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Abstract 

Core-shell SiO2@p-CuO semiconductor composite structure-based junction diodes 

were fabricated by using a metal oxide semiconducting material. The core-shell SiO2@p-

CuO composite structure was successfully fabricated by co-precipitation route. X-ray 

diffraction (XRD) and Raman spectroscopy is used to inspect the structure & vibrational 

modes. Field Emission SEM (FE-SEM) was used to analyse the morphology. XRD confirms 

the existence of monoclinic structure in the pure CuO and SiO2@p-CuO and Raman studies 

further establish the formation of a single-phase structure in annealed samples. Crossed 

nanoflakes-like surface morphology of CuO and formation of core-shell SiO2@p-CuO 

structure was verified with FE-SEM micrographs. Fabricated SiO2@p-CuO/n-Si junction 

diode shows better photo-response along with a better ideality factor of 3.96 under a light 

condition than the p-CuO/n-Si. The photosensitivity, responsivity, external quantum 

efficiency, and detectivity of the developed SiO2@p-CuO/n-Si diodes is estimated ~  

580471.4%, ~ 259.7 mA/W, ~ 100.7%, 1.715×10
12

 Jones, respectively which are several 

times larger than the bare p-CuO/n-Si, which are estimated ~ 5320.3%, ~ 230.6  mA/W, ~ 

89.4% and 1.561×10
11

 Jones, respectively. The enhanced photodetection properties of 

SiO2@p-CuO/n-Si diodes diode proposes it as a mesmerizing aspirant for photodetector 

application. 

Keywords: Copper oxide; Silica; Core-shell; I-V characteristics; Photodiode; photodetector  

1. Introduction 

 Metal oxides semiconducting nanomaterials have received wide attention and 

attracted to the researchers to fabricate potential devices in optoelectronic fields, particularly 

in photo detectors, solar cells, sensor, nanomedicine and nanotoxicology modelling 

applications due to their prominent electrical, optical properties and it exhibit high detectivity 

and photo response in device performance [1-5]. In recent years, several researchers reported 
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the fabrication of photodiodes using various metal oxide semiconducting layers such as TiO2, 

WO3, MoO3, CuO, and V2O5 with various preparation methods including green synthesis [6-

9].  

 Among them, copper oxide (CuO) has several advantages such as narrow bandgap 

(1.2 - 1.9 eV), non-toxic, earth-abundant, ease of synthesis, low thermal emittance, excellent 

electrical properties, higher carrier concentration [10, 11]. The single-phase monoclinic CuO 

has extensive attention due to its numeral applications in microelectronic and optoelectronic 

applications, in particular photo detector, sensor, diode, and solar cell applications [12-14].  

The heterojunction diode based on the structure of p-CuO/n-ZnO through the sol-gel routed 

spin coating method with efficient absorption of UV light by the semiconducting layer was 

reported by Rajeev et al. [15]. The non-ideal behaviour of diode-based on DC sputtered p-

CuO/n-Si was reported by Tombak et al. and electrical nature of green synthesized p-CuO/n-

ZnO reported by Sridevi et al. [16, 17]. Zhang et al. reported the p-CuO/n-MoS2 

heterojunction based flexible photo detector developed via magnetron sputtering/CVD and 

noticed the detectivity of 3.27×10
8
 Jones [18]. Hong et al. used solution process to develop 

CuO/Si nanowire like photodetector and investigated under different wavelengths and the 

values of responsivity (R), and detectivity (D*) between 0.389 to 0.064 mA/W and 3×10
9  

to
 

7.6 ×10
9  

cm 0.040 to 0.123 A/W [19]. Fu et al. fabricated ZnO/CuO photodetector and 

noticed the values of Ps and R ~ 120 and 0.272 mA/W [20]. Noothongkaew et al. developed 

