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Abstract
This study investigates the morphology and optical properties of prepared α-Al2O3:Zn nanoparticles by sol-gel
method at room temperature. TEM image revealed hexagonal structure and the average particle size in the range
(9.52-15.94 nm), and showed the particles distribution and area by histograms distribution. The Selected Area
Electron Diffraction (SAED) illustrated the polycrystalline structure. XRD analysis confirmed hexagonal structure
with a high crystalline and polycrystalline structure of α-Al2O3:Zn nanoparticles, the average crystallite size in the
range (30.529- 24.057 nm). The optical study found that the energy gab of prepared α-Al2O3:Zn (0%, 2%, 4%,
8%) were (5.145, 4.86, 4.88, 4.95 eV), respectively. Furthermore, other optical parameters such as refractive
index, extinction coefficient, and dielectric constant are studied.
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1. INTRODUCTION
Nanotechnology deals with materials at the nano-scale
level, where it studies matter in size ≤ 100 nanometer.
The decrease in the size of materials provides many
new physical and chemical properties, so there are many
applications for these materials in different fields [1].

Alumina (Al2O3) is widely used in refractory, mechan-
ical, abrasive, and insulator industries. Al2O3 is widely
used as a catalyst in oxidation-reduction reactions be-
cause of its high surface area and thermal stability. Fur-
thermore, alumina has good mechanical strength and a
porous structure. The physical properties of materials
mainly depend on their atomic configuration. Several
alumina polymorphs exist and their oxygen atomic ar-
rangements in close-packed structures can be divided
into two crystal structure types: face-centered cubic (fcc)
and hexagonal close-packed (hcp). Furthermore,

Al ions partially occupy the octahedral and/or tetrahe-
dral interstices within the close-packed oxygen sublattice
[2, 3]. α-Al2O3 (corundum) is a minor component of meta-
morphic rocks. However, only certain types of rocks that

are richer in alumina and lower in silica can crystallize
sapphire and ruby, two of its shining variations [4]. The
direct band gap of α-Al2O3 in some literatures like, the
bulk high-k insulator α-Al2O3 is 8.8 eV [5], α-Al2O3:Eu3+

nanophosphor is 5.7 eV [6], α-Al2O3:Dy3+ phosphor is
5.9 eV [7], α-Al2O3 nanoparticles is 5.25 eV, and 3.31
eV [8, 9].

This paper aims to study the morphology by transmis-
sion electron microscopy (TEM) and optical properties by
UV-vis diffuse reflectance spectroscopy (UV-vis DRS) of
(α-Al2O3):Zn nanoparticles prepared by the sol-gel tech-
nique to understand the electronic structure and optical
features for exploring their effective use in optoelectron-
ics.

2. MATERIALS AND METHODS

2.1. Materials

Aluminum nitrate nonahydrate (Al(NO3)3:9H2O) (HIME-
DIA,95%), zinc nitrate hexahydrate (Zn (NO3)2:6H2O)
(HIMEDIA, 99%), citric acid monohydrate (C6H8O7.H2O)
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(HIMEDIA, 99%), and deionized water were obtained
from Al-Shamel Chemical Industries (Sana’a).

2.2. Synthesis method
First, the flask was washed thoroughly with soap and
water, then with ethanol, and then with distilled water. A
molar ratio of 3:1 was used to dissolve 100 the aluminum
nitrate nonahydrate (Al(NO3)3:9H2O) (0.0899 mol.), 98%
(0.088 mol.), 96% (0.08627 mol.), and 92% (0.0827
mol.) with citric acid monohydrate (C6H8O7.H2O)
(0.0276 mol.) in 100 mL deionized water. The solu-
tion was then mixed with an appropriate amount of zinc
nitrate hexahydrate (Zn(NO3)2:6H2O) 2%(0.005 mol.),
4%(0.01 mol.), and 8%(0.02 mol.). The mixture was
then swirled for 10 min. by using a magnetic stirrer. The
mixture was then swirled for 2 hrs at 80 °C on the heated
plate of the magnetic stirrer. After being heated to 100 °C
for 30 min and allowed to cool to room temperature, a ho-
mogenous gel was created. The resulting dried powder
was calcined for 2 h at 1100±10 °C.

