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Raman Spectroscopy and Optical Properties of
CeO2:Al2O3 Nanocomposites Synthesized by
Pulsed Laser Deposition

Alaa Nazar Abd Algaffar *, Noha H. Harb , Sabah N. Mazhir

Department of Physics, College of Sciences for Women, University of Baghdad, Baghdad, Iraq

ABSTRACT

This study investigated the effects of laser energy on the phase-change mechanism, optical properties, and structure
of CeO2:Al2O3 nanoparticles synthesized via pulsed laser deposition (PLD). The study employed Raman spectroscopy,
UV-Vis spectroscopy, X-ray diffraction (XRD), atomic force microscopy (AFM), and field emission scanning electron
microscopy (FESEM). The process techniques were compared at different laser pulse intensities (530, 730, and 930
mJ). Porous silicon (PS) substrates have been created using the photoelectrochemical etching of n-type silicon. The
XRD results for CeO2:Al2O3 nanoparticles indicated a polycrystalline cubic phase. Raman spectroscopy of CeO2:Al2O3
revealed weak peaks at around 615 and 1311 cm–1 and major peaks at approximately 452, 519, and 979 cm–1, with their
intensities increasing with laser energy. The RMS surface roughness increases with increasing laser energy. The majority
of nanocomposites feature spherical nanostructures that are randomly distributed and increase in size with increasing
laser power. The optical bandgap of CeO2:Al2O3 thin films was determined to be 2.36, 2.62, and 2.66 eV for the varying
laser energies. The quantum confinement effect caused the energy gap to widen as the laser pulse energy grew. Cerium
oxide significantly contributes to the results and is chosen over traditional materials in nanocomposites because it
enhances the properties of the base materials and makes them more stable when deposited at high temperatures, as
observed in this work. It is also used in optical applications and a variety of other applications.

Keywords: CeO2:Al2O3 composite, Optical properties, Pulse laser deposition, Photo electrochemical etching, Raman

Introduction

Two materials with dissimilar chemical and physi-
cal Characteristics are combined to create a compos-
ite. When these constituent materials, which differ
significantly in their chemical or physical character-
istics, combine, a material is produced that possesses
unique properties.1,2 Composites are distinguished
from mixes and solid solutions by the fact that the
constituent parts of the final structure remain distinct
and independent.3 The combination of these results
in a material that is specialized to perform a given
function, such as becoming stronger, lighter, or elec-
trically resistant.4 They can increase Stiffness and

strength as well. Composite materials are employed
in many aspects of our daily life, including build-
ing, medicine, oil and gas, sports, transportation,
and aerospace. In recent Times, Scientists have also
begun to actively incorporate communication, com-
puting, actuation, and sensing into composites, often
referred to as robotic materials.5,6 Oxide thin films
play a significant role in both present-day and future
solid-state electronic devices. The unique chem-
istry of cerium oxide (CeO2) nanoparticles makes
them the most studied. CeO2, sometimes called ce-
ria, is an n-type semiconductor with exceptional
chemical and electrical characteristics. Among these
attributes are remarkable optical activity, sufficient
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surface area, strong chemical stability, photocatalytic
activity, and electrochemical activity.7–9 Cerium ox-
ide is commonly used in industrial catalysis for
several purposes, such as fixing carbon dioxide, elim-
inating carbon monoxide, and producing hydrogen,
among many other environmental uses.10 The opti-
cal bandgap of CeO2 is around 2.6–3.1 eV.11 This is
supported by CeO2’s large surface area, crystalliza-
tion potential, and most significantly, the creation
of oxygen vacancies, which render it an effective
photocatalyst.12 Aluminum oxide (Al2O3) is a crucial
ceramic substance used in microelectronic, optical,
and structural applications. Several polymorphs of
Al2O3 exist, including the γ , θ, κ, and α-phases.13 The
dielectric substance Al2O3 has a broad band-gap of 6
eV at 300 K for bulk material.14 In several industrial
applications, including gas diffusion barriers, sensors,
anti-reflection coatings, catalysts, surface passiva-
tion, abrasive materials, optical interference filters,
and nano laminates, nanostructured aluminum ox-
ide is the most significant metal oxide material.13–15

In comparison to the two pure individual oxides,
the catalyst’s characteristics are improved by the
combination of CeO2 and Al2O3. Most metal oxide-
covered adsorbents are more effective than metal
oxides alone, according to several studies. Differ-
ent techniques have been used to create the CeO2
and Al2O3 nanostructures, and metal oxide-coated
absorbents are generally more effective than metal

oxides alone.16–20 In this study, CeO2:Al2O3 NPs were
synthesized via the pulsed laser deposition (PLD)
method with different pulse laser energies of 530,
730, and 930 mJ, and their performance was studied.
All the prepared materials were fully characterized
using XRD, AFM, FESEM, Raman, and UV-vis spec-
troscopy techniques.