CuO/ZnO UV-photodetector and studied [21]. Very recently Yin et al. reported the 

development of photodetector based on CuO/Ni@CuO with high performance [22]. Tripathi 

et al. fabricated the tailored photodetector properties of CuO by tailoring the band gap 

through varying the morphology and noticed the Ps and D* of ∼10
3
 and 2.24 × 10

11
 Jones at 

900 nm and 122 and 2.74 × 10
10

 Jones at 250 nm light wavelengths and the UV-C detector 

indicates a Ps of 1.8 and D* of 4 × 10
9
 Jones at 250 nm light wavelength [23]. Ji et al. 
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fabricated the p-CuO nanospheres/n-ZnO nanorods UV-photodetector [24]. Various routes 

such as spray pyrolysis, CVD, and PLD are followed to fabricate the CuO and related 

photosensitive layers/photodetectors. The methods described above have limitations such as 

vacuum circumstance and thickness control of layer [25-35].  

Solution-processed thin-film preparation allows coating desired designed 

nanostructures as a thin-film without destroying its morphology. This method is cost-

effective and easy to fabricate the photo sensitive layers [36]. Furthermore, the solution-

processed uniform structure enhances the efficiency of the light absorption, and charge 

carriers are effectively transported by photo-generated electron-hole pair of the large area of 

the core-shell structure without any loss [37]. The above referred work indicates that the 

properties of CuO has been remarkably improved/modified when prepared by different 

techniques/systems/layers and no documents is there based on SiO2@p-CuO photodetectors 

so far.  

Hence, in this work, we have synthesized a core-shell SiO2@p-CuO composite 

structure by the co-precipitation method. This core-shell SiO2@p-CuO structure was used as 

a p-type layer for developing p-n junction diode on n-type Si to enhance their performance. 

The p- SiO2@p-CuO/n-Si diode was inspected in dark and light surroundings using I-V 

characteristics. The important photo-diode parameters, namely ideality factor (n), barrier 

height (ФB), current of reverse saturation (Io), photosensitivity (PS), responsivity (R), external 

quantum efficiency (EQE %), and specific detectivity (D*) were estimated and interpreted. 

2. Investigational method  

2.1. Used materials 

Copper nitrate (Cu(NO3)2, 95%, Nice), Ammonium hydroxide (NH4OH, Merck life 

science), Tetraethyl orthosilicate (TEOS, ~98%, Sigma Aldrich), Ethanol, Acetic acid, and 

Triton x-100 were used as precursors for the synthesis of CuO and SiO2@p-CuO 
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nanostructures. All chemicals used in this work were analytical reagent grade, which were 

utilized without any further purification. 

2.2. Preparation of CuO nanoparticle 

The co-precipitation method was adapted to synthesis the pure CuO nanoparticle 

using nitrate precursor. Cu(NO3)2 (0.2 moles) is added to 100 mL distilled water and stirred 

for 30 minutes to get a homogenous mixture. This aqueous solution was tuned to 9 pH using 

NH4OH solution. The pH adjusted solution was heated to 90 ºC. The black in the colour 

precipitate was centrifuged by 3000 rpm and washed twice by distilled water to remove the 

supernatants. 

2.3. Preparation of SiO2 nanoparticle 

The conventional Stober method was used to prepare spherical silica particles [38]. 

Precursors such as hexamethyldisiloxane (HMDSO), tetraethylorthosilicate (TEOS), 

tetramethylsilane (TMS), tetramethylorthosilicate (TMOS), and tetrapropylorthosilicate 

(TPOS) were used to synthesis SiO2 spheres. Among them, TEOS precursor was one of the 

best precursors for SiO2 synthesis due to potential formation of monodispersed and spherical 

particle by nominal catalysis rate under alkaline condition [39]. The hydrolysis and 

condensation of TEOS in low molecular weight alcohol with ammonia catalyst environment 

is favorable to synthesis monodispersed SiO2 by monomer aggregation process with slow 

hydrolysis rate [40]. 

