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Abstract 

In this work, Nickel cobaltite (NiCo2O4) nanoparticles were incorporated into a porous silicon (PSi) 

structures prepared on silicon substrates by photoelectrochemical etching (PECE) technique. The electrical 

characteristics of the fabricated photodetector showed that the heterojunction of NiCo2O4 nanoparticles 

concentration of 4x10-4 M exhibits a relatively high photocurrent up to 2 mA. The optoelectronic 

characteristics showed a responsivity of 0.41 A/W, an external quantum efficiency of 0.78, and a detectivity 

of 6.57×1010 Jones. The response of the fabricated photodetector was evaluated via the ratio of response 

time to fall time, which was 0.82. 

 
 

Keywords: Nickel cobaltite; Porous silicon; Heterostructures; Solution casting method 

Received: March 2025; Revised: May 2026; Accepted: June 2026; Published: July 2026 

 

 

1. Introduction 

The hybrid heterojunction detectors are a 

qualitative revolution in optoelectronics and sensing 

techniques as they are based on the combination of 

the characteristics of inorganic and organic 

semiconductors at the nanoscale to create new 

functions not available in the individual components 

[1-3]. Semiconducting nanoparticles or quantum dots 

represent the fundamental component of the hybrid 

heterojunction detectors due to their unique optical 

and electronic characteristics governed by the 

quantum mechanics, mainly the quantum 

confinement effect, that allows controlling the energy 

bandgap and hence the absorption and emission 

wavelengths by controlling the particle size [4-7]. 

Such characteristics give these nanoparticles high 

sensitivity to light as well as high efficiency to 

generate electron-hole pairs when illuminated with 

radiation. However, the largest challenge is how to 

incorporate these nanoparticles in a functional 

structure allowing the collection of generated charges 

and transfer them efficiently to the electrodes [8-11]. 

Here, the role of porous silicon can be observed as an 

ideal platform for incorporation and hybridization. 

The hybrid structures based on the incorporation 

of semiconducting ferrite or cobaltite nanoparticles – 

with unique optical and electrical characteristics – in 

porous silicon structures are reasonably promising for 

the applications of photodetectors and optoelectronic 

devices. These characteristics are originated from the 

synergetic effects resulted from the combination of 

the two nanoscale materials [12-16]. Optically, the 

porous silicon – as a porosity-controlled medium – 

participates to support light absorption via trapping 

and multi-directional scattering within the porous 

structure. This supports the ability of the ferrite or 

cobaltite nanoparticles to absorb light over a wide 

spectral range due to their semiconducting nature and 

relative narrow energy bandgap to extend the spectral 

responsivity of the photodetectors fabricated from 

these hybrid structures [17-20]. Furthermore, the 

possibility of enhanced magneto-optic effects to 

occur in such nanocomposites can induce some 

advanced applications to control light by magnetic 

fields [21-24].  

In this work, nickel cobaltite nanomaterial was 

used to fabricate heterojunctions with a porous silicon 

layer formed on a silicon substrate formed by 

the photoelectrochemical etching (PECE) method. 

The optoelectronic properties of these 

heterojunctions were determined and analyzed. 

 

2. Experimental Work 

In order to prepare the porous silicon region on a 

p-type silicon substrate by the photoelectrochemical 

etching (PECE), as shown schematically, the silicon 

substrate was cut into 2.54x2.54 cm square samples. 

These samples were thoroughly cleaned with ethanol 

and distilled water, then kept in HF: ethanol (1:10) 

solution for 10 minutes. Then the sample was washed 

with deionized water and kept in methanol. It was 

placed inside the PECE cell, which contains (1:1) 

HF:ethanol solution for 10 minutes with 30 mA 

current and irradiated with a laser beam of 650 nm 
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wavelength. After completing the process, the sample 

was kept in methanol to prevent the oxidation and 

contamination from the surrounding environment. 

A 10cm-diameter 99.9% purity NiCo2O4 target 

supplied by ALB Materials (USA) was sputtered to 

deposit NiCo2O4 thin films on glass substrates using 

DC plasma sputtering technique. The aqueous 

solutions of NiCo2O4 nanoparticles were prepared by 

dispersing specific weight (1 mg) of the NiCo2O4 

nanoparticles in 10 mL of deionized distilled water to 

form a concentration of 4x10-4 M. The prepared 

solution was sonicated for 15 minutes and then 100 

μL was taken and manually dropped on the porous 

silicon layer formed on the silicon substrate. The 

sample was left on the hotplate at 40°C for 30 seconds 

before dropping the next droplet. Aluminum contacts 

were deposited on the back side of the silicon 

substrate whereas silver paint was used to form the 

front electrode on the substrate’s surface. 

The optoelectronic characteristics of the 

fabricated heterojunctions were determined using a 

DC power supply and an accurate ammeter with 

a halogen lamp as a radiation source for illumination 

measurements. 
 

3. Results and Discussion 

Figure (1) shows the dark forward and reverse 

current-voltage characteristics of CoFe2O4 NPs-

decorated PSi heterojunction measured in the voltage 

range of -4 to +4 V. The heterojunction exhibits 

rectifying properties as the forward current of this 

junction increases with bias voltage according to 

the diode equation. In the first region (low voltage 

region), the current increases slightly with voltage 

due to the recombination, while the second region 

shows that the current increases exponentially with 

bias voltage due to the domination of diffusion 

current over the recombination current. The reverse 

current increases slightly with reverse voltage for 

heterojunction. The ideality factor (n) of the 

heterojunction was determined using the following 

diode equation [25]: 

𝐼 = 𝐼0 (𝑒
𝑞𝑉

𝑛𝑘𝐵𝑇 − 1 )   (1) 

where I0 is the saturation current, q is the electron 

charge, kB is the Boltzmann coefficient, and T is the 

operating temperature. After using Eq. (1), the 

ideality factor for heterojunction prepared at CoFe2O4 

concentrations of 4x10-4 M was 1.61. This value is 

within the typical range (1-2). The turn-on voltage of 

the prepared heterojunction, as shown in Fig. (1), was 

1.8. 

