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Metal oxides such as Silver oxide (Ag2O) are practically absorbed in applications thin-film 
solar cell due to their optimum of ban-dgap 1.6 eV and high value absorption coefficient. 
We propose a novel material on Ag2O-based n-In2S3/p-Ag2O/n-Si double-heterojunction 
solar cell, with the Cu ratios (0, 0.01, 0.02) have been proven as a successful fabric by 
thermal evaporation techniques as an absorbent layer. As for a single heterojunction, p-
Ag2O/n-Si establishes an efficiency of 1.99 %, where JSC = 6.175 mA/cm2 ;VOC = 0.45 V & 
FF = 71.6%. Though, Ag2O based double-heterojunction device n-In2S3/p-Ag2O/n-Si with 
the optimized structure provides an efficiency 2.742%, JSC = 7.875mA/cm2; VOC = 0.462V 
& FF = 75.28%. A remarkable increase of JSC and VOC in the double-heterojunction occurs 
as a result. The n-In2S3/p-Ag2O/p-Si heterojunction causes the higher efficiency for solar cell. 
In the current state; efficiency conversion factor (η) increases when adding Copper and when 
using a window layer (n-In2S3), the direct transition’s energy bandgap declines from 1.6 eV 
(when Cu is 0.0) to 1.4 eV (when Cu is 0.04) where the bandgap energy of In2S3 is (2 eV). 
The measurement for the current voltage where illumination shows that a heterojunction of 
a solar cell’s performance is enhanced with an increase in the Cu contents. This results 
indicates that the preparation of the solar cells with 0.04 Cu ratios resulted in the maximum 
efficiency (1.99%) compared with the other prepare solar cell.                                                                
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1. Introduction 
 
Metal oxide semiconductor photocatalysts have become one of the biggest focuses of 

researches over the past few years, depending on their versatile potential in environmental 
purification and solar energy conversion [1] Numerous metal oxides, including Ag₂O, TiO₂, MoO₃, 
ZnO, ZrO₂, Fe₂O₃, WO₃, SnO₂, and SrTiO₃, along with certain chalcogenides such as (ZnS; CdS; 
WS₂, CdSe & MoS₂), have been widely studied for example photocatalyst, representing a highly 
active field of research [2]. Ag2O (silver oxide) p-type semiconductor [3] shows a very small band- 
gap of about 1.2 to 1.5 eV, allowing it to absorber wide variety of its spectrum solar, improving its 
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possible for application in several field [4]. The Silver oxygen (Ag,O) exists in diverse compounds,: 
AgO, Ag2O, Ag2O3, Ag4O3, Ag3O4 & Ag4O4. Ag2O is the most thermodynamically steady of these 
oxides [5]. Simple cubic structure at RT [6]. Countless production methods have been applied to 
produce Ag2O nanoparticles, including hydrothermal precipitation [7], sol-gel[8] Microwave-
assisted techniques[9]. and solvo-thermal [10]. pulsed laser deposition [11] RTO technique using 
halogen lamp [12] DC magnetron sputtering [13] Silver oxide (Ag₂O) is a semiconductor with a 
bandgap between 1.2 and 3.4 eV on R.T, varying based on its stoichiometric composition [14] The 
employment of window layer (In2S3) can too decreasing the toxic countryside by replace the CdS 
and CdTe layers used in solar cells [15]. In2S3 has garnered significant consideration due to its optical 
transparency, stability in thermal & wide band energy gap 2–2.9 eV. dependent on the process of the 
preparation of In2S3 [16]. It is capable of existing in three distinct crystalline forms, depending on 
the temperature: defective spinel (β-In2S3), defective cubic (α-In2S3); and layer structure (γ-In2S3). 
The β-In2S3 at room temperature of these phases exhibits the highest stability [17]. n-type 
semiconductor (In2S3) [18,19]. In this research, it was found that the doping of Copper (Cu) in Ag₂O 
takes up the cation (In this case is Ag) site, instead of anion (Which in this case is O) site, 
subsequently, the relatively low electronegativity of Cu (1.9) in comparison to those of Ag atoms 
(1.93) or O atoms (3.44), the anticipation of a major creation in the di- valence Cu Ag 2+ treats that 
performance as per an active donor. Ionic radius is the main factor used to decide what to choose 
from the applicable contribution materials [20]. Optical, structural, & electrical properties of Ag₂O 
films could be tuned—for instance, through the doping with Cu, whose ionic radius is smaller than 
that of Ag and O ions. Cu is a decent dopant for the Ag2O lattice as a result of the lower ionic radii 
Cu+2 (0.71Å) compared to that of Ag +2 (1.08Å), O-1 (1.27Å) [20,21]. To distinguish Ag2O-based 
device of photovoltaic, it is important to understand affection of (WL) on the heterojunction 
structures’ absorber layer. In this research the manufacture of a double-heterojunction high-
efficiency, low-cost, and environmentally friendly thin films solar cell by n-In2S3/p-Ag2O/n-Si, 
where Ag₂O (low bandgap) with In₂S₃ (wide bandgap) for broad-spectrum absorption with many 
Copper ratios (0, 0.02, 0.04) for the solar cells devices were produced by the help of vacuum 
evaporation technique.  

