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In this work, three Zinc oxide (ZnO) and Chromium (ӀӀӀ) oxide (Cr2O3) based heterostructures Ag/ZnO/Si/Ag, 
Ag/Cr2O3/Si/Ag, and Ag/ZnO/Cr2O3/Si/Ag, were fabricated and characterized to evaluate their efficiency in 
solar cell and photodetector applications. All samples exhibited heterojunction behavior in I–V measurements 
conducted in both dark and illuminated conditions. The reverse current significantly improved under 
illumination, indicating effective electron-hole pair generation. This is particularly true for the 
Ag/ZnO/Cr2O3/Si/Ag binary structure, which recorded the highest forward current due to its low energy barrier 
and the synergistic effect between the two layers. Spectroscopically, in photodetector examinations, three main 
spectral peaks were observed: at ~350 nm (specific to ZnO), ~550 nm (specific to Cr2O3), and ~850 nm 
(specific to silicon). ZnO/Si showed a high response at ~350nm and ~850 nm, while Cr2O3/Si showed a more 
pronounced peak at ~550 nm, ~850 nm, with a weak response in the ultraviolet range. ZnO/Cr2O3/Si combined 
the responses of both materials, showing improved performance in all ranges (UV-Vis-NIR). These results 
confirm that the ZnO/Cr2O3/Si binary structure offers unique optical and electronic integration, allowing for 
improved photosensitization efficiency in multiple spectral ranges without negatively affecting current stability 
in the dark. This structure also demonstrates its potential for integration into hybrid applications that combine 
efficient photoelectric conversion with high spectral response, enhancing its feasibility in sustainable energy 
systems and optical detection. 
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1. Introduction 
 
Metal oxides are among the most attractive nanomaterials to researchers due to their wide band gaps, 

excellent chemical stability, and ease of structural modification, which enable them for several applications, 
especially in energy generation and optical sensing [1]. With an energy gap between 2.3 and 3.0 eV, Cr2O3 is unique 
among these oxides. Its exceptional absorption of visible light and resilience to extreme environmental conditions 
make it perfect for optical applications [2]. 

In contrast, ZnO is distinguished as a semiconductor with an energy gap of (~3.3) eV, making it a better 
choice in ultraviolet detectors, storage devices, and solar cells due to its high transparency in the visible range and its 
superior ability to transport electrons [3]. Studies have shown that integrating multiple oxides within a single 
nanostructure increases the efficiency of optical and photoelectric devices by reducing recombination, improving 
light absorption, and separating photovoltaic charges. In addition, the use of silicon (Si) as a cornerstone in the 
manufacture of optoelectronics, due to its ideal properties as a semiconductor and its good integration with oxide 
materials in nanostructures, makes it more widely used as a substrate and deposition base for these nanostructures 
and the possibility of good electrical conductivity within solar cell and photodetector applications [4, 5]. The use of 
Ag within these structures helps in electrical conductivity and increases light absorption due to the plasmon resonance 
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phenomenon [6]. Multilayers are among the most important materials in this field due to their efficiency in converting 
light energy into electrical energy and increasing the sensitivity of optical detection at various wavelengths. Among 
the prominent applications of these materials are solar cells, which rely on converting light into direct electrical 
current, and photodetectors, which are used to sense electromagnetic radiation and convert it into a measurable 
electrical signal, as shown in Fig. 1 [7, 8]. Despite the many studies that have addressed the synthesis of ZnO, Cr2O3 
separately or in combination using traditional chemical methods such as thermal methods, chemical deposition, and 
sol gel, the laser ablation method in liquid provides an environment free of contaminants and produces highly pure 
nanoparticles characterized by tunable particle dimensions and distribution by adjusting the laser parameters. 
Previous research has shown that the particles produced by this technique are characterized by high efficiency 
compared to other techniques due to their lack of organic residues or surface contaminants. For example, Mutar, Z, 
S and Mutlak, F, A prepared ZnO particles by different techniques and deposited them on porous silicon substrates, 
showing efficiency of photonic absorption and energy transformation in photovoltaic applications [9]. Research 
conducted by Chatzigiannakis, G. et al. proved the effect of laser-prepared microstructure on the effectiveness of 
ZnO and Si solar cells, showing improved response across a wide spectrum [10]. In addition, a study by Rabia, M., 
et al., which dealt with the preparation of a thin film of Cr2O3-Cr (OH)3-Polypyrrole/Polypyrrole and its use in 
photodetectors and solar cells, showed excellent photo response results and good energy conversion efficiency [11]. 
In this research, three nanostructures were prepared on a silicon substrate.  Ag/ZnO/Si/Ag, Ag/Cr2O3/Si/Ag, 
Ag/ZnO/Cr2O3/Si/Ag. The integration of Cr2O3 and ZnO on a silicon substrate enhances light absorption across a 
broad spectrum and increases charge separation efficiency. The goal of this work is to investigate these nanostructures 
in two complementary practical applications: Solar cells: By analyzing the current-voltage (I–V) characteristics under 
forward and reverse biases for each structure, we evaluate the dual behavior and photovoltaic potential and 
photodetectors: Through quantification of specific detectivity (D*), responsivity (R) and external quantitative 
efficiency (EQE), we determine the spectral sensitivity and photon-to-electrical conversion efficiency. Also, after 
studying their structural and optical properties and knowing the surface topography to make them suitable for 
increasing the absorption spectrum in the ultraviolet and visible regions, which in turn increases the spectral response 
and improves the electrical properties of silicon detectors. 