2.3. Characterization
The morphology and nanoparticle size were determined
using transmission electron microscopy (TEM) (JEM-
2100, Japan) transmission electron microscope. Im-
ageJ software was used to evaluate the particle size
of the TEM. XRD analysis using a Pgeneral XD-2 X-
ray diffractometer was performed for the prepared pat-
terns (α-Al2O3):Zn in the range of 5°≤ 2θ ≤ 75°. Dif-
fuse reflectance was measured using (UV-vis DRS)
(JASCO, V-750, Japan) over the wavelength range of
200 ≤ λ ≤ 2500 nm.

3. RESULTS AND DISCUSSION
3.1. Morphology and XRD Study

3.1.1. TEM and SAED analysis
Transmission electron microscopy (TEM) is a suitable
and useful method for assessing the morphology of
nanoparticles, including the shape, size, growth, and dis-
tribution of crystallites [10]. The morphological results for
the α-Al2O3:Zn patterns obtained from the TEM images
are shown in Fig.1. This reveals that the clusters encom-
passing a large number of nanoparticles, as reported in
Ref. [11] with regular and irregular spherical shapes of
different sizes. The average particle sizes were (14.45,
9.52, 12.22 15.94 nm) for α-Al2O3:Zn (0%, 2%, 4%, and
8%) were 14.45, 9.52, and 12. The decrease in average
particle size with increasing Zn concentration confirmed
that Zn is a powerful reducing agent that controls the size
of α-Al2O3 particles [12]. This result is in good agree-
ment with that of a previous study [13]. Additionally, the
TEM of the α-Al2O3:Zn nanoparticles showed little ag-
glomeration growth. The literature in ref. [9] explained

the agglomeration growth due to the continuous drying
of the sol because the salts that remain in the sol form
solid bridges between the particles as the water evap-
orates. Also, ref. [14] reported that the particles grow
within the agglomerates owing to the spreading of ions
at high temperatures.

The Selected Area Electron Diffraction (SAED) pat-
tern shows concentric circular rings, indicating the poly-
crystalline nature of the α-Al2O3:Zn patterns shown in
Fig.1.

The distribution histogram graphs of particle size and
area of α-Al2O3:Zn patterns obtained using ImageJ soft-
ware and Origin programs are shown in Fig.2. It can be
seen that the diameters in the range (> 0 to 40, 18, 30
and 30 nm), for α-Al2O3:Zn (0%, 2%, 4%, 8%) respec-
tively.

3.1.2. XRD analysis
The XRD patterns of α-Al2O3:Zn nanoparticles are
shown in Fig.3. The XRD pattern of pure α-Al2O3 em-
phasized its high crystallinity, and the diffraction peaks
of the single-phase hexagonal structure matched well
with (JCPDS file no. PDF#46-1212) with the space group
R-3c (167) (corundum). This result agrees with previ-
ous works by Prashanth et al. and Farahmandjo M.et
al. [8, 15]. The diffraction peaks of α-Al2O3:Zn (2%,
4%, and 8%) matched (file no. PDF#52-0803), (file no.
36-1451) and (file no. 4-831). The peak positions were
slightly shifted towards higher angles as the Zn dopant
concentration increased, owing to the substitution ionic
radii between Zn2+ (0.74 Å) and Al3+ (0.57 Å) [16, 17].
The average crystallite size (D) was calculated using
the Debye–Scherrer equation according to the following
expression [18]:

D = 0.9λ/β cosθ (1)

λ (0.15406 nm) is the XRD wavelength of Cu-Kα, β is
the full width at half maximum, and θ is Bragg’s diffraction
angle.

The Williamson–Smallman approach was used to cal-
culate the dislocation density (δ) and measure the num-
ber of defects in the crystal using Eq. (2) [19]:

δ = 1/D2 (2)

D is average of crystallite size.
The corresponding crystallite sizes and dislocation

density values are summarized in Table 1. The degree
of crystallite size reduction depends on the number of
dopant-induced nucleation centers and the disruption of
the growth stress caused by the different atomic radii of
the Zn dopants and α-Al2O3, which is in good agreement
with previous study [13].

The variation of crystallite size average and disloca-
tion density with Zn concentration is shown in Fig.4.
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Table 1. average D and d of a-Al2O3:Zn nanoparticles

pattern
Average D

(nm)
dx10-3

(nm) -2

Lattice
constants (nm)
a=b c

Al2O3 30.529 1.15 0.4728 1.294

Al2O3:2%Zn 28.989 1.7 0.4726 1.287

Al2O3:4%Zn 27.51 1.93 0.4727 1.292

Al2O3:8%Zn 24.057 2.19 0.474 1.291

Figure 1. TEM And SEAD of a-Al 2O3:Zn nanoparticles.

