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Abstract: PV technology offers a sustainable solution to the increased energy demand especially 

based on mono- and polycrystalline silicon solar cells. The most recent years have allowed the suc-

cessful development of perovskite and tandem heterojunction Si-based solar cells with energy con-

version efficiency over 28%. The metal oxide heterojunction tandem solar cells have a great potential 

application in the future photovoltaic field. Cu2O (band gap of 2.07 eV) and ZnO (band gap of 3.3 

eV) are very good materials for solar cells and their features completely justify the high interest for 

the research of tandem heterojunction based on them. This review article analyzes high-efficiency 

silicon-based tandem heterojunction solar cells (HTSCs) with metal oxides. It is structured on six 

chapters dedicated to four main issues: (1) fabrication techniques and device architecture; (2) char-

acterization of Cu2O and ZnO layers; (3) numerical modelling of Cu2O/ZnO HTSC; (4) stability and 

reliability approach. The device architecture establishes that the HTSC is constituted from two sub-

cells: ZnO/Cu2O and c-Si. The four terminal tandem solar cells contribute to the increased current 

density and conversion efficiency. Cu2O and ZnO materials are defined as promising candidates for 

high-efficiency solar devices due to the morphological, structural, and optical characterization em-

phasized. Based on multiscale modelling of PV technology, the electrical and optical numerical 

modelling of the two sub-cells of HTSC are presented. At the same time, the thermal stability and 

reliability approach are essential and needed for an optimum operation of HTSC, concerning the 

cell lifetime and degradation degree. Further progress on flexible HTSC could determine that such 

advanced solar devices would become commercially sustainable in the near future. 

Keywords: tandem heterojunction solar cell (HTSC); metal oxides; four terminals; morphological; 

structural and optical characterization; modelling and simulation; stability and reliability  

 

1. Introduction  

In the present era, the leading role in the increase of renewable energy production on 

a global scale is played by the public company sector of the European Union (EU) and is 

represented by 20% of energy needs based on renewables reached by national targets [1,2]. 

In the near future, the EU could become a global leader in renewable energy (see the re-

vised “Directive of the European Parliament and of the Council on the promotion of the 

use of energy from Renewable Sources” [3]) and would ensure at least 27% renewables 

(RE) in the final EU energy consumption and possibly 35% RE in the total energy con-

sumption by 2030. Taking into account that the photovoltaics (PV) could have a leading 

role in the RE global scale, their cost would drop significantly [4]. The number of PV in-

stallations would be increased and that would drive the cost of PV down. Based on essen-

tial reports of (1) the International Energy Agency Photovoltaic Power System Programme 

(IEA PVPS) [5]; (2) the Renewable Energy Policy for the 21st Century (REN21) [6]; and (3) 
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Joint Research Centre (JRC) of the European Commission (EC) [7], the PV market is grow-

ing more and more, especially in China and India. A very good example is highlighted by 

the organic photovoltaic (OPV) technology that could compete with the conventional 

technologies in both roof- and ground-mounted systems [8]. The gap between theoretical 

limits of solar cell efficiencies and those determined at the laboratory scale, as well as at 

the industrial level, has obtained an increased incentive that would allow the experimental 

efficiencies to reach the calculated theoretical limits. At the same time, new materials for 

advanced solar cells with an emphasis on cost, performance, and environmental aspects 

were developed [9,10]. Metal oxide heterojunction tandem solar devices could be consid-

ered more advantageous in comparison with DSSC and OPV solar cells due to their very 

good qualities (accessible, non-expensive, non-polluting, and easy exploiting) [11]. Cu-

prous oxide (Cu2O) is a very attractive candidate based on its special features: direct for-

bidden bandgap, strong absorption of visible light, and high minority carrier diffusion 

length [12,13]; it could act as an efficient solar absorber layer. An important drawback of 

such a layer is determined by its intrinsic defects (copper vacancies and oxygen intersti-

tials), as well as low solubility of doping impurities [14]. c-Si-based tandem solar cells are 

of special interest for the PV community. However, some types of top solar cells have clear 

qualities but also present certain drawbacks. III-V/Si tandem solar cells exhibit important 

high efficiency and stability, but have a high manufacturing cost. Perovskites/Si tandem 

developed rapidly and achieved 30% efficiency, but present low stability in an outdoor 

environment. That is why Cu2O/Si tandem has an acceptable high theoretical efficiency, 

decent stability, earth-abundant raw material to reduce costs, and development prospects 

based on good device performance. 

