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Introduction 

Due to their appealing features, copper oxides have been widely studied in semiconductor 
physics. The copper oxide family includes two stable oxides: cuprous oxide (Cu2O) and cupric 
oxide (CuO) [1]. These oxides exhibit distinct physical, chemical, and optical characteristics. 
Notably, CuO thin films are p-type semiconductors with an optical bandgap of approximately 
2.6 eV [2]. Several techniques have been employed for depositing CuO thin films, each offering 
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The mix of thin metal oxide coatings with rare earth elements 
demonstrates great potential for improving structural and optical 
properties in advancing optoelectronic devices and gas sensors. This 
study investigated the impact of varying weight ratios mixing of 
lanthanum oxide (La₂O₃) on copper oxide (CuO) thin films' structural, 
topographic, microstructural, and electronic transition characteristics. 
The characteristics of films developed via pulsed laser deposition were 
examined utilizing X-ray diffraction (XRD), energy-dispersive X-ray 
(EDX) spectroscopy and atomic force microscopy (AFM), field emission 
scanning electron microscopy (FE-SEM), photoluminescence (PL) and 
UV-Vis spectroscopy analysis. According to the structural analysis, the 
polycrystalline copper oxide film crystallized with a dominating peak 
towards the (111) diffraction peak. The dominant peak intensity 
decreased as the lanthanum oxide content increased, and the crystal size 
reduced from 19 to 17.4 nm. The elemental analysis confirmed the 
presence of O, Cu, and La elements and no other EDX emission peaks 
corresponding to additional elements or impurities. The as-deposited 
CuO film had a wide nano-grain distribution, with an average grain size 
of 100 nm and an average RMS of 3.7 nm. In contrast, the La2O3 mixed-
CuO samples showed a decrease in average grain size and increased RMS 
to 4.9 nm for the largest La2O3 mixing ratio. The optical analysis verified 
a reduction in the CuO absorbance spectrum and a blue shift in the 
absorption edge with an increasing mixing ratio of La2O3, raising the 
optical energy gap from 2.25 eV to 2.85 eV. The results indicate that the 
mixing of La₂O₃ substantially modifies the structural and optical 
characteristics of CuO thin films, rendering the developed films suitable 
candidates for gas sensing and optoelectronic applications. 
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unique advantages and suitability for specific applications. Various deposition techniques, 
including sputtering [3], thermal evaporation [4], oxidation [5], molecular beam epitaxy [6], 
and electrodeposition [7], have been used to fabricate CuO films.  

Among these techniques, pulsed laser deposition (PLD) is a highly effective method for 
thin film fabrication, particularly in preserving stoichiometry in complex material. PLD 
involves using a high-energy pulsed laser to ablate a target material in a vacuum chamber, 
generating a plasma plume that subsequently deposits onto a substrate. This method allows 
precise control over film thickness, composition, and crystallinity. Although PLD is not widely 
utilized for CuO deposition, it has demonstrated the capability to produce thin film with 
enhanced structural and optical characteristics [8]. CuO is widely used in various applications 
owing to its availability of constituent elements in nature, thermal stability, and outstanding 
electrochemical characteristics. CuO thin films are attractive materials for optical applications 
[9, 10], energy storage devices [11], a saturable absorber layer [12], and gas sensors [13] 
owing to their semiconducting characteristics. 