3.2. OPTICAL STUDY

The optical characterization and electronic interactions
of the a-Al2O3:Zn nanoparticles were investigated.

3.2.1. Re�ectance (R)
Fig. 5 shows that an enhancement in the re�ectance
spectra (R) is associated with a higher Zn (2%, 4%,
especially 8%) content of a-Al2O3:Zn nanoparticles, in-
dicating that enhancing its packing density [20], which
decreases gradually at l < 520 nm means more light
is absorbed, which might be related to band gap or
defect level changes. This suggests the possibility of
using these materials as packaging materials. The
altered re�ectance near and beyond 1300 nm of Zn-

doped a-Al2O3 re�ects the presence and in�uence of
Zn dopants and its impact on near-infrared absorption
behavior, which may be attributed to the modi�cation of
the electronic structure of the a-Al2O3:Zn matrix.

3.2.2. Band gap energy
The band gap energy refers to the excitation of an elec-
tron from the top of the valence band to the bottom of
the conduction band in optical absorption owing to the
interaction of an electromagnetic wave with an electron in
the valence band. This is a fundamental characteristic in
the design of optoelectronic devices. The Kubelka-Munk
expression is given by Eq. (3)[21, 22]

F (R) = (1 � R) 2/2R (3)

Where F(R) is the K-M function or remission corre-
sponding to the absorbance, and R is the diffuse re-
�ectance. The bandgap from Tauc's expression is given
by Eq. (4) [23]

(F (R) hv) = A(hv � E g)n (4)

F(R) is the K-M function, and A is the proportional-
ity constant that describes the degree of material dis-
order, n=1/2, 3/2, 2, and 3 according to an inter-band
transition type, that is, direct allowed and direct forbid-
den, indirect allowed, and indirect forbidden transitions,
respectively. Plot of (F(R)hv)2 versus incident photon
energy (hv) . At the absorption edge on the X-axis at
(F(R)hv)2 = 0, the linear �t intercept gives the energy
bandgap (Eg) [24]. Fig.6 shows (F(R)hv)2 versus for the
a-Al2O3:Zn samples. The reduction in the energy gap
values of a-Al2O3:Zn (2%, 4%, and 8%) compared to
the pure sample indicates that the Zn content enhances
the ability of the materials to absorb photons, which is
bene�cial for generating reactive oxygen species (ROS)
and, therefore, the photocatalytic process. This result
is consistent with the results in Ref [25]. The creation
of localized states inside the forbidden zone between
the lowest empty molecular orbital and highest occupied
molecular orbital explains this occurrence. Defects in the
optical band gap could result from the dissolution of the
bonds in Al2O3 owing to the presence of Zn. The energy
of the highest occupied molecular orbital states implicitly
increases the outcome of these defects in the creation of
localized states. The concentration of defects is directly
correlated with the density of the localized states. More-
over, the decrease in the bandgap value is caused by the
appearance of empty levels induced by defects located
in the bandgap. The defect concentration in materials
affects their band gap, which is ascribed to the formation
of localized states within the forbidden region, or linked to
structural modi�cation as in XRD analysis due to the in-
teraction between Al2O3 and Zn ions. Different variables,
such as variations in structural parameters such as grain
size, lattice strain, and impurities, affect the change in
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Figure 2. (a) The particle distribution (b) Area distribution of a-Al 2O3:Zn nanoparticles.
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Figure 3. XRD patterns of a-Al 2O3:Zn nanoparticles

Figure 4. Variations of D and d of a-Al2O3:Zn samples with
Zn .

band gap [26, 27]. The energy levels in a-Al2O3 are pro-
duced above the valence band and below the conduction
band by both the donor (oxygen vacancies) and acceptor
defects (Al interstitials). The formation of energy levels
is explained by the Frenkel reaction for Al interstitial de-
fects and Schottky reactions for oxygen vacancy defects
[28, 29]. The energy gaps of the prepared patterns are
listed in Table.2. In the literature [30], the outcome of the
energy gap of a-Al2O3 (5.28 eV).

3.2.3. Urbach energy

The Urbach energy (Eu) displays the strain �elds and
localized defect levels in the forbidden gap. In contrast,
photon energy below the optical band gap causes op-
tical transitions in the forbidden band gap. This was

Figure 5. Diffuse re�ectance spectra of a-Al 2O3:Zn pattrens.