 
 
2. Experimental 
 
As for the research, Ag2O based dual-heterojunction solar cell has been planned using 

indium sulfide (In₂S₃) by way of a window layers when a thickness of (100 nm), dual-heterojunction 
structures of n-In₂S₃/p-Ag2O/n-Si, the p-Ag2O: Cu by way of a layer of absorption when the 
thickness of thin film being around 500 nm, based on the following schematic diagram which is 
designed n-In2S3/p-Ag2O /n-Si PV cells of heterojunction have been shown as in the Figure (1). 
High-purity silver oxide (Ag₂O) thin films were deposited on both n-type single-crystal Si wafers 
with (111) orientation, an indirect bandgap of 1.1 eV, (500 nm thickness) for photovoltaic 
applications, as well as on glass substrates to study the electrical, structural; and optical properties. 
Ag₂O films were subsequently formed via thermal oxidation at 750 K under an ambient oxygen flow 
rate of 500 sccm for two hours. Then, the films were doped with different concentrations of pure 
copper (Cu: 0, 0.1, 0.2 at.%) using thermal diffusion at 473 K for one hour. The film thickness was 
measured using an optical interferometer method. An In₂S₃ alloy was produced from a stoichiometric 
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(2:3) weighed mixture of high-purity (99.99%) indium and sulfide. Mixed elements were fused in 
cleaned, 22 cm-long quartz ampules under a pressure of 6×10⁻³ mbar. After being heated at 1173 K 
for six hours in an electric oven, the ampules were cooled to (R.T). A thin film of In₂S₃ A thin 
deposited by vacuum thermal evaporation with thicknesses 100 nm as window layers. 

 

 

Fig. 1. The diagram of a Schematic block of n-In2S3/p-Ag2O/n-Si dual heterojunction solar cell 
 
 

The synthesized Ag2O and In2S3 properties were characterized by means of XRD and 
FESEM. Structure of these film was examined using Scherer's Formula was employed to calculate 
their crystalline properties [22-23]: 

𝐶𝐶∙ 𝑆𝑆 =  
0.9 ∗  𝜆𝜆
𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃

                                                                                (1) 

𝛽𝛽 denotes the width of the peak at half diffraction maximum, crystallite size (C.S), (θ) is the 
diffraction peak angle.  Formula for crystal plane spacing in cubic crystalline phase structure [24]. 
The To determine the energy gap, Measurements of optical transmission within the 400–1000 nm 
wavelength rang were performed. The optical characteristics of the thin film preparation have been 
observed through transmission and absorption spectra spanning a wavelength range of 400 to 1000 
nanometers. The energy gap (Egopt) has been calculated from the absorption spectrum using the 
Tauc equations and, Lambert’s law, respectively [25-27]: 

𝛼𝛼 =  
2.303 𝐴𝐴

𝑡𝑡
                                                                                     (2) 

𝛼𝛼ℎ𝑣𝑣 =  𝐷𝐷 (ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔
𝑜𝑜𝑜𝑜𝑜𝑜)𝑟𝑟                                                                   (3) 

Absorption coefficient is signified by (α). The exact values of the temperature-dependent 
constant (D) and (hυ) signify the magnitude of the photons’ incident energy, while the factor r 
specifies dependence on optical transition type and t thickness.  