Analytical grade TEOS, anhydrous ethanol, and NH4OH were used as a precursor for 

this synthesis. 1.2 mL of TOES was mixed within 10 ml of ethanol and stirred for 10 min 

under 400 rpm stirring. An appropriate amount of NH4OH (0.75 mL) was diluted with 3 mL 

of water and was poured dropwise with former solution. Nonstop stirring for 2 h was done of 

the solution under ambient temperature. Then the synthesized spherical SiO2 was centrifuged 
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and washed with ethanol two times to remove un-reactants. Separated SiO2 particles were 

stored in ethanol-water (1:1) solvent for further use. 

2.4. Preparation of core-shell SiO2@p-CuO particles 

The required amount of as-synthesized SiO2 particles was dispersed in 100 mL distilled 

water under 400 rpm magnetic stirring. Cu(NO3)2 (200 mmole) was added to above the SiO2 

particles dispersed water solution. The solution pH was adjusted to 9 after the complete 

dissolution of Cu(NO3)2, and then the temperature of the solution was increased to 90 ºC for 

further initiation of co-precipitation. The final solution was washed with ethanol twice and 

annealed at 450 ºC. 

2.5 . Device fabrication  

The Silicon substrate (n-type) was used to construct the photosensitive device. The 

substrate was cleaned using piranha solution (H2O2+H2SO4) to remove the residual impurities 

on the substrate. SiO2 oxide layer on the Si wafer was removed using diluted hydrofluoric 

acid. Annealed CuO and SiO2@p-CuO were dispersed in cyclohexane+oleylamine solution 

and was drop cast over the n-Si substrate. Dried thin-film was annealed at 320 °C for one 

hour and silver past (ELTECK-corporation) was applied both-side of the diode to make better 

contact and it was dried at room temperature for 3 hours. The schematic illustration of core-

shell SiO2@p-CuO/n-Si diode is demonstrated in Fig. 1. 

2.6 Characterization technique  

The structural studies of as-synthesized and annealed CuO and SiO2@p-CuO samples 

were performed by ‘X’PERT PAN analytical a powder X-ray diffraction diffractometer with 

CuKα radiation of 1.5405 Å. Raman spectral analysis was studied through a HR 800 Raman 

spectrometer (Jobin Yvon) with 532 nm source of laser. The surface morphology was 

analysed by S-3400N Hitachi FE-SEM. The I-V characteristics of fabricated diodes were 
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performed through the Keithley source analyser (6517-B) equipped PEC-L01 portable solar 

simulator.   

3. Results and discussion 

3.1. Structural Studies  

Acquired XRD reflection patterns of as-synthesized CuO and CuO annealed at 450 ℃, 

as-synthesized SiO2@p-CuO, and SiO2@p-CuO annealed at 450 ℃ were compared in Fig. 2. 

The as-synthesized CuO sample shows reflections corresponding to CuO along with a low 

intense Cu(OH)2 peaks and was well matched with JCPDS card number 41-254 and 01-080-

0656, respectively. Impurity, Cu(OH)2 was disappeared after annealing and was displayed in 

CuO annealed at 450 ℃ in the Fig. 2. Observed XRD profiles of the pure CuO and CuO 

encapsulated SiO2 nanoparticle indicating a monoclinic structure with C2/c space group. 

Moreover, better growth was seen for (111) plane in as-synthesized CuO. The preferential 

growth was changed into (002) plane after annealing at 450 ℃. Results indicate that the 

annealing temperature effectively modifies the growth of the CuO plane. In SiO2@p-

CuOcomposite, some of the peaks disappeared even annealed samples when compared to 

pure CuO, which suggests that the incorporation of the SiO2 in the CuO system could affect 

the growth of the CuO planes.  