Table 2. The value of energy gap and Urbach energy

pattern Eg (eV) Eu (eV)

Al2O3 5.145 0.1514

Al2O3:2%Zn 4.86 0.1997

Al2O3:4%Zn 4.88 0.1084

Al2O3:8%Zn 4.95 0.1013

caused by electrical disorder (or localized tail states) in
the forbidden band gap [31]. According to Pankove's
expression, the absorption coef�cient ( a) exhibits expo-
nential behavior in the low-energy range, as shown in
Eq. (5) [32]:

a = a � exp(hv/E u) (5)

Fig.7 shows the linear �tting of a straight line of the
curve of plot vs. , which gives the Urbach energy (Table
2).

Fig.8 illustrates the Eu and Eg as a function of the Zn%
concentration. tends to decrease as the Zn concentration
increases because of the decrease in the width of the
localized states in the optical band [33]. This explains the
variation in the disorder and defect contents depending
on the Zn doping content. Furthermore, it exhibited the
opposite behavior to the optical band gap. This indicates
that the disorder variation causes a change in the optical
bandgap.

3.2.4. Extinction coe�cient (k)

The complex refractive index (n̂ = n � ik ) was deter-
mined as the imaginary part (k (extinction coef�cient))
and real part (n (refractive index)), according to Eq. (5)
and Eq. (6) in the numerical section. The extinction coef-
�cient (k) measured

amount of light lost by scattering and absorption in
penetrating the material, that is, k provides the quantity
of attenuation when the electromagnetic wave propa-
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Figure 6. Energy gap of a-Al 2O3:Zn nanoparticles

Figure 7. Urbach energy of a-Al 2O3:Zn nanoparticles.

Figure 8. Variation of E u and Eg with Zn concentration.

gates through the material and results in the loss of light
propagation or light absorption through the material. It is
expressed by Eq. (6) [34–36].

k = al/4p (6)

a is the absorption coef�cient and l is the wavelength.

Fig.9 shows the correlation between k and the inci-
dent photon energy (hv). It is evident that k decreases
as the incident photon energy and Zn concentration in-
crease, and the higher incident photon energy k tends
to increase. This indicates that the fraction of light lost
due to absorbance and scattering increases. In general,
a small value of k re�ects electromagnetic wave absorp-
tion owing to inelastic scattering processes [37, 38]. The
ability to transition to another state is determined by the
energy level, with a low k value indicating suf�cient en-
ergy, and a high k value indicating insuf�cient energy for
the electron to transition at this speci�c wavelength [39].

© 2025 JAST Sana'a University Journal of Applied Sciences and Technology 1413
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Figure 9. Extinction coef�cient as a function of incident en-
ergy.

3.2.5. Refractive index (n)

The refractive index (n) indicates the relative velocity and
refraction distribution of light through the material, and
is related to the local �elds and electronic polarization of
ions into the material. The fabrication of optical devices
depends on these devices. The refractive index can be
estimated using Eq. (7) using re�ectance [40, 41]:

n =
1 + R
1 � R

+
r �

4R/(1 � R) 2
�

� k 2 (7)

R is a re�ectance, k is the extinction coef�cient.

The increase in the refractive index with increasing
at low incident photon energies, as depicted in Fig. 10,
is due to the absorption of energy, which leads to an
increase in the effective electric susceptibility of the ma-
terial. The reduction in the higher photon energy was due
to the gradually implemented inner re�ection or trapping
of energy inside the grain boundaries [42]. Higher zinc
concentrations tend to enhance the refractive index. This
increase can be explained by the permittivity of the mate-
rial, which can be linked to the polarization of Zn2+ [27].
This change in the refractive index indicates that doping
modi�es the optical properties of a-Al2O3 by increasing
its ability to bend light.

3.2.6. Dielectric constants

The dielectric constants provide details on the permittivity
and polarization capacity of a material. There is a real
portion (#r ) and an imaginary portion (#i ). This is due to
the concentration of the electronic polarization [36, 43].

The real part (#r ) measures the ability of the material
to slow down the light speed by grown nanocrystals, and
is related to the refractive index using Eq. (8) [42, 44]

#r = n 2 � k 2 (8)

n is refractive index, k is extinction coef�cient.

Fig. 11 shows the variation #r vs. hv. Zn doping
modi�es the #r value, making it larger than that of pure
a-Al2O3, indicating an enhanced polarization ability.