We studied the applicability of the pulsed laser
deposition technique in producing CeO2:Al2O3 com-
posite nanoparticles with varying concentrations of
each material, as well as the potential applications
of these oxides in optical coatings. When CeO2:Al2O3
is prepared on the PS surface, its photocatalytic per-
formance may be effectively increased. Porous silicon
has been demonstrated to be a desirable template for
the PLD deposition of metal nanostructures. Metals
are PLD-deposited not only at the bottom of pores
but also on the pore wall and pore apertures because
porous silicon is a semiconductive porous electrode.

Experimental

First, the 3×2 cm2 glass slides were cleaned for 15
minutes with alcohol and ultrasonic waves to remove
residues and impurities, as shown in Fig. 1(a). Next, a
solution of hydrofluoric acid (HF, 48%) and ethanol
(C2H5OH, 99.9%) was prepared for immersing the
n-type silicon wafer. The wafer was then placed in

Fig. 1. Experimental setup devices: (a) CeO2: Al2O3 deposition on substrate porous silicon and glass, (b) Photo electrochemical etching,
and (c) Pulsed laser deposition.
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the electrolyte containing 20% HF within a Teflon
cell. Photoelectrochemical etching was performed by
applying an anodic current of 24 mA/cm2 for 15
minutes, using a silicon wafer as the anode and a
gold electrode as the cathode, as shown in Fig. 1(b).
The substrates were finally dried by blowing air over
them. In order to prepare CeO2: Al2O3 nanocomposite
particles, PLD uses a Q-switched Nd: YAG laser with
a wavelength of 1064 nm, a number of shots of 500,
a repetition rate of 6 Hz, and energy pulses of 530,
730, and 930 mJ as shown in Fig. 1(c). A pulsed and
concentrated laser beam strikes target material at an
angle of 45° in a vacuum chamber up to 10–2 mbar.
Cerium oxide powder and Aluminum oxide powder of
high purity 99.999% have been mixed for 30 minutes
at weight percentages of (CeO2 5.5 % wt and Al2O3
4.5% wt) using an agate mortar. The mixing powder
is next compressed using a hydraulic press to form
pellets that are 1.5 cm in diameter and 3 cm thick,
which were pressed under 5 tons. The structural prop-
erties of deposited thin films were investigated using
the 2θ scan with Cu-kα at a wavelength 1.5406A°
current of 30 mA. On the Miniflex X-ray diffraction
(XRD), the scanning angle 2θ is adjusted between 10
and 75 degrees. The crystallite sizes were calculated
using the Debye-Scherrer Eq. (1).21

D =
0.94λ
β COSθ

(1)

Where D: the average size of the crystallites, θ : the
diffraction peak’s degree, and β: the peak width of
the diffraction peak profile at half of the height that
results from the tiny crystallite size in radians. We
studied the optical properties of CeO2: Al2O3 compos-
ite nanostructures in the 300–1200 nm range using
UV-V is spectroscopy. The optical energy gap for the
CeO2: Al2O3 nanocomposite has been determined us-
ing Eq. (2).22

αhv = B
(
hν − Eg

)r (2)

Studying the refractive index and the extinction
coefficient can be calculated using Eq. (3).22

n =
(

4R
(R− 1)2 − k2

) 1
2

−
R+ 1
R− 1

(3)

Where k: the extinction coefficient and R: the re-
flectance, as shown in the Eqs. (4) and (5) below.22