Special research was explored to find corresponding n-type oxides for heterojunction 

Cu2O-based solar cells [15–17]. A very interesting tandem heterojunction solar cell config-

uration is represented by a ZnO(AZO)/Cu2O top sub-cell combined with a c-Si bottom 

sub-cell [18,19]. The main merits of a such a combination would be (1) large scale availa-

bility; (2) non-toxicity; (3) plenty of material. The remarkable qualities of a ZnO layer 

could be defined by (1) direct band gap of 3.3 eV; (2) large exciton binding energy of 60 

meV at room temperature; (3) high electron diffusivity; (4) high electrical conductivity. 

The exciton binding energy of 60 meV at room temperature is a unique property of ZnO. 

This means ZnO can emit light effectively. It is remarked that for emitted material, the 

larger exciton binding energy, the stronger the interaction between the electron and hole. 

It means the rate of emitted recombination is easier and therefore this is an important 

property when it is considered optical material. 

Thin film solar cells based on Cu2O/ZnO heterojunction were selected as an excellent 

candidate for future generations of solar cells with a maximum reported conversion effi-

ciency of 8.1% [20,21] and an estimated theoretical efficiency of 30% depending upon the 

optical absorption, Eg, carrier transfer, and luminescence efficiency of the top sub-cell 

[22,23]. 

Copper oxide semiconducting material including its band structure and the method 

of the production of Cu2O has a high applicability for solar cells [12,13,16,18–20,24]. A 

deep analysis reveals that (1) the high resistivity of starting material is responsible for the 

low value of electrical power conversion efficiency of Cu2O-based solar cells. (2) Non–

existence of a technique of doping Cu2O to obtain a low resistivity n-type semiconductor 

allows conversion efficiencies greater than 2% for p-n homo-junction Cu2O solar cell to be 

fabricated. (3) A copper copper-rich or oxygen-deficient surface makes all Schottky barri-

ers essentially a Cu/Cu2O structure. The copper oxide-based semiconductors fulfill the 

most important criteria of the future progress: availability, sustainability, non-toxicity (el-

ements of hope), and ease of synthesis. 

The organization of this paper is based on the correlation of the following essential 

HTSC items, namely: (1) solar device architecture; (2) fabrication techniques of Cu2O, ZnO 

and Cu2O/ZnO heterojunction; (3) characterization of Cu2O and ZnO layer structures; (4) 
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modelling and simulation (electrical and optical) of HTSC with Cu2O/ZnO heterojunction; 

(5) stability and reliability approach. 

The main objective of this article is determined by a unified approach of HTSC with 

the stress on three main features: (1) fabrication and characterization of Cu2O and ZnO 

structures; (2) numerical modelling; and (3) stability and reliability. 

Another objective is to highlight the N-doped cuprous oxide heterojunction solar cell 

as a promising candidate for high-efficiency solar devices. 

2. Fabrication Techniques and Device Architecture 

2.1. Basics on Tandem Devices 

The maximum absorbed solar energy can be obtained by stacking several tandem 

junctions with different bandgaps. 

The maximum theoretical conversion efficiency of corresponding solar tandem de-

vices is: 

(a) 44% (two junctions), 54% (three junctions), and 66% (infinite number of junctions) 

for non-concentrated solar radiation [25]; 

(b) 55% (two junctions), 63% (three junctions), and 86% (infinite number of junctions) 

for concentrated solar radiation [26]. 

Multi-junction experimental tandem solar cells presented a high conversion effi-

ciency of: (a) 46% with four junctions and concentrated solar radiation, and (b) 38.8% with 

four junctions and non-concentrated solar radiation [27]. 

The best possible ZnO/Cu2O tandem heterojunction would be obtained with an op-

timized Cu2O layer deposited on glass substrate under different conditions [24]. 

2.2. Device Architecture 

One of the main directions for the development of high-efficiency solar cells is re-

search on HTSCs based on silicon and metal oxides. Figure 1 presents the device structure 

of two Quartz/AZO(ZnO)/Cu2O sub-cell patterns with copper contacts. 

 

Figure 1. Solar top sub-cell patterns in the tandem structure [18]. 

Reactive MSP of metal oxides on a transparent glass (quartz) substrate realizes the 

ZnO/Cu2O sub-cell allowing low energy photons to be transmitted through the top AZO 

(ZnO)/Cu2O sub-cell for corresponding absorption in the bottom c-Si sub-cell. The 

ZnO/Cu2O top sub-cell deposited on the glass encapsulates the c-Si bottom sub-cell (see 
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Figure 2). In Figure 3, a schematic device design of a four-terminal tandem solar cell com-

bines into a stack a conventional Si sub-cell with a ZnO/Cu2O sub-cell. The four-terminal 

tandem solar cell compared to the conventional two-terminal solar cell contributes to the 

increase of current density and conversion efficiency. 

