-toxicity, abundance, and high chemical and thermal
stability. The possibility to tune the electrical and optical
properties by doping makes ZnO feasible for fabricating many
electronic devices [3]. Indeed, many elements including Co,
Ni, Mn, S, In and Cu have been used as dopants for ZnO for
tailoring the electrical and optical properties [4-11]. It was
found that modulating the dopant type and concentration has a
significant influence on the optoelectronic properties of ZnO.
The defects formed by doping result in a significant variation
in the structural, optical, and electrical properties of ZnO. For
instance, Zn interstitials (Zn;) and oxygen vacancies (Vo) act as
donor defects leading to n-type behavior, while zinc vacancies
(Vzn) and oxygen interstitials (O;) act as acceptors leading to p-
type behavior [12]. It was observed that Al and Sn are
promising candidates for tailoring the ZnO properties [13, 14].
Adding aluminum as a dopant reduces the crystallinity of ZnO
but improves its electrical and optical properties [15, 16]. Also,
it has been reported by Duan, et al. [14] that the incorporation
of Sn in the ZnO lattice leads to a change in the morphology of
ZnO nanocrystals from spherical to dumbbell-like shape with
great enhancement in the near- and middle-infrared absorption
which has been argued to the generation of localized surface
plasmon resonance.

Many synthesis methods are employed to synthesize ZnO
nanostructures including chemical vapor deposition (CVD),
catalysis-driven molecular beam epitaxy, thermal evaporation,
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sonochemical method, and electrochemical deposition [12-16].
Among all, CVD is the most employed method where Zn or
ZnO is evaporated in the hot zone (at temperature 900 — 1400
K) of a horizontal tube furnace reactor and then the gaseous
phase precursors are pushed by a carrier gas to condense in a
lower temperature zone forming the ZnO nanostructures. The
synthesis conditions such as the hot zone and cold zone
temperatures, gas flow rate, oxygen/carrier gas concentration,
and catalyst type are valuable parameters used for controlling
the morphology and the optoelectronic properties of the ZnO
nanostructures.

Herein, ZnO, Alp0ZnogsO, and SngpaZngeO NSs are
successfully synthesized by the chemical vapor deposition
method. The structural, optical, and electrical properties are
studied. The work aims to present a comparison between the
effect of Al and Sn doping with a selected concentration on the
structural, electrical, and optical properties of ZnO NSs. The
selection of a specific concentration of the dopants was based
on a series of experiments that showed particular variations of
the corresponding properties.

2. Experimental details
2.1. Chemicals and synthesis process

Mo.04Zno.gs O (TM = Al or Sn) NSs were synthesized using
the CVD method. Powders of Sigma-Aldrich Zn, Al, and Sn
metals, (purity= 99.99%) were used as precursors. The
precursors were weighed according to the required chemical
stoichiometry, then mixed and ground thoroughly for 5 h. A
suitable quantity of each mixture was put in a ceramic boat and
placed in the horizontal quartz tube (36 cm in diameter and 60
cm in length) of a programmable tube furnace. The tube was
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evacuated to ~2x107® Torr before starting Ar flow at a rate of
240 ml/min. After 1h of Ar flow, the temperature was
increased gradually (with heating rate =10 °C /min) to 880 °C,
and oxygen with a flow rate of 26 ml/min was introduced to
the reactor by raising up the Ar gas flow rate to 300 ml/min.
Deposition of white ZnO powder was observed inside the cold
zone of the quartz tube (~40 cm from the hot zone center). The
deposition process was continued for 30 min.

2.2. Characterization and measurement

The microstructural of the deposited materials was
investigated by an x-ray diffractometer (Bruker D8-
ADVANCE X-ray diffractometer) using Cu-Ko radiation (A =
1.54 A). A field emission scanning electron microscope (FE-
SEM) (Quanta 250 FEG) with an accelerating voltage of
30000V was used for studying the morphological features. To
test the chemical stoichiometry, elemental analysis was carried
out using the EDAX (Energy Dispersive Analyses of X-ray)
technique. The optical properties of the samples were
examined by a double ultraviolet/visible/near-infrared
spectrophotometer (model; JASCO V-570). The electrical
conductivity as a function of temperature (within a temperature
range of 300-480 K) was measured using the two-probe
method. The electrical terminals were connected to the sample
surfaces with silver paste electrodes to achieve well electrical
contact. The resistance was measured using digital millimeter
type PROTEKA-445.