An imaginary portion (#i ) is associated with the ab-
sorption of the material light. It represents the energy
absorption from an electric �eld due to dipole motion,
and is calculated using Eq. (9) [42, 44]

#i = 2nk (9)

n is refractive index, k is extinction coef�cient.

The imaginary part in Fig. 12 illustrates the relation-
ship between #i and hv. A higher Zn content results in
higher #i values, indicating stronger absorption due to
the additional electronic transitions introduced by the Zn
dopants. The opposite behaviors of #r and #i can be
attributed to the effect of the Zn dopant. The small value
of #i makes this material appropriate for optoelectronic
devices [45]. For the grown nanoparticles, the highest
absorption occurred at higher values of #r and #i [36].

3.2.7. Optical conductivity
The optical conductivity (sopt) can be utilized to investi-
gate the optical response of the material to the spreading
of charge carriers owing to the excitation caused by the
photon energy of the event. It depends on the absorption
coef�cient and is calculated using Eq. (10) [46, 47].

sopt = anc/4p (10)

c is the light velocity, a is absorption coef�cient.
Fig.13 shows that the sopt increases as hv increases

and the growth starts at 3.8 eV, signifying the beginning
of electronic transitions or absorptions that contribute to
the material's optical response and the maximum growth
around (5.8-6.1 eV), with an optical conductivity maxi-
mum value around (5.5x1011 � 6.8x10 11s-1) owing to

electrons excited by the photon energy. Higher Zn
concentrations led to a more signi�cant increase in opti-
cal conductivity. This suggests that Zn atoms introduce
additional free charge carriers or energy states that en-
hance the response of the material to light, improving
the doping of Al2O3 better at conducting under optical
excitation. This is referred to as electron excitation from
the valence band to the conduction band because light
absorption leads to an increase in the absorption coef�-
cient, making it an excellent material for optoelectronic
devices [36, 48].

The two photoconductivity peaks were distributed at
distinct wavelengths in the two zones. At a certain wave-
length, this material appears to be absorbed more in the
ultraviolet and visible spectrums [49].

3.2.8. Optical susceptibility
Optical susceptibility (c opt) describes the material re-
sponse to an optical wavelength. Eq. (11) is calculated
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Figure 10. The refractive index with incident photon energy.

Figure 11. Variation of real part of the dielectric constant with
incident photon energy.

Figure 12. Variation of imaginary part of the dielectric constant
with incident photon energy.

Figure 13. The corelation between s opt and photon energy.
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as [50].

c opt = (n 2 � 1)/4p (11)

Zn doping alters the optical susceptibility of Al2O3,
changing the shape and magnitude of its response to the
photon energy, as shown in Fig. 14. This change implies
that Zn doping modi�es the electronic structure or polar-
izing ability of the material, possibly by introducing new
electronic states or enhancing polarizable defects. En-
hancement of optical susceptibility with a high Zn content.
This suggests that adjusting the doping levels makes ma-
terials suitable in the domains of nonlinear optics and
photonics.

Figure 14. The optical susceptibility as function of photon
energy.

4. CONCLUSION

In summary, (a-Al2O3):Zn nanoparticles were success-
fully prepared using the sol–gel method. TEM images
showed the existence of regular and irregular spherical
shapes and hexagonal structures at the nanoscale level.
XRD con�rmed the hexagonal structure with a polycrys-
talline structure, and the crystallite size of Zn-doped a-
Al2O3 was smaller than that of the undoped a-Al2O3. The
re�ectance spectral features re�ect the interaction be-
tween the a-Al2O3:Zn nanoparticles and light across the
UV, visible, and NIR wavelengths. This tunability through
Zn doping offers versatility in optimizing these materials
for applications in UV protection, photocatalysis, opto-
electronics, NIR devices, and sensing technologies. The
values of the optical band gap of the a-Al2O3:Zn nanopar-
ticles decreased as the Zn content increased, modi�ed
the electronic transitions, and introduced new energy
states. The extinction coef�cient, refractive index, and
Zn dopant dependence on the incident photon energy
make the material suitable for optical data storage device
applications. The refractive index increased with increas-
ing concentration of Zn ions. Adjusting the doping levels

modi�es #r and #i, enabling precise control over optical
properties such as the refractive index and absorption
characteristics, which are crucial for designing functional
optical materials. The conductivity peaks indicated good
photosensitivity.
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