Figure (2) shows the spectral responsivity (Rλ) of 

CoFe2O4 NPs-decorated PSi heterojunction 

photodetectors fabricated using nanoparticles 

concentration of 4x10-4 M at two bias voltages of 5 

and 10 V. The responsivity of the photodetector 

shows the maximum responsivity of 1.22 A/W at 650 

nm and 5 V biasing voltage due to the absorption edge 

of CoFe2O4 film. The short wavelengths are absorbed 

in the film surface and the wavelengths are longer 

than the cut-off wavelength of CoFe2O4 film absorbed 

in PSi and Si substrate. The responsivity at the 

wavelength range of 500-700 nm comes from the 

light absorbed in PSi layer, while the wavelength 

longer than 700 nm is absorbed in the Si substrate. An 

increase in the bias voltage from 5 to 10 V results in 

an increase in the responsivity of the photodetector 

due to widening the depletion region and increasing 

the electric field. No effect of bias voltage on the 

position of the peak response was observed. 

 

 
Fig. (1) I-V characteristics of the heterojunctions fabricated 

with NiCo2O4 NPs concentration of 4x10-4 M 

 

 
Fig. (2) Spectral responsivity plot of NiCo2O4 NPs-decorated 

PSi photodetectors fabricated with nanoparticles 

concentration of 4x10-4 M and at 5 V and 10 V biasing voltage 

 

The external quantum efficiency EQE of the 

photodetector was calculated using the following 

relationship [259]: 

𝐸𝑄𝐸 =
1250 𝑅𝜆

𝜆 (𝑛𝑚)
    (2) 

Figure (3) shows the effect of bias voltage and 

CoFe2O4 layer thickness on the external quantum 

efficiency (EQE) of the photodetector. As shown, the 

maximum EQE value of 2.32% was achieved for the 

heterojunction at a wavelength of 650 nm and 

a biasing voltage of 5 V. 

Figure (4) shows the specific detectivity (D*) of 

the fabricated heterojunction photodetector at two 

different biasing voltages. The specific detectivity is 
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one of the important parameters of the photodetector, 

which describes the ability of the photodetector to 

detect the light signal. The specific detectivity can be 

estimated using the following equation [25]: 

𝐷∗ = 𝑅𝜆 √
𝐴

2𝑞𝐼𝑑𝑎𝑟𝑘
    (3) 

where Id is the dark current at a certain bias voltage, 

and A represents the photosensitive area of the 

photodetector. The behavior of detectivity (D*) is 

observed to follow a trend similar to that of spectral 

responsivity and external quantum efficiency. As the 

biasing voltage increases from 5 to 10 V, the 

detectivity (D*) increases. This enhancement is 

attributed to the increased responsivity resulting from 

the widening of the depletion layer width at higher 

bias voltages, which improves carrier separation and 

reduces recombination losses. Consequently, more 

photo-generated carriers are collected, leading to 

higher detectivity. 

 

 
Fig. (3) Variation of the EQE of the heterojunctions fabricated 

with NiCo2O4 nanoparticles concentration of 4x10-4 M and 

biasing voltages of 5 V and 10 V 

 

 
Fig. (4) Variation of specific detectivity (D*) of fabricated 

heterojunction at biasing voltages of 5 V and 10 V 

 

The noise equivalent power (NEP) of the 

photodetector was found to be dependent on the 

biasing voltage as shown in Fig. (5). A smaller NEP 

means that the photodetector has a better ability to 

detect weak signals. 

The photodynamic response time is the most 

important parameter considered to determine how 

fast the photodetector response. Figure (6) shows the 

photodynamic response of the photodetector. The 

ratio of rise time to fall time for the fabricated 

photodetector was 0.82, at a bias voltage of -5 V. The 

reduced ration suggests that the photogenerated 

carriers experience more efficient transport and 

recombination due to the decreased absorption and 

enhanced carrier mobility in the NiCo2O4 layer [46]. 

The ON/OFF ratio (ON refers to illuminated state and 

OFF is the dark state) signifies the contrast between 

the photocurrent and dark current and was also 

determined. 

 

 
Fig. (5) Variation of NEP of fabrication heterojunction at 

biasing voltages of 5 V and 10 V 

 

 
Fig. (6) Real-time photodynamic response of the fabricated 

photodetector (photocurrent response under on/off light 

illumination) 

 

4. Conclusion 

In conclusion, NiCo2O4NPs/PSi heterojunction 

photodetector was fabricated and characterized. The 

fabricated heterojunction exhibited rectifying 

behavior, with the I-V characteristics aligning with 

the recombination-tunneling model. The 

photodetector fabricated with a NiCo2O4 

nanoparticles concentration of 4x10-4 M and biasing 

voltage of 5 V demonstrated superior photosensitivity 

compared to other devices fabricated with a larger 

thickness of this layer. The optimum photodetector 

showed a responsivity of 0.41 A/W, an external 

quantum efficiency (EQE) of 0.78, and a detectivity 

(D*) of 6.57×1010 Jones. 
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