 

Figure 2. Method for laminating the Quartz/AZO/Cu2O to a c-Si bottom cell in order to form a device 

with four-terminal contacts [19]. 

 

Figure 3. Schematic device design of a four-terminal tandem heterojunction solar cell combining a 

conventional crystalline Si as bottom sub-cell with a metal oxide top sub-cell based on ZnO and 

Cu2O layers [20]. 

A device called the IBSC (Intermediate Band Solar Cell) was proposed for the increas-

ing of maximum theoretical efficiency of solar cells. Nitrogen is a good dopant that could 

be used to make an IB material from Cu2O. It should be simple to dope the Cu2O with 

nitrogen in a large concentration, and it has been shown to be a good p-type dopant. 

Nitrogen-doped cuprous oxide is the selected candidate material with an intermedi-

ate band, in conjunction with ZnO, respectively, ZnO/N: Cu2O. The obtained major chal-

lenges would be (1) the production of monocrystalline Cu2O; (2) low resistivity of Cu2O; 

and (3) charge transport and recombination at the AZO/Cu2O interface. Cu2O and AZO 

have to be deposited with high crystalline quality and low resistivity [24]. Cu2O and AZO 

thin films are deposited on quartz substrates by (DC/RF) MSS. Cu2O is deposited by reac-

tive sputtering of a Cu target in O2/Ar with 400 °C substrate temperature, and fixed power 
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density. To improve the optical and electrical properties, the grown Cu2O films are an-

nealed at 900 °C in vacuum. AZO is deposited by co-sputtering of pure ZnO ceramic target 

and Al target in Ar with 400 °C substrate temperature [28]. 

2.3. Cu2O Fabrication Techniques 

The reported Cu2O-based structures have employed Cu2O sheets realized by Cu ther-

mal oxidation [29]. 

Cu2O films could be deposited by different methods, respectively: Magnetron Sput-

tering (MSP) [30], Electro-Chemical Deposition (ECD) [31], Plasma-enhanced Atomic 

Layer Deposition/Pulsed Laser Deposition (ALD/PLD) [32,33], Photochemical Deposition 

[34], Metal Organic Chemical Vapor Deposition (MOCVD) [35], sol-gel technique [36], and 

others. Presented shortly are a few Deposition Methods, including their Advantages and 

Disadvantages. 

A. Pulsed Laser Deposition (PLD) [37]  

Pulsed Laser Deposition (PLD), also known as Pulsed Laser Ablation (PLA), uses a 

laser to bombard the surface of the target, raising its surface temperature and further pro-

ducing high temperature and high pressure plasma (T > 104 K), depositing on different 

substrates to form a film. Advantages: (a) It is easy to obtain by PLD multi-component film 

of desired stoichiometric ratio. (b) It has high deposition rate, short test period, and low 

substrate temperature. (c) The process is simple and flexible with great development po-

tential and great compatibility. (d) The process parameters can be arbitrarily adjusted. 

Multi-target components are flexible. (e) It is easy to clean and prepare a variety of thin 

film materials. (f) PLD uses UV pulsed laser of high photon capability and high energy 

density as energy source for plasma generation, so it is non-polluting and easy to control. 

(g) PLD is suitable for applications in microelectronics, sensor technology, and new ma-

terial films. Disadvantages: (a) For several materials, there are molten small particles or 

target fragments in the deposited film, which are sputtered during the laser-induced ex-

plosion and reduce the quality of the film. (b) The feasibility of the laser method for large 

area deposition has not been proved yet. (c) Average deposition rate of PLD is slow. 

B. Magnetron Sputtering (MSP) [38] 

Magnetron sputtering is the main thin film deposition method for manufacturing 

semiconductors, disk drives, CDs, and optical devices. Advantages: (a) The deposition 

speed of MSP is fast, the requirement of substrate temperature rise is low, and the damage 

to the film is small. (b) For most materials, they can be coated by MSP. (c) The bonding 

performance between the thin film and the substrate obtained by MSP is good. (d) The 

thin film obtained by MSP has high purity, good density, and good film formation uni-

formity. (e) The repeatability of the MSP is good, and a thin film with a uniform thickness 

can be obtained on a large area substrate. (f) The thickness of the coating and the particle 

size of the constituent thin film can be controlled by changing parameter conditions. (g) 

Different metals, alloys, and oxides can be mixed and sputtered on the substrate at the 

same time. (h) It is easy to realize industrialization. 