 

 
 

Fig. 1. Basic diagram of Photovoltaic solar cell. 
 
 
 



 
2. Experimental parts 
 
2.1. Preparation of (Cr2O3 and ZnO) NPs using the laser ablation method.  
The synthesis of Cr2O3 and ZnO NPs by pulsed laser ablation of a high-grade composition for Cr as well as 

Zn target in deionized water (DI). A 5-ton hydraulic press was utilized for a duration of 20 min; a mixture of 5 g high-
purity Cr and Zn powder was placed inside a hydraulic press mold to form metal pellets with a diameter of 1.5 cm. 
The next procedure was to place a (Cr and Zn) target in a glass vessel with 50 mL of (DI) water, and focus a laser 
beam on a (Cr and Zn) target. The type of laser beam was Nd: YAG with a wavelength of 1064 nm shone on it. The 
target ablation procedure was performed using a laser beam with 600 pulses, a constant energy of 500 mJ per pulse, 
and a frequency of 8 Hz.as seen in Fig. 2. 

 

  
 

Fig. 2. (A) Sketch of the laser ablation process. (B) The preparation of ZnO and Cr2O3: from left to right are (DI) water, ZnO 
and Cr2O3, respectively. 

 
 

2.2. Fabrication of a photodetector by the drop casting method.  
A 1.5 × 1.5 cm polished silicon (Si) substrate was processed using an ultrasonic bath containing a mixture of 

ethanol and acetone for 20 minutes. This was followed by drying the substrate by heating at 50 °C. After cleaning, a 
micropipette was used to drop a specific amount of the pre-prepared nanoparticle solution (ZnO and Cr₂O₃) onto the 
substrate surface, ranging from (20 to 50) mL. The sample underwent gradual drying on a heated plate at (50 ± 10) 
°C to ensure the formation of a cohesive layer and uniform nanoparticle distribution. Subsequently, silver paste was 
applied to both ends of the deposition zone to create electrodes that ensure effective contact between the active 
material and the external circuit. The silver paste was then fixed using a 100 W tungsten lamp for 10 minutes to 
ensure good adhesion between the electrodes and the substrate surface. The steps of this process are illustrated in Fig. 
3. 

 
Fig.3. Schematics demonstrating the fabrication process of the Ag/ZnO/Cr2O3/Si/Ag heterojunction. 



2.3. Description of the electrical circuit installation. 
To measure the current and voltage, a Keithley-616 digital multimeter, a Tektronics CDM 250 millimeter, 

and a Farnel LT30/2 dual power supply with a voltage range of 0–5 V were used. The forward current was recorded 
when a positive voltage was applied across the contact point of the aluminum metal with the nanostructure layer 
relative to the aluminum electrode on the crystalline silicon substrate. 
 

 
Fig.4. Electrical circuit installation. 