3.2. Raman Spectral Analysis 

The Raman spectrum of as-synthesized CuO, 450 
o
C annealed CuO, as-synthesized 

SiO2@p-CuO, and 450 ºC annealed SiO2@p-CuO were shown in Fig. 3. The as-synthesized 

CuO exhibits three well-identified peaks, such as 294, 341, and 627 cm
-1, 

which attributes the 

vibrations of Ag, Bg
1
, and Bg

2
, respectively [41]. Annealed CuO sample showed two well-

identified peaks at 297 and 345 cm
-1

 and one low intense peak at 625 cm
-1

. Three intense 

peaks at 302, 346 were observed for Ag and Bg
1
 of CuO present in the as-synthesized 

SiO2@p-CuO core-shell nanoparticle and broad peak at 598 cm
-1

 may attribute the 
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combination of D1 band of SiO2 and Bg
2
 band of CuO [42]. These intense peaks appeared for 

450 ℃ annealed SiO2@p-CuOat 299,346, and597cm
-1

. 

3.3. Surface Morphology 

Surface morphology of as-synthesized CuO annealed CuO, and SiO2@p-CuOwere 

observed using FE-SEM analyzed, which are compared in Fig. 4. The surface morphology of 

CuO (Fig. 4 a, b, and c) illustrates that the derived particles appeared like dispersed thin 

cross-linked nanosheets. Observed nanosheets were in the thickness of ~140 nm in size. 

Morphology of as-synthesized SiO2particles was monodispersed spherical shape particles, 

and the surface of the pure SiO2 nanoparticle was smooth and uniform (Fig. 4 d, e, and f). The 

diameter of the as-synthesized SiO2nanoparticle was in ~360 nm.  The micrographs of 

SiO2@p-CuO composite are also spherical particles with a rough surface; it is evident that the 

surface of the SiO2 surface was covered with thin sheets of CuO. The distribution of CuO 

particles on SiO2 was uniform, which confirmed the formation of SiO2@p-CuO composite 

(Fig. 4 g, h, and i).  Also, the diameter of the synthesized SiO2@p-CuO is ~470 nm, and it is 

confirmed that the formed shell layer around 55 nm CuO on the SiO2 surface. 

3.4. I-V Characteristics 

The electrical parameters of fabricated p-CuO/n-Si and SiO2@p-CuO/n-Si diodes 

were estimated from I-V plots of bias voltage from voltage -3 to +3 and rectifying behaviour 

of the photodiode is shown in Fig. 5. The current conduction mechanism of above diodes 

were discussed based on thermionic emission theory using [43]: 

    *   (
        

    
)   +     (1) 

Where, 

            ( 
   

   
)    (2) 

All used symbols are well-known [44, 45]. Calculated value of Io for p-CuO/n-Si and 

SiO2@p-CuO/n-Si diodes has been decreasing from 2.56 10
-4

 to 1.00 10
-3

 A and from 
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4.78 10
-4

 to 1.00 10
-4

 A, respectively in dark & light surroundings. The n and ФB of  

fabricated diode were calculated from following equation using intercepting of ln(J) vs. V 

plots (Fig. 6) [46], 

     
 

   
(

    

        
)                              (3) 

     
   

 
   (

     

  
)    (4) 

Calculated value of n for p-CuO/n-Si and SiO2@p-CuO/n-Si diodes were 6.04 and 

3.96 respectively under light condition. Ideality factor n should be closer to one for attaining 

ideal behaviour of the device and the ideality factor of fabricated SiO2@p-CuO/n-Si diode is 

closer to closer to one when compared to p-CuO/n-Si. Reduction of n value in illumination 

condition is due to the conversion proficiency of interface layer and lower barrier height. The 

values of ФB and n influenced by the native thin oxide layer and band edge, where the 

minority carriers reside near traps of carrier tunnelling and barrier inhomogeneities. Further 

to evaluate the performance of the photodiode the PS, R, EQE %, and D* were calculated [47, 

48]. The photosensitivity (PS) is the relation between dark and photocurrent, which is 

calculated from the following relation, 

       
      