Rare earth elements (REE) are valuable resources owing to the unique electrical, optical, 
and chemical properties of their 4f-shell ions. They are widely used in magnets, catalysts, high-
performance luminescence devices, and other materials [14]. The rare earth element La2O3 is 
commonly used in thermoluminescence, luminescence, supercapacitor applications, and 
photonics [15]. CuO is categorized as a p-type semiconductor, indicating that the predominant 
charge carriers in the material are holes [16]. Likewise, La2O3 is classified as a p-type 
semiconductor, indicating that holes are the primary charge carriers. When layers of CuO and 
La2O3 are combined to form a heterojunction, the surface of CuO-La2O3 heterostructures 
enables effective charge-transfer processes. The difference in work function between La2O3 
(2.3 eV) and CuO (5.32 eV) leads to electron transfer from La2O3 to CuO, resulting in the 
formation of heterojunctions until the Fermi levels are balanced, thereby modifying the 
electrical properties of CuO- La2O3 heterostructures [15, 17]. This study aimed to prepare 
nanostructured copper oxide thin films incorporated with various ratios of La2O3 using the 
one-step PLD technique. This project investigates the impact of incorporating La2O3 into CuO 
thin films on their structural and optical characteristics, representing a notable advancement 
in creating innovative materials that enhance the functionality of semiconductors for future 
gas sensing applications. 

Materials and Purity 

High-purity materials were used in this work to ensure reliable and reproducible results. 
Copper oxide (CuO) powder with 99.999% purity(from Aldrich) and lanthanum oxide (La₂O₃) 
powder with 99.999% purity (from Sigma-Aldrich) were employed to fabricate CuO-La2O3 
composite thin films. La2O3 was added to CuO at weight ratios of 1 wt.%, 3 wt. %, and 5 wt. %, 
labeled as L1, L3, and L5, respectively. All chemicals were used in their raw form to maintain 
consistency across the experiment. 

Experimental work 

A pulsed laser deposition (PLD) technique was employed at room temperature (28°C) to 
deposit CuO and La2O3-mixed CuO thin films on silicon substrates. The laser wavelength was 
1064 nm, with a pulse energy of 200 mJ and a repetition frequency of 6 Hz. The deposition 
chamber was equipped with a substrate mask and a rotating target holder, as shown in Fig.1. 
Thin film deposition was conducted in the vacuumed chamber. The target-substrate distance 
was adjusted to 2 cm, and the laser gun-target distance was adjusted to 5 cm. A CuO thin film 
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was developed by compressing 5 grams of CuO powder with a purity of 99.999% (by Aldrich) 
into a pellet target 2 cm in diameter and 0.5 cm in thickness by applying a 15-ton hydraulic 
press for 24 hours. The film deposition was conducted under a vacuum of 2.2×10-2 kPa. The 
La2O3-incorporate CuO films were prepared by repeating the previous procedure by adding 
La2O3 powder at weight ratios of 1 wt.%, 3 wt.%, and 5 wt.% to the CuO powder, which were 
denoted to as L1, L3, and L5, respectively. Thin film thickness is determined by analyzing the 
cross-sectional FE-SEM images with the assistance of ImageJ software. 

 

Fig.1 Schematic diagram of a typical laser deposition set-up. 

Results and discussion 

X-ray diffraction (XRD) investigation: 

Fig.2 shows the  XRD patterns of CuO and CuO mixed with La2O3 thin films displayed in 
thin films deposited on a silicon substrate. The intense peak at a diffraction angle of 2θ≈69° 
corresponds to the (111) direction of the Si substrate.  Four distinguished XRD diffraction 
peaks were observed for the as-deposited CuO thin film corresponding to (10-1), (111), (20-
2), and   (-113) of monoclinic CuO structure according to JCPDS card No. 96-101-1195. 
Scherrer's formula (Equation (1)) was utilized to determine the crystallite size (D) [18], which 
was found to be 19 nm. The X-ray diffraction pattern did not show any additional phase, which 
refers to the purity of prepared films.   

An additional peak appeared at 29.7° for a high La-mixing ratio, corresponding to the 
(101) plane of the La2O3 structure JCPDS NO 05-0602. The intensity of these peaks increased 
with an increasing mixing ratio. The increase in peak intensity is due to improved crystallinity, 
higher La₂O₃ phase concentration, reduced lattice strain, and the stronger X-ray scattering 
power of La atoms enhancing diffraction signals.   
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where θ is the diffraction angle,  λ is the wavelength of XRD spectra, and β is the full width at half 

maximum (FWHM) of the peaks. Table 1 lists the XRD parameters of the analyzed samples. The 
average crystallite size was reduced from 19 nm for the as-deposited samples to 17.4 nm for 
the L5 sample. The decrease in crystallite size may be due to the difference in the atomic 
radius of the host matrix and the mixed material. The crystal structure in the La2O3-mixed CuO 
film remains unchanged except for a slight change in the peak positions. The diffraction peak 
shift was attributed to the induced lattice strain caused by the lanthanum mixing, which can be 
associated with the different sizes of copper and lanthanum atomic radius [19]. 