 
 
 
3. Results and discussion. 
 
X-Ray diffraction analysis of samples Cr2O3 and ZnO was performed using the SHIMADZU XRD-6000 

apparatus manufactured in Japan, relying on CuKα radiation with a wavelength of 1.5406 Å. As shown in Fig. 5, the 
emergence of a broad dominant peak at 24.6°, corresponding to the (012) plane, is attributed to the Escolite phase (α-
Cr2O3) of the Quarundum system according to the (JCPDS card No. 1308-38-9) [12], with the absence of other sharp 
peaks. The crystallite size was calculated using the Scherrer equation [13], where the peak width at mid-intensity 
(FHWM) was 8.3°, resulting in a crystallite size of approximately 1.04 nm. This very small size indicates that the 
material has a semi-amorphous structure or very small nanocrystals. This behavior is highly expected in materials 
prepared by physical methods such as laser ablation [14]. These results confirm the effectiveness of the preparation 
method in producing nanomaterials with very small crystallite size. The XRD analysis of the ZnO sample revealed a 
sharp and high peak. The most intense peak appeared at 2θ = 31.8° and 36.4° corresponding to the (100) and (101) 
crystal planes respectively, which is the most distinct plane in ZnO (JCPDS card No. 19–1458) [15]. The XRD pattern 
revealed extra peaks located at 2θ = 34.5°, 47.8°, 56.7°, 68.3°, and 58.0°, corresponding to the (002), (102), (110), 
(103), and (112) planes, respectively, demonstrating that the sample exhibits crystallization within the hexagonal 
wurtzite structure [16]. The mean crystallite size was calculated to be approximately 6.45 nm for ZnO. Table 1 
summarizes the XRD data and calculated parameters for ZnO and Cr2O3. 

 

D =
0.94λ
βcosθ

                                (1) 

 
Where χ is the wavelength of the X-ray (1.5406 Å) for CuKα radiation, β is the full width at half maximum, 

and Ɵ is the peak position. 



 
Fig.5. X-ray diffraction pattern of the (A) ZnO thin film. (B) Cr2O3 thin film. 

 
 

Table 1. XRD results and estimated parameters for Cr2O3and ZnO thin films. 
 

 
 
 
 

 
 
 

Absorption spectra of both Cr2O3 and ZnO compounds were analyzed using UV-Vis spectroscopy with a 
(DU-8800D) spectrophotometer (China) in the wavelength range of (190–1100) nm, as shown in Fig. 6. This analysis 
was used to study the optical response of each material and determine its band gaps. The spectrum showed a sharp 
absorption edge at about 200 nm for Cr2O3 and 250 nm for ZnO. The optical energy gap was calculated using the 
Tauc plot and found to be about 3.2 eV and 3.85 eV for Cr2O3 and ZnO, respectively [17]. These results indicate that 
the material has a wide energy gap, which is consistent with its nanoscale nature and phase variations. 
 
 

 
 

Fig. 6. UV-Vis absorption spectra and estimated energy band gap of ZnO and Cr2O3 NPs. 
 

Samples 2θ (deg) FWHM (deg) dhkl Exp.(Å) D (nm) hkl 

Cr2O3 24.6º 8.3 3.6159 1.04 012 
ZnO 31.8º 1.42 5.8117 5.8 100 

36.4º 1.17 2.4663 7.1 101 



FTIR spectroscopy (ATR-FTIR, ALPHA-BRUKER) was used to analyze the nature of chemical bonds and 
to identify the functional groups present in Cr₂O₃ and ZnO compounds, as shown in Fig. 7. The formation of the 
Cr₂O₃ compound was verified by the appearance of characteristic absorption peaks at 464, 526, and 636 cm⁻¹, which 
are due to the stretching vibrations of the Cr-O bond [18]. Moreover, an absorption peak at 907 cm⁻¹ was observed 
linked to the (Cr-O-H) bending [18]. It is due to the hydroxyl group being linked to Chromium. The peak at 1116 cm-