The predominant carrier concentrations were determined using a Van-der Pauw system 
(Ecopia HMS 3000) [28], the type of carriers in Ag2O and In2S3 film, and mobility carrier from Hall 
effect. We calculated current-voltage (I-V) features by applying the Shockley equation 

I = Is �exp �
eV
βkBT

� − 1� − IL                                                                       (4) 

The fill factors are the ratios between the (maximum power) in the solar cell (Pmax) & 
multiply of Isc & Voc. By the means of the following relation [26]: 
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Fill Factor (F. F) =
Pmax

VocJsc
=

VmaxImax
VocIsc

                                                                           (5) 

where Vmax and Imax are the voltage and the current of the Pmax. 
Finally, The solar cell's efficiency conversion factor (ƞ) was calculated using the following 

formula [29]: 

ƞ =
Pmax
Pin

∗ 100% 
𝐹𝐹.𝐹𝐹 × 𝐽𝐽𝑠𝑠𝑠𝑠 × 𝑉𝑉𝑜𝑜𝑜𝑜

𝑃𝑃𝑖𝑖𝑖𝑖
 × 100%                                                                        (6) 

The symbols (Voc) ; (Jsc) ; and (F. F )  represent the open-circuit voltage short circuit 
current density; & fill factor, respectively. Pindenotes input power, which is 100 (mWcm-²) 

 
 
3. Result and Discussion 
 
Figure 2a shows XRD graphs of the synthesized Ag2O. All samples showed as good and 

polycrystalline. The peak positions of the crystallite had been observed at the documenting of XRD 
from (20° to 80°) angle. Note that at 38.3°, 50.37°, and 66.78° they belong to the corresponding 
planes of (101), (102), and (103), respectively. These planes were confirmed utilizing the ICDD 00-
019-1155 card. The samples’ crystalline sizes were calculated using the equation of Scherer (1) and 
the results are shown in Table 1a. As for the copper ratio increases, the crystalline size also increases. 
We can notice that when adding the Cu ratios (0.02, 0.04) "the peaks in the diffraction pattern shift 
to lower angles, and the intensities peaks mostly increase as the doping and crystallite size become 
larger, and this be contingent on ion size differences among Ag, copper and the increase in intensity 
refers to the include of the Copper atom in the Ag vacancies progress for the crystallinity growth. 
The crystallite size of the Ag2O: 0.04 Cu has high crystallite size from other films due to the 
relatively small size of atom (the ionic radius for Cu 0.71Å) [20,21] doping enters the atoms diffuses 
through the lattice of structure and moves into Interstice’s position within the Ag₂O. It is known that 
the effective doping effect of in semiconductors occurs when the ionic diameter of the doping atoms 
is smaller or equal to the host material. Figure 2b displays the XRD pattern for In2S3 thin film where 
thickness 100 nanometers. Figure X shows that the In₂S₃ thin film are polycrystalline with a stable 
tetragonal β-In₂S₃ structure and a preferred (109) orientations at (2θ ≈ 27.35°), which agree with the 
findings of [18]. The Table 1b shows excellent agreement between the experimental values and the 
ICDD standard (00-025-0390). 
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Fig. 2. XRD for (a) Ag2O thin film at Cu (0.0, 0.02, & 0.04). & (b) In2S3 thin film. 

 
Table 1a. X-ray diffraction for the Ag2O thin films with Cu (0.0, 0.02, & 0.04). 

 
Copper ratio hkl d Å 

Std. 
d Å Exp. 2θ Deg. 

Std. 
2θ 

Deg. 
Exp. 

β  
Deg. 

C.S 
nm 

Ag2O (0.0 Cu) (101) 2.33 2.347 38.6 38.3 0.204 43.06 
(102) 1.81 1.80 50.37 50.37 
(103) 1.4 1.399 66.76 66.78 

Ag2O (0.02 Cu) (101) 2.33 2.347 38.6 38.3 0.198 44.36 
(102) 1.81 1.81 50.37 50.34 
(103) 1.4 1.399 66.76 66.74 

Ag2O (0.04 Cu) (101) 2.33 2.349 38.6 38.26 0.186 47.22 
(102) 1.81 1.811 50.37 50.32 
(103) 1.4 1.400 66.76 66.72 

 
 

Table 1b. X-ray diffraction of In2S3 thin films. 
 

Thin film hkl dÅ Std. dÅ Exp. 2θ 
(Deg.) 
Std. 

2θ Deg. 
Exp. 

β  
Deg. 

C.S 
nm 

In2S3  (109) 3.24 3.25 27.429 27.35 0.6 20.81 
 (0012) 2.69 2.69 33.228 33.2 

(2212) 1.905 1.904 47.7 47.699 
 
 
The FESEM images illustrate how Cu doping modifies Ag₂O microstructure in Figure 3. 