 

Fig.2 XRD spectra of the as-deposited and La2O3-mixed CuO thin films at various ratios 

Table 1: XRD parameters of pure and La2O3-mixed CuO thin films prepared at different ratios. 

Sample 
2θ 

(Deg.) 

FWHM 

(Deg.) 
dhkl Exp.(Å) hkl Phase D (nm) 

Average 

D (nm) 

As-deposited 

CuO 

35.5353 0.3779 2.5243 (10-1) CuO 22.1 

19 
38.7264 0.5038 2.3233 (-111) CuO 16.7 

48.8873 0.4619 1.8615 (20-2) CuO 18.9 

61.8195 0.5039 1.4996 (-113) CuO 18.4 

L1 

35.5239 0.4204 2.5251 (10-1) CuO 19.9 

18.3 
38.6934 0.4528 2.3252 (-111) CuO 18.6 

48.9133 0.6145 1.8606 (20-2) CuO 14.2 

61.5589 0.4528 1.5053 (-113) CuO 20.4 

L3 
29.7671 0.4204 2.999 (-101) La2O3 19.6 

17.9 
35.5563 0.5174 2.5228 (10-1) CuO 16.1 
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38.7257 0.4705 2.3233 (-111) CuO 17.9 

48.881 0.4828 1.8618 (20-2) CuO 18.1 

L5 

29.9935 0.5175 2.9768 (-101) La2O3 15.9 

17.4 
35.4916 0.4528 2.5273 (10-1) CuO 18.4 

38.6934 0.4851 2.3252 (-111) CuO 17.4 

48.9133 0.4851 1.8606 (20-2) CuO 18 

Energy-dispersive X-ray (EDX) analysis 

Fig.3 shows the EDX spectra of the CuO and CuO thin films mixed with various La2O3 
contents.  

 

Fig.3 EDX spectra of La2O3 –mixed CuO thin films at different mixing ratios (a) 1%, (b) 3%, and (c) 5% 

The elemental analysis confirmed the presence of O, Cu, and La elements and no other 
EDX emission peaks corresponding to additional elements or impurities. The analysis 
confirmed a decline in the copper-weighted ratios (Cu wt%) with a rise in the lanthanum 
oxide mixing ratio, indicating that the lanthanum was effectively mixed in the copper matrix. 
The high-intensity peak at 1.7 keV corresponds to the Si substrate. Table 2 lists the elemental 
analysis results of the CuO and La2O3-mixed CuO thin film at various mixing ratios. 

 

 

Table 2: EDX analysis of the La2O3 –mixed CuO thin film at different mixing ratios 

 

Atomic % Wt.% 
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Element O Cu La O Cu La 

L1 63.6 35.1 1.3 29.7 65.1 5.1 

L3 66.4 31.8 1.8 31.9 60.6 7.6 

L5 80.1 16 3.9 45.1 35.8 19.1 

Topographical analysis  

Fig.4(a-d) shows the topographical 3D test Atomic Force Microscopy (AFM) images of the 
prepared thin films. Root mean square (RMS) analysis was adopted to evaluate the surface 
roughness of the deposited films, which statistically is the deviation in the deposited atoms' 
height from the film surface's mean level.  