1 due to - Co3
-2 indicates the presence of traces of impurities or surface bonds. The intense peak at 1384 cm-1 returns 

to (C-H) bending due to organic impurities [19]. The peaks at 1650 cm⁻¹ and 3470 cm⁻¹ are related to (H-O-H) 
bending and (O-H) stretching [20]. The spectral peak at 650 cm⁻¹ represents the stretching vibration mode of the (Zn-
O) bond, confirming the formation of ZnO [21], The peak at 878 cm-1 due to (Zn-OH) surface impurities [22]. A peak 
also appeared at 1469 cm-1, resulting from surface carbonates (–CO3) [23]. In addition, peaks at 1626 cm⁻¹ and 3437 
cm-1 are associated with (H-O-H) bending and (O-H) stretching [23]. Lastly, an intense peak was detected at 2922 
cm⁻¹, revealing the presence of surface adsorption of organic molecules or solvent residues. which is attributed to (C-
H) stretching [22]. 

 

 
 

Fig. 7. FTIR spectrum for Cr2O3 and ZnO thin films. 

Atomic energy microscopy (AFM) analysis of Cr2O3 and ZnO thin films using a Digital Instruments system 
(Nano scope III and Dimension) was performed to determine the surface structure and morphological properties with 
nanoscale resolution, as shown in Fig. 8 and Fig. 9. The sample was imaged over an area of 2.0 × 2.0 μm. The three-
dimensional image showed a homogeneous distribution of thin film with a clear absence of large agglomerates, 
reflecting the efficient preparation of the material using the laser ablation in liquid (LAL) technique. In the Cr2O3 
sample, the average particle height was 13.39 nm with a root mean square RMS = 807 pm, and the accompanying 
histogram showed that most particles had heights ranging from 17 to 19 nm, with a significant concentration at less 
than 18 nm. As for ZnO, the average particle height was 2.81 nm with RMS = 710 pm, most of the particles had 
heights ranging from 13 to 15 nm, with a significant concentration at less than 15 nm. This indicates a relatively 
smooth surface and a fine nanostructure; the prepared particles are very small and exhibit distinct nanoscale properties 
in both materials. The results of this study indicate that some particles might be single crystals or small clusters of 
crystals, which is in line with the crystal size according to what (XRD) analysis reveals.  The band gap, which was 
identified by UV-Vis scanning and clearly shows a quantum confinement effect, also widens because of the small 
size. 



 

Fig. 8. AFM of Cr2O3 thin film. 

 

Fig. 9. AFM of ZnO thin film. 

The FESEM images used (MIRA3 TESCAN) at 135X and 70X magnifications, shown in Fig. (10a) for the 
Cr2O3 sample, showed semi-spherical particles with a close distribution and fine nanocluster formation, indicating 
uniform growth without large agglomerates. A typical particle was measured and found to be approximately 28.09 
nm. This is consistent with the XRD scan, which showed a crystallite size of approximately 1.04 nm, indicating that 
the particles observed in the FESEM scan consist of multiple nanocrystalline aggregates. The FESEM scan in Fig. 
(10b) for the ZnO sample showed semi-spherical particles with an irregular distribution, fine nanocluster formation, 
and an absence of large agglomerates, the typical particle size was approximately 53.84 nm. 
 



 
 

Fig. 10. FESEM of Cr2O3 and ZnO thin films (left to right). 
 

The electrical behavior of the Ag/ZnO/Si/Ag heterojunction was investigated through the measurement of 
the (current -voltage) curves under non-illuminated and illumination conditions as seen in Fig. 11. The I–V results 
showed the heterojunction behavior, where the reverse current remained low and the forward current increased 
exponentially with voltage, indicating the dominance of the diffusion current in the device [24]. When the sample 
was exposed to light, a significant increase from 20 µA to 130 µA at 5 V in the reverse current was observed under 
the reverse voltage, reflecting the high efficiency in converting light energy into electrical current. This performance 
is linked to the expansion of the depletion region and the increased photoinduced electron-hole pair generation, in 
addition to the regular nanostructure of the ZnO layer, which enhances photon absorption and improves the 
photovoltaic performance of the device [25, 26]. 
 

 
 

Fig. 11. (I–V) in the dark characteristics' curves and Photocurrent in (bright-dark) under the effect of reverse bias of 
Ag/ZnO/Si/Ag. 