R =
(n− 1)2

+ k2

(n+ 1)2
+ k2

(4)

k =
αλ

4π
(5)

where: α: the absorption coefficient is calculated us-
ing Eq. (6).21

α = 2.303
A
t

(6)

where A: the absorbance and t: thickness

Results and discussion

X-Ray diffraction analysis of CeO2:Al2O3

nanocomposite

The X-ray diffraction of CeO2:Al2O3 thin film pro-
duced by PLD with different laser pulse energies 530,
730, and 930 mJ using a 1064 nm Nd: YAG laser
on glass substrate is displayed in Fig. 2. The XRD
at 530 and 730 mJ pulse laser energy showed two
reflection peaks at two different amounts, 28° that
correspond to the reflections of the cubic CeO2 mate-
rial (111) and the cubic Al2O3 material (400). When
they were exposed to a 930 mJ high-energy pulse,
they became polycrystalline. At angles of diffraction
of 28°, 33°, 56°, and 76°, the crystalline levels of
the CeO2 material with peak numbers (111), (200),
(311), and (420) are formed JCPDS file No. 34−0394
and lattice parameter was 5.44 Å,19 whereas the
reflections of the Al2O3 material are generated at
angle 47° (400) JCPDS file No. 50-741 and lattice
parameter was 7.90 Å,23 suggests the presence of a
very small amount of Al2O3. An XRD diffractogram
of CeO2:Al2O3 nanoparticles shows that the mate-
rial was successfully prepared using PLD. When high
laser pulse energy is supplied, higher mobility results
from increased atom energy. Eventually, it results in
the structure becoming more organized and recrys-
tallizing. As the pulse strength of laser deposition
increases, the CeO2:Al2O3 XRD patterns get sharper
and more intense. The crystallite sizes were calcu-
lated using Eq. (1). The FWHM, dhkl, and crystallite
size are shown in Table 1 as the laser pulse intensity
was increased. The FWHM decreased as the crys-
talline size increased.

Raman spectroscopy of CeO2:Al2O3 nanocomposite

CeO2:Al2O3 nanoparticle composition, structure,
and phase characterization have all been thoroughly
determined using the Raman spectroscopy method.
The positions of the peaks in the measured Ra-
man spectra of cerium oxide and Aluminum oxide
structures nanocomposites deposited on PS n-type
substrate are shown in Fig. 3. Similar spectral
patterns may be seen in the spectra, with weak peaks
at around 615 and 1311 cm−1 and major peaks at
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Fig. 2. XRD patterns of CeO2:Al2O3 nano composite at different pulse laser energies.

Table 1. X-ray diffraction peak estimates for CeO2:Al2O3 nanoparticle at different pulse laser energies.

Pulse laser energy mJ Pos. [°2Th.] FWHM (Deg.) d-spacing Exp.(Å) D (nm) Phase hkl

530 28.3700 0.9840 3.14600 8.3 CeO2 cubic (111)
46.8617 2.3616 1.93877 3.7 Al2O3 cubic (400)

730 28.1869 0.7872 3.16602 10.4 CeO2 cubic (111)
46.6590 2.3616 1.94672 3.7 Al2O3 cubic (400)

930 28.5190 0.2952 3.12989 27.8 CeO2 cubic (111)
33.0933 0.2460 2.70698 33.7 CeO2 cubic (200)
47.6117 0.4428 1.90997 19.6 Al2O3 cubic (400)
56.4248 0.3936 1.63078 22.9 CeO2 cubic (311)
76.9052 0.5904 1.23971 17.2 CeO2 cubic (420)

approximately 452, 519, and 979 cm−1, in which its
intensity increased as lase energy, the observed in-
crease is reasonable at it likely reflects improvements
in crystallinity. These spectra show a high and sharp
peak centered at 452 cm–1. This sharp Raman peak
corresponds to the F2g Raman vibrational mode of
fluorite-type CeO2, indicating a high degree of crys-
tallinity of cubic symmetry.24 The peak associated
with 519 cm–1 is the porous silicon n-type phonon
mode.25 One reason the samples have a big, uneven
peak at about 979 cm–1 could be the second-order
phonon, which relates to local modes around va-

cancies. Consequently, it is assumed that the CeO2
samples can function as more effective photocata-
lysts by preventing electron-hole pair recombination
through the addition of oxygen vacancies or by rais-
ing the concentration at their surface.24 The presence
of the alpha alumina peak at 1313 cm–1 suggests
the presence of a very small amount of Al2O3, while
the weak peak at roughly 615 cm–1 belonged to the
symmetry A1g vibrational mode of Al2O3.26 The peak
1313 cm–1 might be ascribed to the phase transition
from theta alumina to alpha alumina when com-
bined with XRD observations. Both visible Raman
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Fig. 3. Raman spectroscopy patterns of CeO2:Al2O3 nanocomposite at different pulse laser energies.

spectroscopy and XRD provide comparable structural
information. This might be related to the fact that
visible Raman spectroscopy is better at picking up
changes in phase than XRD, which needs a long-
range order, and that visible Raman spectroscopy is
in charge of band change. High-intensity lasers trans-
form theta to alpha alumina.