 

Fig.4 AFM images of the CuO and La2O3-mixed CuO thin films at different ratios 

The as-deposited CuO sample (Fig.4a) revealed a wide nano-grain size distribution with 
an average 100 nm and an average RMS of 3.7 nm. The mixed sample with 1 wt.% and 3 wt.% 
La2O3 (Fig. 4b and C) decreased the average grain size to 98 nm and 76 nm with an 
enhancement in the RMS to 4.4 nm and 4.9 nm, respectively. The decrease in grain size is due 
to La₂O₃ inhibiting grain growth by pinning grain boundaries and introducing structural 
distortions. La₂O₃ alters the surface energy and promotes smaller, stabilized grains, enhancing 
surface roughness and material uniformity [20]. When the La2O3 increased to 7 wt.%, the 
topographical RMS decreased to 4 nm. The average grain size decreased to 54 nm with a more 
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homogeneous atomic distribution, as shown in Fig.4c. The surface roughness and smaller 
particle size offer a large surface area, effective more gas molecule adsorption, influencing the 
performance of gas sensor devices [21, 22]. 

Table 3: Average diameter and RMS of the As-deposited CuO La2O3-mixed CuO thin films at 
different ratios 

Sample Average Diameter (nm)              Roughness (nm) RMS roughness (nm) 

As-deposited CuO 100.8 26.58 3.7 

L1 98.56 46.19 4.4 

L3 76.56 26.46 4.9 

L5 54.3 13.06 4 

Surface morphology investigations: 

     Fig.5 presents the Field emission scanning electron microscopy (FE-SEM) of the pure and 
La2O3 mixed CuO thin films fabricated under varying La2O3 mixing ratios.  

 

Fig.5. Top view FE-SEM images (a) CuO, (b),  L1 (c), L3, and (d) L5- samples 

The findings illustrate a smooth surface for the as-deposited sample, interspersed with 
nanostructural particles ranging in size from 70 to 94 nm. Adding La₂O₃ to CuO thin films 
alters their surface morphology. Initially, smooth films develop nanostructures as La₂O₃ 
concentration increases.  This suggests La₂O₃ disrupts CuO film growth, leading to a rougher 
surface with increased nanoparticle density. The smooth surface of the as-deposited sample 
was gradually composed of nanostructures attached to the sample surface as the La content 
increased. Semi-spherical nanoparticles with average nanoparticle diameters ranging from 
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about 29 to 73 nm for the L1 sample and increasing the La content to 3% caused an increase in 
the diameter of attached spheres to reach around 500 nm. The increase of the La2O3 mixin 
ratio to 5wt.% resulted in a variation in the nanostructure to rod-like structures attached to 
the sample surface with diameters of about 70 nm and lengths of 330 nm. These rod-like 
nanostructures suggested separate phases of La2O3, confirmed by the XRD results at high 
La2O3 ratios. The same La2O3 structure was prepared under specific conditions, as described in 
a previous study [23]. The cross-sectional images of the La2O3 mixed thin film prepared at 
different mixing ratios on Si substrates (Fig. 5e-g) show a well-stacked thin film on the 
substrates without any defects or cracks, indicating the compatibility between the deposited 
films and the substrates.  

Photoluminescence (PL) results 

Fig. 6 shows the PL spectra of the CuO pure and La2O3-mixed CuO thin films, with varying 
percentages compared with the pure CuO pattern in the wavelength range 500–1200 nm at 
room temperature.  

 

Fig.6 PL spectra of the CuO and La2O3 mixed with CuO thin films at various mixing ratios 