 
When the ZnO layer was replaced by Cr2O3 in the Ag/Cr2O3/Si/Ag structure as shown in Fig. 12. The (I–V) 

curves in the dark showed almost constant reverse current over the voltage range of (–1 to –5) V, with a slightly 
higher forward current value than that recorded for ZnO, indicating a lower energy barrier and increased in the 
Cr2O3/Si junction [25, 26]. However, when the sample underwent illumination, a clear increase in the reverse current 



was also observed. These results indicate that both ZnO and Cr2O3 can be used as active layers in heterojunction solar 
cells, with the possibility of achieving higher performance using Cr2O3 [27]. 
 
 

 
 

Fig. 12. (I–V) in the dark characteristics' curves and Photocurrent in (bright-dark) under the effect of reverse bias of 
Ag/Cr2O3/Si/Ag. 

 
 

In Fig. 13, we notice that when Cr2O3 was added to ZnO in Ag/ZnO/Cr2O3/Si/Ag compound, the reverse 
current in the dark remained almost constant, as it was in the ZnO-only sample, and no additional increase or leakage 
occurred when Cr2O3 was added. This indicates that Cr2O3 did not create additional leakage paths or surface defects, 
and that this compound still maintains the good barrier properties between the ZnO/Cr2O3 layer and the silicon. As 
for the forward current, we notice a significant increase of approximately 490 µA. This is due to reducing the energy 
barrier at the heterojunction due to the presence of two different layers of Cr2O3 and ZnO and the synergistic effect 
between them, which enhances the overall conductivity of the active layer, as well as increasing the density of surface 
states or improving contact between the layers [28,29]. The significant increase in reverse current, reaching 240 µA 
when exposed to light, indicates that the cell has become more sensitive to light and is more capable of generating 
electron-hole pairs upon absorbing photons [31–32]. These results enhance the performance of the solar cell and 
confirm the effectiveness of the bilayer in improving light absorption and charge separation without negatively 
affecting the reverse current in the dark. 
 
 

 
 

Fig. 13. (I–V) in the dark characteristics’ curves and Photocurrent in (bright-dark) under the effect of reverse bias of 
Ag/ZnO/Cr2O3/Si/Ag heterojunction. 

 



The D*, R and EQE as a function of wavelength in the range of (200–1000) nm were studied. These 
parameters were derived based on the following equation [30]:  
 

𝑅𝑅 =
𝐼𝐼𝑝𝑝ℎ − 𝐼𝐼𝑑𝑑
𝑃𝑃𝑃𝑃

                                        (2) 
 

𝐷𝐷 ∗=
𝑅𝑅

�2𝑒𝑒𝐼𝐼𝑑𝑑
𝐴𝐴

                                        ( 3) 

𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑅𝑅
ℎ𝑐𝑐
𝑒𝑒λ

                                         (4) 

 
where Iph is photocurrent, Id is dark current, P is power density of incident light, A is effective irradiation 

area, e is electron charge, h is Planck’s constant, c is speed of light, and λ is wavelength of the incident light. The 
results revealed distinct optical behaviors that depend on the type of active nanolayer. The performance of the 
Ag/ZnO/Si/Ag detector in Fig. 14 shows that R, D* and EQE exhibit a sharp peak at ~350 nm resulting from the 
strong UV absorption by the ZnO thin film, which has a bandgap of 3.85 eV. Another sharp peak for both R and D* 
appears at ~830 nm, which is attributed to the contribution of the silicon substrate, which has a bandgap of 1.1 eV, 
allowing for NIR absorption. The EQE at this wavelength is less sharp, resulting from losses in the photon-to-current 
conversion process, either due to recombination or collection in this spectral region. A rapid decline in response is 
observed after 400 nm, indicating poor sensitivity in the visible light range.  
 

 
Fig. 14. R, D* and EQE of Ag/ZnO/Si/Ag Photoelectric. 