Atomic force microscopy of CeO2:Al2O3

nanocomposite

Fig. 4 shows the AFM images of the surface of the
CeO2:Al2O3 Composite at pulse laser energies of 530,
730, and 930 mJ on the glass substrate. It was ob-
served that the surface morphologies and roughness
of CeO2:Al2O3 were obviously different depending on
laser energy. The CeO2:Al2O3 particles energy pulse
at 530, 730, and 930 mJ show average heights of
18.65, 20.40, and 28.94 nm and Root mean square

values of 23.75, 25.12, and 41.75 nm, respectively.
The RMS surface roughness rises as laser energy in-
creases.27 The greater grain size of the CeO2:Al2O3
thin films and the formation of tiny grains with ever
bigger sizes and polycrystalline structures are the
causes of the increased roughness. According to the
AFM pictures, the thin films’ surface morphology
shows that the grains are dispersed uniformly. Gas
sensors and other applications require this surface
characteristic.

Field emission scanning electron microscope of
CeO2:Al2O3 nanocomposite

The CeO2:Al2O3 Composite deposited on the PS
n-type substrate with different Magnifications of
500 nm and 10 µm was investigated by FESEM,
as shown in Fig. 5. The majority of the CeO2 and
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Fig. 4. AFM images of CeO2:Al2O3 nanoparticle at different pulse laser energies.

Fig. 5. FESEM images of CeO2:Al2O3 nanocomposite with different Magnifications of 500 nm and 10 µm at different pulse laser energies.



BAGHDAD SCIENCE JOURNAL 2026;23(4):1135–1145 1141

Fig. 6. The hυ versus (αhυ)2 plot of CeO2:Al2O3 composite nanostructures.

Al2O3 Particles was found to most have spherical
nanostructures, with an average size of (14, 16, 18)
nm, respectively with laser energy 530, 730 and 930
nm. There aren’t any noticeable variations across
the samples, suggesting that each sample’s physical
makeup is comparable, and agglomerations signifi-
cantly increase with increasing pulse laser intensity.

UV-V spectroscopy analysis of CeO2:Al2O3

nanocomposite

We studied the optical properties of CeO2: Al2O3
composite nanostructures in the 300–1200 nm range
using UV-V spectroscopy. The nanostructures were
made using pulse laser deposition (PLD) on glass sub-
strates at room temperature with pulse laser energies
530,730 and 930 mJ. The optical transmittance spec-
tra of the CeO2: Al2O3 nanostructures as a function of
wavelength are shown in Fig. 6. It shows up as a broad
transmission from the visible to ultraviolet spectra.
transmittance in the visible and near infrared region
of better than 88% at E= 930mJ, while it was reduced
at E=730 and 530 mJ. In solar cell applications, the
high transmittance values of CeO2: Al2O3 indicate
that the generated samples are best suited for use as a
window layer. The optical energy gap for CeO2: Al2O3
nanocomposite has been determined using Eq. (2).
These films’ band gap may be calculated by extrap-
olating the straight-line extension of the depicted
curve’s linear portions to (αhv)2

= 0. The optical
bandgap of CeO2: Al2O3 thin films was determined
to be 2.36, 2.62, and 2.66 eV for 530 mJ, 730 mJ,

and 930 mJ, respectively, at varying laser energies.
The quantum confinement effect caused the energy
gap to widen as the laser pulse energy grew. Studying
the refractive index (n) and the extinction coefficient
(k) will complete the basic study of the optical prop-
erties and behavior of the nanocomposite. Using a
transmittance spectrum, n and k were calculated as
a function of wavelength in the 300–1000 nm range
by Eqs. (3) and (4). Fig. 7 For CeO2: Al2O3 thin film
deposits at room temperature and with different laser
energies (530, 730, and 930 mJ), the refractive index
and extinction coefficient vary with wavelength. It
can be observed that as the wavelength increases,
the extinction coefficient increases and the refractive
index drops. The growing energy gap impacts the
morphology of the films, causing a change in the re-
fractive index. Also, Fig. 7 illustrates that, depending
on the concentration rate of mixing materials and the
conditions of preparation, the refractive index of ap-
proximately 1.7 can be achieved along the visible-NIR
region and is suitable for optical filter applications.
By optimally choosing the deposition conditions, we
successfully control the phenomenon of dispersion,
achieving a stable refractive index, which is very im-
portant in optical coating applications.16,17