  
      (5) 

The photosensitivity of SiO2@p-CuO/n-Si is several times higher than p-CuO/n-Si diode, 

which shown in Table 1. The Ps value for p-CuO/n-Si is noticed ~ 5320.3% while for 

SiO2@p-CuO/n-Si is ~ 580471.4%, this shows about 110 times larger value. The photon 

generation in the layer large surface to volume ratio lead higher oxygen absorption that 

increases the photocurrent in the sensitive layer furthermore photo responsivity also 

increases. Another important parameter of photodetector is photo responsivity which help us 

to analyse the performance of the device and can be determine using [49, 50]: 

  
   

   
    (6) 
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here, Iph stand for photocurrent, p is irradiation, and A is the area of the power intensity of 

light on a sensitive layer. The optimized power intensity used in this work is 100 mW/cm
2
. 

The photocurrent in the detector is varying on the intensity of light on the area of the 

sensitive layer. Fig. 7 (a) & (b) shows the comparison graph of photosensitivity, responsivity, 

quantum efficiency, and specific detectivity vs. voltage of p-CuO/n-Si and SiO2@p-CuO/n-Si 

fabricated photodiode. The responsivity of the diode is varying with applied voltage, and it 

shows the responsivity increases with increasing the bias voltage. The R value for p-CuO/n-

Si is estimated ~ 230.6 and for SiO2@p-CuO/n-Si ~ 259.7 mA/W. The number of electrons 

detected due to the incident photon is EQE of diode, the coefficient of absorption of the 

sensitive layer and transfer efficiency of charge carries dominate the EQE, which is 

calculated from the following equation [51, 52]: 

    
   

  
      (7) 

The estimated EQE of p-CuO/n-Si is ~ 89.4 while it increases for SiO2@p-CuO/n-Si 

and noticed ~ 100.7% may. The dark current is the main reason for the noise level in the 

device. The higher specific detectivity value implies that the ability to observe the signal 

from the noise environment that is given by the following relation [51, 52], 

   
        

         
      (8) 

The calculated D* value for SiO2@p-CuO/n-Si is 1.715×10
12

 Jone, which is one order 

higher than p-CuO/n-Si diode viz. 1.561×10
11

. These outcomes reveal that the fabricated 

SiO2@p-CuO/n-Si photodiode is better to compare with p-CuO/n-Si. The photodetection 

properties of newly developed SiO2@p-CuO/n-Si photodetector is comparable with 

previously reported CuO based photodetectors like; Zhang et al. reported the p-CuO/n-MoS2 

heterojunction based flexible photodetector developed via magnetron sputtering/CVD and 

noticed the detectivity of 3.27×10
8
 Jones [18]. Hong et al. used solution process to develop 

CuO/Si nanowire like photodetector and investigated under different wavelengths and the 
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values of responsivity (R), and detectivity (D*) between 0.389 to 0.064 mA/W and 3×10
9  

to
 

7.6 ×10
9  

cm 0.040 to 0.123 A/W [19]. Fu et al. fabricated ZnO/CuO photodetector and 

noticed the values of Ps and R ~ 120 and 0.272 mA/W [20]. Noothongkaew et al. developed 

CuO/ZnO UV-photodetector and studied [21]. Also comparable to very recently documented 

CuO based photodetectors like; Yin et al. reported the development of photodetector based on 

CuO/Ni@CuO with high performance [22]. Tripathi et al. fabricated the tailored 

photodetector properties of CuO by tailoring the band gap through varying the morphology 

and noticed the Ps and D* of ∼10
3
 and 2.24 × 10

11
 Jones at 900 nm and 122 and 2.74 × 10

10
 

Jones at 250 nm light wavelengths and the UV-C detector indicates a Ps of 1.8 and D* of 

4 × 10
9
 Jones at 250 nm light wavelength [23]. Ji et al. fabricated the p-CuO nanospheres/n-

ZnO nanorods UV-photodetector [24]. From above results and comparison with earlier 

reported values on CuO based photodetectors, the currently developed SiO2@p-CuO/n-Si 

photodiode/photodetector  will be highly applicable in photodetection with high efficiency. 