While a lower  ratio of doping results in more understated changes that may influence the material's 
optical, electronic properties, higher ratio of doping products more pronounced structural and 
morphological changes. These perceptions are very useful for photovoltaic applications. The pure 
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Ag2O image most likely depicts homogeneous particles with a constant size distribution, perhaps 
spherical or cubic in shape. Lattice strain or defects may result from the Cu 0.02 doping, changing 
the surface texture without significantly altering the overall morphology. As the Cu doping ratio 
increased, the structural and morphological changes became more evident. Higher Cu ratios (0.04) 
may promote particle aggregation or clustering due to altered surface energies. 

 
 

   

Fig. 3. FESEM micrograph of Ag2O thin film with Cu (0.0, 0.02, and 0.04). 
 
 
Figure (4a) shows the Copper ratios' effects on the absorption Spectra of the Ag2O film. It 

has been observed that the thin films absorption happens to increase with a gradual decrease in the 
wavelength. This might have occurred because of the decrease in the corresponding transmittance 
with a gradual decrease in the wave-length as displayed in Figure (4a). Optical absorbance obviously 
exhibits a band edge displacement as a result of addition of copper in the range of visibility 300-650 
nm. Therefore, the films are decent application as an absorption layer in the solar cells due to the 
high absorption within the visible region. By examining optical characteristics for In2S3 via RT, we 
have successfully produced a transmittance spectrum of In2S3 thin film when a wave-length range 
(300-1000) nm. The Figure (4b) shows those spectra, in which they display a decrease in 
transmittance values upon decreasing these wavelengths. The transmittance high value only means 
that it is a decent for window material layer in multi-layers solar cell as in the study [30]. he optical 
gap energy was strongminded from a Taucs plots [26]. The variation of Eg with Ag2O and different 
Cu ratios (0.02, and 0.04). is further demonstrated in the Figure (5a). The direct transition (allowed) 
energy gap of (Ag2O) film was to compute to 1.6 eV in good agreement with [4] The value decreases 
from approximately 1.6 eV in the undoped state to a minimum of 1.4 eV at a copper ratio of 0.04, 
this means it has been decreased after doping as the result of adding the Copper dopant atoms lead 
to increase of crystallites size and the more absorbance is possible to get in Ag2O: 0.04 Cu films 
Copper doping shifted the band-gap of Ag₂O film closer to valence band edge, alongside the direct 
transition  as in Table 2. Gap energy value for In2S3 as a window layers is (2 eV) [16] as in Figure 
(5b). 

(a) (b) (c) 
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Fig. 4. (a) The absorbance Ag2O thin films with Cu (0.0, 0.02, and 0.04). (b) transmittance vs. wavelength 

for In2S3 thin film. 
 
 

  
Fig. 5. (𝛼𝛼ℎ𝑣𝑣)2 vs. photon energy for (a) Ag2O thin films with Cu (0.0, 0.02, and 0.04). (b) for In2S3 thin film. 

 
 

Table 2. The optical band-gap of Ag2O thin film at Cu (0.0, 0.02 & 0.04). 
 

Copper ratios 
Eg
opt (eV) 

Ag2O (0.0 Cu) 1.6 
Ag2O (0.02 Cu) 1.45 
Ag2O (0.04 Cu) 1.4 

 
 
Ag2O is based on a dual-heterojunction solar device designed using In₂S₃ semiconductor as 

n-type, where sulfur vacancy acts as a donor state that free electrons. Because of this property, it has 
been considered a promising window layer for photovoltaic devices [18,19]. To fabricate the 
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heterojunction, the semiconductor type (p-type and n-type) of the thin films must be determined. 
The Hall coefficient (RH) and mobility (µH) were used to identify the major charge carrier type and 
its mobility for Ag2O thin film with changing copper (Cu) doping concentrations. Silver oxide (Ag2O) 
is inherently a p-type semiconductor because its dominant defects (silver vacancies) introduce 
mobile holes as the primary charge carriers. The data in the Table 3 & Figure 6 indicate that Hall-
coefficient of Ag2O thin film reduces the carrier’s concentration. his points to lower resistivity (ρ) 
and higher conductivity (σ) for thin layers. It can be seen that the resistivity of Cu doped Ag2O thin 
film is much lower than that of pure thin film as a result of free hole release from the substitution 
for doped ions or atom at these sites, which are employed by Ag ions. A peak NH concentration 
of 6.12×10¹⁷ cm⁻³ was recorded at a copper content (Cu) of 0.04 at R.T. 