Conclusion

Pulsed laser deposition is a simple and highly
flexible method for producing thin films and
nanomaterials from a wide range of materials.
PLD has successfully produced ultra-high-quality
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Fig. 7. The refractive index and extinction coefficient of CeO2:Al2O3 composite nanostructures.

crystalline CeO2:Al2O3 nanocomposite thin films on
porous N-type silicon substrates. PLD deposits metals
not only on the bottom of the pores but also on the
walls and openings of the pores, as porous silicon is a
porous semiconductor electrode and is therefore used
in a variety of optical applications. solar cells, sensors,
and optical coatings are proposed as future directions
based on the observed material properties such as
solar cells, sensors, and optical coatings are proposed
as future directions based on the observed material
properties. CeO2:Al2O3 nanocomposite thin film
structure, morphology, and optical characteristics
have all been studied in relation to laser settings
(pulse energy), and the use of these materials in a
range of applications is affected by this. An aluminum
oxide and cerium oxide nanoparticle’s XRD results
revealed the existence of a polycrystalline cubic
phase structure. The findings also showed that the
particles that had clumped together crystallized
well at 930 mJ laser pulse energies, and the Raman
spectra bands were clearer and stronger at that level.

The average size and roughness of the irregular
nanostructures with varying diameters grew as the
laser’s energy rose, according to the AFM and FESEM.
The CeO2:Al2O3 nanostructures can pass a lot of light,
from visible to ultraviolet, up to 88% at E = 930
mJ. They work best for solar cell applications. The
quantum confinement effect caused the energy gap
to widen as the laser pulse energy grew.
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اطياف رامان والخصائص البصرية لأكاسيد المركبات النانوية السيريوم: 

 الألومنيوم المحظرة بتقنية  الترسيب بالليزر النبضي

 الاء نزار عبدالغفار، نهى حسن حرب، صباح نوري مزهر

 قسم الفيزياء، كلية العلوم للبنات، جامعة بغداد، بغداد، العراق.

 الخلاصة

بحثت هذه الدراسة في تأثيرات طاقة الليزر على آلية تغير الطور، والخصائص البصرية، وبنية مركبات نانوية من 

CeO2:Al2O3( المحضرة  بتقنية ترسيب بالليزر النبضيPLD أجُريت الدراسة باستخدام مطيافية رامان، ومطيافية الأشعة فوق .)

(، والمجهر إلكتروني الماسح AFM(، ومجهر القوة الذرية )XRDالسينية )(، وحيود الأشعة UV-Visالبنفسجية والمرئية)

(FESEM( وتم المقارنة بين النتائج باستخدام شدات ليزر نبضي مختلفة .)أنُشئت ركائز سيليكون  930، و730، و530 .)ملي جول

ائج حيود الأشعة السينية لجسيمات  . أظهرت نتn( باستخدام النقش الكهروضوئي الكيميائي للسيليكون من النوع PSمسامية )

CeO2:Al2O3  النانوية وجود بنية طور مكعب متعدد البلورات. كشف مطياف رامان لمركباتCeO₂:Al₂O₂  عن قيم ضعيفة عند

، مع تزدايد شدتها مع زيادة طاقة الليزر. ترتفع خشونة ¹⁻سم 979و 519و 452، واقمم رئيسية عند حوالي ¹⁻سم 1311و 615حوالي 

بزيادة طاقة الليزر. تتميز غالبية المركبات النانوية بهياكل نانوية كروية موزعة عشوائياً وتزداد بشكل أكبر عند زيادة طاقة  RMSطح س

إلكترون فولت لطاقات الليزر  2.66و 2.62و 2.36لتكون  CeO₂: Al2O3الليزر. تم تحديد فجوة النطاق الضوئية للأغشية الرقيقة 

أثير التقيد الكمي في اتساع فجوة الطاقة مع نمو طاقة نبضة الليزر. يسُهم أكسيد السيريوم بشكل كبير في النتائج، ويفُضّل المتغيرة. تسبب ت

ات استخدامه على المواد التقليدية في المركبات النانوية، إذ يحُسّن خصائص المواد الأساسية ويجعلها أكثر استقرارًا عند ترسيبها في درج

 وهو ما يظهر في هذا العمل. ويسُتخدم أيضًا في التطبيقات البصرية ومجموعة متنوعة من التطبيقات الأخرى.حرارة عالية. 
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