 
  

Fig. 15 shows the photoelectron spectrum of Ag/Cr2O3/Si/Ag detector. There are three main peaks in R, D*, 
and EQE with different intensities. A slight increase in all three coefficients was observed at a wavelength of ~350 
nm and a sharp peak at ~550 nm, indicating a high ability of the active layer to absorb photons in the visible range. 
Even though the Cr2O3 energy gap is 3.2 eV, its absorption was weak in the UV region and a sharp peak in the visible 
spectrum. In addition to the structural effect between Cr2O3 and Si within the junction interface, this may be 
interpreted by the presence of intermediate energy levels or indirect transitions that enable effective absorption in the 
visible range and the low charge collection efficiency in the UV region caused by surface recombination [33,34], 
which may create new absorption bands outside the range expected from the theoretical energy gap.  The detector 
shows a remarkable response at ~850 nm, where two clear peaks appear in D* and R, while the EQE peak is less 
sharp, reflecting silicon absorption in the near-infrared (NIR) range. 
 



 
 

Fig. 15. R, D* and EQE of Ag/Cr2O3/Si/Ag Photoelectric. 
 
 
Fig. 16 shows the photoelectron spectrum of the Ag/ZnO/Cr2O3/Si/Ag detector. The multiband spectral 

response is a result of the combined synergy between Cr2O3 and ZnO. At ~350 nm in the UV range, a more intense 
response was observed than at Ag/Cr2O3/Si/Ag detector and less than at Ag/ZnO/Si/Ag detector at D*, R, and EQE. 
This indicates that both layers share photon absorption in this region. However, the presence of Cr2O3 contributes to 
a modification of the energy structure and reduces the relative effectiveness of ZnO, possibly because of internal 
barriers or internal potential redistribution. At wavelengths of ~550 nm, peaks almost identical to those recorded for 
the Ag/Cr2O3/Si/Ag detector were observed, indicating that the response in this region is dominated by Cr2O3 
absorption, supporting the hypothesis that the chromium substrate remains active in the visible range even in the 
presence of ZnO. In the near-infrared (NIR) range at ~850 nm, the specific response and sensitivity (R and D*) were 
higher than Ag/Cr2O3/Si/Ag detector and lower than Ag/ZnO/Si/Ag detector, while the EQE remined identical for all 
samples, reflecting a significant improvement in silicon absorption due to the double-layered arrangement, which 
provides a better path for charge collection and reduces charge loss at the interface. The integrated nanostructure also 
helped enhance absorption across layers and efficient electron transport, which enhances the performance of detectors 
and solar cells without causing leakage or loss of efficiency. 
 

 
 

Fig. 16. R, D* and EQE of Ag/ZnO/Cr2O3/Si/Ag 
Photoelectric. 

 
 
 
 



4. Conclusions 
 
In this research, the performance of three thin films based on ZnO and Cr2O3 were fabricated and evaluated 

by laser ablation technique.  Three compounds named Ag/ZnO/Si/Ag, Ag/Cr2O3/Si/Ag, Ag/ZnO/Cr2O3/Si/Ag 
heterojunctions. These investigations were using various techniques such as FTIR, XRD, FESEM, AFM and UV-Vis 
to study encompassed analysis of structure, morphology and optical properties, as well as evaluation of electrical 
properties using by R, D* and EQE. The photodetectors and solar cells fabricated from these three compounds showed 
identical and correlated behavior at the spectral and photoelectric levels, where it was observed that the 
Ag/ZnO/Cr2O3/Si/Ag detector is the most superior and efficient compared to the other detectors. This behavior is 
caused by its broad spectral response across a wide wavelength range (UV-Vis and NIR) with a significant 
enhancement in detection sensitivity and photoelectric conversion efficiency. There is also a significant increase in 
the performance of the solar cell, both in terms of forward current and reverse current response under illumination, 
while maintaining a constant reverse current in the dark and reducing electrical losses. This is due to the synergistic 
effect between ZnO and Cr2O3, which enhances multiband absorption. Although Ag/ZnO/Si/Ag detector contributed 
to highly effective absorption of (UV and NIR) range, while Cr2O3 in Ag/Cr2O3/Si/Ag detector improved the 
performance of optical detectors in the (Vis and NIR) range. These developments represent a step towards creating a 
new generation of high-performance optical detectors, with potential deployment in photonic sensing devices suitable 
for environmental analysis and high-performance photonic platforms. 
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