 Three distinct peaks were observed in all samples. A broadband peak at approximately 630 
nm (1.97 eV) is attributed to the band-to-band transition of CuO facilitated by phonon-assisted 
emission. The peaks centered around 760 nm (1.63 eV) and 890 nm (1.39 eV) are likely 
associated with oxygen vacancy and copper vacancy, respectively, owing to electronic 
transitions between oxygen interstitials and copper vacancies [24]. 
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The PL spectra of the mixed samples with La2O3 exhibited a blue shift, suggesting a change 
in the material's electronic structure due to the incorporation of La₂O₃ in emission related to 
the band-to-band transition, specifically at 585 nm (2.12 eV), 560 nm (2.21 eV), and 480 nm 
(2.58 eV) for the L1, L3, and L5 samples, respectively. The two peaks corresponding to oxygen 
and copper vacancies were fixed at the same positions but at different intensities. Minor peaks 
at approximately 820 nm can be attributed to non-stoichiometric defect-assisted 
recombination [25]. The increasing intensity of the photoluminescence band at 760 nm 
indicates an increase in the number of oxygen vacancy defects. Increasing the band intensity at 
760 nm while reducing the band intensity at 890 nm with increasing the L2O3 content 
indicated an increase in the oxygen vacancies while reducing the metal vacancies. Oxygen 
vacancies play a crucial role in the gas-sensing mechanism of La-mixed CuO thin films. For gas 
sensing devices, the oxygen vacancies modified the electronic structure, increasing the 
interaction between gas molecules and the electrons trapped at these oxygen vacancies at the 
material's surface, leading to large variations in electrical conductivity. 

UV-visible spectroscopy analysis 

The optical absorption spectra of the as-deposited CuO and CuO mixed with La2O3 thin films 
are shown in Fig.7. A decrease in absorbance and a blue shift in the absorption edge were 
observed with increasing the mixing ratio of La2O3. The incorporation of La2O3 causes changes 
in the band structure, increasing the optical bandgap. Increasing the La2O3 mixing ratio caused 
the absorption edge to shift toward shorter wavelengths (blue shift). This behavior is typically 
associated with quantum confinement effects or changes in the crystal structure, which alter 
the material’s electronic properties. The La2O3 mixing may introduce defects such as oxygen 
vacancies into the CuO crystal lattice. These defects can modify the electronic structure by 
introducing localized states within the band gap, affecting absorption behavior [26]. This 
property is effective for solar cells and optoelectronic devices. 

 

Fig.7 UV-vis spectra of the as-deposited and La2O3 mixed-CuO thin films 

The Tauc plot determined the direct and indirect optical energy band gaps (Eg) in pure and 
La-mixed CuO thin films. The Eg is obtained from the intercept point of the tangential line with 
the X-axis [27], as illustrated in Fig.8.  
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Fig.8 Tauc plot of the as-deposited and La2O3 mixed-CuO thin films (a) direct and (b) indirect 
transitions 

Table ‎0: Direct and indirect Eg values for each sample 

Samples Direct Eg (eV) Indirect Eg (eV) 

CuO 2.25 1.1 

L1 2.4 1.2 

L3 2.8 1.5 

L5 2.85 1.7 

The outcomes validate an increase in direct and indirect band gaps with increasing the 
La2O3 concentrations, from 2 to 2.3 eV and from 1.1 to 1.7 eV for direct and indirect 
transitions, respectively, as demonstrated in Table (4). This increase in the energy bandgap is 
attributed to a reduction in the crystalline size, as evidenced by the XRD results [28]. In 
addition, an increasing bandgap appeared in degenerately mixed semiconductors, where the 
carrier concentration was sufficiently high for the Fermi level to approach the bottom or top of 
the conduction or valence band [29]. 

Conclusions 

In this work, the as-deposited and La2O3 mixed-CuO thin films have been successfully 
deposited using pulsed laser deposition. La₂O₃ incorporation leads to detailed changes in 
structural characteristics, morphological features, and optical properties of CuO thin films 
deposited by pulsed laser deposition (PLD). The results show that mixing La₂O₃ with CuO 
leads to modifications of crystallite dimensions and the film surface characteristics. The 
promising nature of rare-earth mixing for enhancing CuO-based material properties becomes 
evident when considering decreased grain size alongside raised surface roughness and 
transformed electronic band structure. Oxygen vacancies within the films are essential in 
changing PL spectrum and bandgap widths, resulting in higher carrier mobility and better gas 
adsorption performance. The findings of La2O3-mixed CuO thin films indicate their potential to 
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be attractive determinations for optoelectronic devices and environmental sensing 
applications.  
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دراسة الخصائص التركيبية والبصرية لأغشية أكسيد النحاس الرليمة الممزوجة بؤكسيد اللانثانيوم 
المترسبة باستخدام الترسيب بالليزر النبضي لتطبيمات الأجهزة الالكتروبصرية  وأجهزة استشعار 