3. Results and Discussion:
3.1. Structural analysis:

XRD patterns of Alg0sZnogsO and SngpsZnogsO are
illustrated in Fig. 1 in addition to the pattern of pure ZnO for
comparison. The patterns depict the polycrystalline nature of
the samples with typical hexagonal Wurtzite structure of ZnO
(space group P63mc) in coincidence with JCPDS card number
04-008 - 8198 [17]. The planes (100), (002), (101), (012),
(110), (013), (200), (112), (201), (004), and (202) appear as the
favorable orientation directions of the crystal growth [18]. The
sharpness of the peaks indicates the good crystallinity of the
samples under study. No secondary Al-, Sn- Zn-based, or other
impurity phases could be observed indicating that the Al and
Sn atoms substitute Zn atoms without a change in the crystal
structure of ZnO. This observation agrees with other
previously published works where the hexagonal Wurtzite
lattice of ZnO was stable and didn't change with dopants as
long as the dopant concentration was below the solubility limit
in the ZnO matrix [14, 19, 20]. Also, ionic radii of Sn** (~69
pm) and Al*® (~50 pm) are lower than that of Zn*? (~74 pm)
which makes the substation process likely to occur [21,22].

The XRD data allows us to calculate the crystallite size (D),
lattice strain (g), and dislocations (8) using the following
relations and tabulated in Table 1.
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Fig. 1: XRD pattern of prepared pure ZnO and Al-doped, Sn-
doped nanostructures.
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where 0 is Bragg’s angle, A is the incident ray wavelength, n is
a constant usually close to unity, K is the shape factor taken to
be 0.89 and B is the full width at half maximum (FWHM) of
the XRD peak. The data tabulated in Table 1 reveal that the
incorporation of Al, or Sn decreases the crystallite size but
increases the lattice strain and lattice dislocations which can be
attributed to the small radii of Sn** and Al*® compared to the
radius of Zn*? ion [21].

3.2. Morphological and elemental analyses:

Fig. 2 illustrates the FE-SEM images of the samples.
Generally, the data reveal that all samples consist of
nanostructures and the dopant type has a significant impact on
the ZnO morphology. As seen in Fig. 2a, pure ZnO consists of
randomly shaped nanoflakes (NFs) with approximately 130 nm
in thickness with width and length that can reach a few
micrometers. The growth of ZnO NSs is explained by the
catalyst-free Vapor-solid (VS) model in our previous work
[12] Alo.0sZNo.9s0 sample.

(Fig 2.b) reveals a significant change from nanoflakes-like
to nanowires (NWs) shape decorated with nanoparticles on the
surface. The NWs have an average diameter of ~100 nm and a
length of several micrometers. However, doping with Sn
enlarges the NFs thickness to reach about 150 mm with the
growth of small needle-like shape NSs (Fig. 2c). EDX spectra
(Fig. 2d-e) show that all of the synthesized samples are of high
purity and coincide with the desired chemical stoichiometry.
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Fig. 2: FE-SEM images of a) pure Zn0O, b) Alg.04Zng.60, and c)
SNp.0aZno.eaO NSs. EDX spectra of d) pure ZnO, e)
A|o,o4ZI’lo,geO, and f) Sno.o4Zno.%~O NSs.

Table 1: Lattice parameters, optical band gap, and electrical
activation energies of Al-, Sn-doped, and pure ZnO NSs

Doping Crystallit ~ Lattice Lattice  OpticaElectrical High Low
esize | band
(D)ynm  strai dislocate  Gap conductivit temperatu  temperatu
n ons & E.eV y at 393K re re
ex10 x10° 9V Ohm'm?  activation  activation
4 Energy Ean  Energy Ea
eV eV
Pure ZnO 52.2+1. 2.6+0.0 36.6+0. 3.30 7.16x10™ 0.48 0.114
3 7 9
AlgaZngge  44.6+1. 31+0.0 50.1%1. 3.26  6.73x10° 0.36 0.08
o 1 8 2
Snp.04Zng.gs  48.8+1. 28100  41.9+1 324 4.5x10° 0.18

o 2 7

3.3 Optical analysis:

The optical properties of the synthesized samples were
investigated by recording the diffused reflectance spectra (not
included here). The Kubelka-Munk function (F(R)) converts
the reflectance (R) into the absorption coefficient through the
relation:

FR)= C =k 5 (4)

where S and K are the scattering Kubelka-Munk and
absorption coefficients, respectively [9]. The Kubelka-Munk
function F(R) is related to the absorption coefficient o as:

K = 2a = SF(R) > )