4. Conclusion  

Composite SiO2@p-CuO nanostructure was fabricated through co-precipitation route 

with micro-emulsion synthesized SiO2 spheres. The diffraction pattern result reveals that the 

formation of single-phase monoclinic CuO in the pure and core-shell composite structure. 

Improvement in phase purity of CuO at high-temperature calcined samples was confirmed 

with Raman analysis. The FE-SEM results show the Formation of CuO layers on SiO2 

spheres as a core-shell. The diode parameters were studied from I-V characteristics. The Ps 

value for p-CuO/n-Si and SiO2@p-CuO/n-Si diodes is estimated ~ 5320.3% and ~ 

580471.4%, respectively, this shows about 110 times larger value for SiO2@p-CuO/n-Si 

diodes. The R value for p-CuO/n-Si and SiO2@p-CuO/n-Si diodes is estimated ~ 230.6 and ~ 

259.7 mA/W, indicates then enhancement. The estimated EQE of p-CuO/n-Si and is ~ 89.4 

while it increases for SiO2@p-CuO/n-Si and noticed ~ 100.7%. The calculated D* value for 
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SiO2@p-CuO/n-Si is 1.715×10
12

 Jone, which is one order higher than p-CuO/n-Si diode viz. 

1.561×10
11

. The obtained outcomes recommend the developed structure of SiO2@p-CuO/n-

Si diode possess remarkably improved photodetection properties hence it is a potential 

candidate for photo-detector application. 
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Fig. 1. Schematic diagram of synthesis of SiO2@p-CuO and fabricated SiO2@p-CuO/n-Si 

junction diode. 

 

Fig. 2. Comparative XRD patterns of as-synthesized, 450 
o
C annealed CuO, as-synthesized, 

and 450 
o
C annealed SiO2@CuO. 
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Fig. 3. Comparative Raman spectra of as-synthesized, 450 
o
C annealed CuO, as-synthesized, 

and 450 
o
C annealed SiO2@CuO. 
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Fig. 4. SEM Micrographs of 450 
o
C annealed CuO (a-c), as synthesized SiO2 (d-f) and 450 

o
C 

annealed SiO2@p-CuO (g-i). 
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Fig. 5. I–V characteristics of p-CuO/n-Si (a) and SiO2@p-CuO/n-Si (b) fabricated 

photodiode. 

 

Fig. 6. Semi-logarithmic plot of ln (J) vs. V for p-CuO/n-Si (a) and SiO2@p-CuO/n-Si 

(b)fabricated photodiode. 

 

 

 

                  



20 
 

 

 

Fig. 7. Comparison of photosensitivity, responsivity, quantum efficiency, and specific 

detectivity vs. Voltage graph of p-CuO/n-Si (a) and SiO2@p-CuO/n-Si (b) fabricated 

photodiode. 

 

 

 

 

                  



21 
 

Table 1. Photodiode parameter n, ФB, Io, PS, R, QE%, and D* of p-CuO/n-Si and SiO2@p-

CuO/n-Si fabricated photodiode. 

 

 

 

Diode n ФB (eV) Io  (A) PS  (%) R 

(mA/W) 

QE 

(%) 

D 

( 10
9
) 

(Jone) Dark Light Dark Light Dark Light 

p-CuO/n-Si 
9.57 6.04 0.669 0.634 2.56 10

-4
 

1.00 10
-3

 

5320.3 230.6 89.4 1.561 

  10
11

 

 

SiO2@p-CuO/ 

n-Si 

8.84 3.96 0.773 0.694 
4.78 10

-6
 1.00 10

-4
 

580471.4 259.7 100.7 1.715 
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12

 

 

                  