 الغاز المستمبلية
 

 *جمال مال الله رزيج ، عبير محمد عناد

 ، العراقالعلوم، جامعة الأنبار، الرماديلسم الفيزياء، كلية 

  

 معلومات البحث:  الخلاصة:
يظُهرر مرزيط طرلاءات أكؤسرريد المعرادي الرليمرة مرر العناصررر الأرضرية النرادرة ةمكانرات كبيرررة 

لتحسرريي الخصررائص التركيبيررة والبصرررية  رري تطرروير الأجهررزة البصرررية ا لكترونيررة وأجهررزة 

استشررعار الغررازث بحثررت دررسة الدراسررة  رري تررؤثير مررزي نسررب وزنيررة متباينررة لأكسرريد اللانثررانيوم 

(La₂O₃  علررررخ الخصررررائص التركيبيررررة والطوبوغرا يررررة والتركيررررب المررررايكروي والانتمررررا )

(ث تررم  حررص خصررائص الأغشررية المطررورة CuOا لكترونرري لأغشررية أكسرريد النحرراس الرليمررة )

( وتمنيرة الأشرعة السرينية XRDعبر الترسيب بالليزر النبضي باستخدام حيرود الأشرعة السرينية )

( والمجهرررر الالكترونررري الماسررر  سو AFMوى السريرررة )( ومجهرررر المرررEDXالمشرررتتة للطالرررة )

( وتمنية الأشرعة  روق البنفسرجية المرئيرةث PL( والتآلك الضوئي )FE-SEMالمجا  الانبعاثي )

و ماً لحلي  النتائط التركيبية، كاي تبلور غشاء أكسيد النحاس متعدد البلورات مرر سروة مهيمنرة 

ة السائدة مر زيرادة محتروى أكسريد اللانثرانيوم، (ث انخفضت شدة السرو111نحو سروة الحيود )

نررانومترث أكررد التحليرر  الأولرري للعناصررر وجررود  17.4ةلررخ  19وانخفررا الحجررم البلرروري مرري 

أخرى تتوا ك مرر  EDXعناصرالاوكسجيي والنحاس واللانثانيوم وعدم وجود سروات انبعاث 

نانويرة واسرر، بمتوسرط المترسب توزير حبيبرات  CuOعناصر أو شوائب غريبةث كاي لغشاء 

نرانومترث  ري الممابر ،  3.7نانومتر ومتوسط جسر تربيعي لمعد  الخشونة  100حجم حبيبات 

انخفاضًررا  رري متوسررط حجررم الحبيبررات وزيررادة  CuOالممزوجررة مررر  La₂O₃أظهرررت عينررات 

ث  La₂O₃نرانومتر لأكبرر نسربة خلرط  مري  4.9ومتوسط الجرسر التربيعري لمعرد  الخشرونة ةلرخ 

وتحررررو  أزرق  رررري حا ررررة   CuOلتحليرررر  البصررررري انخفرررراا  رررري طيرررر  امتصرررراص أكررررد ا

 2.25، مما ر رر ممردار  جروة الطالرة البصررية مري La₂O₃الامتصاص مر زيادة نسبة خلط  

يعد  بشك  كبيرر  La₂O₃ةلكتروي  ولتث تشير النتائط ةلخ أي خلط  2.85ةلكتروي  ولت ةلخ 

رليمرة، ممرا يجعر  الأغشرية المطرورة مرشرحة ال CuOالخصائص البنيويرة والبصررية لأغشرية 

 مناسبة لاستشعار الغاز والتطبيمات البصرية ا لكترونيةثث
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