The optical band gap Eq4 can be determined from Tauc's
equation as follows:
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where hv is the photon energy; Egq is the optical energy gap, m
is an index that equal 1/2 for ZnO as a direct band gap
semiconductor and Bl is a constant. Tauc’s equation allows
determining Eq using [F(R) hv)]*? vs. hv plots shown in Fig. 3.
The data reveals that the pure ZnO nanoflakes have E; = 3.23
eV which is slightly lower than the value (3.3 eV) reported for
ZnO single crystal. Noteworthy, the energy band gape is
significantly influenced by many factors such as growth stress,
guantum confinement and structural defects [11]. Adding Al
increases the E4 value to 3.26 eV. This value is comparable to
that reported by Norouzzadeh et al. (3.18 eV) [23] and
Khlayboonme and Thowladda (3.24 eV) [23] for the ZnO
nanoparticles synthesized by the Sol-gel method. Similarly,
doping with Sn increases the E4 value of ZnO to 3.3 eV. In
comparison with other published data, E4 of our Sn-doped ZnO
nanoflakes is higher than that reported by Roguai and Djelloul
[24] for Sn-doped ZnO synthesized using pneumatic spray
pyrolysis technique (2.96 eV). The increase in the E4 value
with Al and Sn doping agrees with other previously reported
results [25,26] and can be attributed to two reasons: i) creation
of degenerate energy levels (Burstein Moss shift effect) with
doping that causes movement of the Fermi level above the
conduction band edge and thus increases the band gap [27, 28].
ii) The increase in the strain and dislocation content revealed
by the XRD results which alters the electronic structure [29,
30].

3.4. Electrical properties:

Fig. 4a shows the electrical resistivity (p) vs. temperature
(T) plots of the samples under study. The data reveal thermally
activated semiconducting features that p decreases as the
temperature increases indicating that more charge carriers
overcome the energy barrier by heating and contribute to the
electrical conduction [31]. It was found that the temperature
dependency of the electrical resistivity is well represented by
Arrhenius's equation:

p=poexp("/y 1) > Q)

where po is the pre-exponential factor, Kz is the Boltzmann's
constant, E. is the activation energy of the electrical
conduction.

The linearity of the Ln(p) versus 1000/T plots illustrated in
Fig. 4b confirms the good fitting of the results with the
Arrhenius equation. Since each of the Ln(p) vs. 1000/T plots of
pure ZnO and Al-doped samples shows two distinct straight
lines with different slopes, the electrical conduction in the
samples is described by two different mechanisms with two
activation energies (herein denoted by Ean and Ea, in the high
and low-temperature ranges, respectively). Ean = 0.48 and 0.36
eV and Ey = 0.114 and 0.08 were determined for undoped and
Al-doped ZnO samples, respectively. However, the Ln (p) vs.
1000/T plot of Sn-doped ZnO sample is in one straight line
indicating domination of one conduction mechanism with one
value of the activation energy (herein denoted by E.) over the
whole temperature range of measurement. The E, value of the
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Sn-doped sample was calculated to be 0.18 eV. The decrease in
the activation energy values by Al doping is due to the charge
carriers that are created by replacing Zn?* by AI®* ions in the
lattice. The appearance of one conduction mechanism of the
Sn-doped sample may be attributed to the abundance of the
free charge carriers created by the substitution of Zn?* by Sn**
compared to the case of AIP*. Noteworthy, Al, and Sn are
acting as donors in the ZnO sample. The activation energy
values of the samples under study are close to those reported in
other literature [29].
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Fig. 3: [F(R)hv)]¥?2 vs. hv plots for pure ZnO,
A|0A04znoA950 and Sno.o4zno.94o NSs

4. Conclusion

Undoped, Al- and Sn-doped ZnO nanostructures
are successfully synthesized using the chemical
vapor deposition method. The NSs are well
crystalized in a typical hexagonal Wourtzite
structure. Type of the doping element has a
significant impact on the sample morphology and
particle shape. Chemical vapor deposition is a

SOHAG JOURNAL OF SCIENCES

optical energy gap of ZnO NSs. Electrically, the
undoped ZnO and Al-doped ZnO NSs show two
conduction mechanisms upon elevating the ambient
temperature. However, Sn-doped ZnO NSs are
characterized by one conduction mechanism
showing one value of the activation energy over the
whole temperature of measurement. The results
present the doping process as a valuable tool for
tailoring the electrical and optical properties of ZnO
to maximize its utility in various optoelectronic
devices.
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Fig. 4: (a) electrical resistivity (p) vs. temperature (T)

and b) Ln (p) vs. 1000/T plots of ZnO, Alg.0aZno.9s0O and

Sno,o4zno,960 NSs.
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reliable route for successful replacement of the Zn
atoms by Al and Sn atoms in the ZnO lattice.
Doping with Al or Sn creates degenerate energy
levels and increases the crystalline strain and
dislocations content which in turn increases the
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