 
 

Table 3. The electric data of Ag2O thin film where Cu (0.0, 0.02, & 0.04). 
 

Copper ratios RH cm3C-1 NA*1017
 

(1/cm3) 
µH cm2/V.s 

 
ρ Ω.cm 

Ag2O (0.0 Cu) 10.77586 5.8 11.85345 0.909091 
Ag2O (0.02 Cu) 10.5042 5.95 12.07983 0.869565 
Ag2O (0.04 Cu) 10.21242 6.12 12.2549 0.833333 

 
 

 
 

Fig. 6. Carrier concentration and Mobility for Ag2O thin films with Cu (0.0, 0.02, and 0.04). 
 
 
The PV performance of Ag2O solar cell by altering the Cu doping from 0.02 to 0.04 of the 

Ag2O absorber layer. The variation of Cu doping caused a significant change in VOC as well as the 
corresponding efficiency as shown in Figure 7. The reduction in recombination current enhances the 
VOC of the solar cell [31]. The JSC increases slightly  with the enhancement in Cu doping and FF 
increases with doping. Therefore, the improvement of VOC and FF improves the efficiency from 1.99% 
to 2.742%. Figure 7 and Table 4 represent that the proposed cell’s efficiency fully depends upon the 
gradual addition of Cu doping. Efficiency can be achieved with the Cu doping more than 0.02.  
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The Ag2O absorber for example, Cu doping equal to 0.02 is not powerful enough to make 
the use of all of the photons that fall on the cell. When the Cu doping is increased in the cells, the 
amount of current during exposure to sunlight improves.  

The impact of In₂S₃ window layer on the PV output for Ag2O thin film solar device was 
investigated. In₂S₃ has a wide bandgap (2.0 eV), making it an excellent window layer that allows 
high transmission of sunlight to the absorber layer (Ag2O). Since Ag2O has a narrower bandgap 
(1.6–1.4 eV), the In₂S₃ layer ensures minimal parasitic absorption, maximizing photon absorption in 
the active layer, In₂S3 forms a favourable heterojunction with Ag2O, improving charge separation 
and reducing recombination. Its high electron mobility facilitates efficient electron extraction, 
increasing the short-circuit current (Jsc). The conduction band offset between In₂S₃ and Ag2O 
promotes electron flow while blocking holes, reducing interfacial recombination. A properly 
optimized In₂S₃ layer can passivate defects at the interface, improving the open-circuit voltage (Voc). 
In₂S₃ is chemically stable and less prone to oxidation compared to CdS (a traditional window layer), 
enhancing the long term stability for Ag₂O-solar cell. 

 
 

 
Fig. 7. I-V of heterojunction p-Ag2O/n-Si at Cu 0.0, 0.02, & 0.04 and n-In2S3/ p-Ag2O (0.04 Cu)/n-Si. 

 
 

Table 4. I-V features of the heterojunction p- Ag2O/n-Si by Cu 0.0, 0.02, & 0.04 and n-In2S3/p-Ag2O (0.04 
Cu)/n-Si. 

Parameter   
 

Ag2O (0.0 Cu)/Si Ag2O (0.02 Cu)/Si Ag2O (0.04 
Cu)/Si 

In2S3/Ag2O 
(0.04 Cu)/Si 

Voc Volt 0.3875 0.425 0.45 0.4625 
Jsc mA/cm2 5.1 5.85 6.175 7.875 

Vm Volt 0.3 0.325 0.35 0.375 
Jm mAcm-2 4.65 5.3625 5.8675 7.3125 

F.F 0.705 0.7009 0.716 0.752 
Efficiency % 1.395 1.742 1.99 2.742 
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4. Conclusions 
 
In this study, a novel double-heterojunction solar cell structure, n-In₂S₃/p-Ag₂O/n-Si, with 

varying Cu doping ratios (0, 0.02, 0.04) in the Ag₂O absorber layer, was successfully fabricated 
using the thermal evaporation method. The incorporation of Cu doping and the use of In₂S₃ as a 
window layer significantly enhanced the photovoltaic performance of the device. These results 
highlight the potential of Cu-doped Ag₂O and In₂S₃ in double-heterojunction solar cells, offering a 
promising pathway for the development of efficient and environmentally friendly photovoltaic 
devices. 
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