Disadvantages: (a) The sputtering gas, argon, emits a strong light blue glow forming a 

halo. The target under the halo is severely bombarded by ions, and a ring-shaped groove 

is sputtered. (b) The plasma is unstable. (c) Low temperature and high-speed sputtering 

of ferromagnetic materials cannot be realized. It is not possible to add an external mag-

netic field near the target. 

C. Metal Organic Chemical Vapor Deposition (MOCVD) [39] 

MOCVD is a coating process that uses metal ions to create thin film oxides. It can be 

used to create lead-based ferroelectric layers. The deposition source is a complex metal 

organic ligand; MOCVD allows extremely low-cost production of lead-based ferroelectric 

layers. Advantages: (a) thin film oxide deposition; (b) design of improved precursors; (c) 
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lead-based ferroelectric layers for uncooled thermal images; (d) preparation of complex 

ferroelectric oxides. Disadvantages: (a) MOCVD precursors are very hazardous and toxic. 

(b) They are formed of highly toxic and hybrid gases due to the formation of phosphine. 

D. Plasma-enhanced Atomic Layer Deposition (ALD) [40] 

Atomic Layer Deposition (ALD) [41] is an ultra-thin film deposition technique that has 

found many applications due to its special abilities, namely: (1) uniform deposition of 

films with controllable thickness, and (2) improvement of the efficiency of electronic de-

vices. This technology has attracted significant interest, both for new functional materials 

to be synthesized by ALD, and for several practical applications, such as advanced nano-

patterning in microelectronics, energy storage systems, desalination, catalysis, and medi-

cal use. Advantages: (a) Experimental approaches that affect the deposition and present 

simulation, such as molecular dynamics and computational fluid dynamics. It would pre-

dict the optimization of ALD processes and would determine the reduction in cost, energy 

waste, and adverse environmental impact. (b) The copper oxide films are deposited on 

silicon substrates by reactive r.f. MSP at 400 °C. (c) The film thickness is measured by 

ellipsometry [29,42]. (d) Potential applications for Cu2O films include specific devices, 

such as p-Cu2O/n-ZnO photodetectors [38] and solar cells [20,39]. (e) After rapid thermal 

annealing at 900 °C, the electrical properties of Cu2O film on quartz are improved by Hall 

effect measurements [40]. 

2.4. ZnO Fabrication Techniques 

ZnO is a naturally abundant material which crystallizes either in zinc blende (fcc) 

phase or wurtzite packed phase. The measured photovoltaic properties of ZnO/Cu2O 

HTSC fabricated with thin films deposited on substrates depend on the target orientation, 

perpendicularly/parallel to the target [43]. 

AZO thin films are deposited via spin coating technique onto glass substrates at 3000 

rpm. An undoped ZnO precursor solution is prepared by dissolving acetate dehydrate 

[ZnAc:(Zn(CH3COO)22H2O)] in 2-proponal and diethanolamine (DEA, C4H11NO2) [44]. 

Experimental ZnO thin films are deposited by ALD technique at 200 °C. ZnO thin films are 

grown on Si and fused quartz (SiO2) substrates [45]. ZnO as n-type semiconductor is one 

of the most relevant combinations of II-VI (AIIBVI) [46]. 

The physical properties of ZnO thin films prepared by MSP are significantly affected 

by growth parameters such as gas pressure, time, target-to-substrate distance, deposition 

power, type and substrate temperature, and annealing temperature. The films’ tempera-

ture and the substrate type on the growth influence the crystal structure, as well as mor-

phological and optical properties of ZnO thin films [46]. ZnO presents essential properties 

such as high transparency, high electrical conductivity, and high reflectance in IR. 

2.5. Fabrication of Cu2O/ZnO Heterojunction 

The challenges associated with Cu2O/ZnO Tandem Heterojunctions (see Table 1) can 

be identified as follows: (a) They are made under ambient conditions. (b) The measures to 

reduce Cu2O instability result in PCE above 2%. (c) A higher quality interface in the opti-

mized devices improves the open-circuit voltage three-fold. 

Table 1. Cu2O-based solar cell efficiency latest developments (until 2014). This table is based on that 

proposed by Ievskaya et al. [47] 

Type of Junction PCE % Voc  Deposition Method Ref. 

Cu2O-based junctions developed in vacuum 

AZO/Ga2O3/Cu2O  5.38  0.8 PLD on Cu2O sheet [48] 

AZO/Zn0.91Mg0.09O/Cu2O 4.3 0.8  PLD on Cu2O sheet [49] 

AZO/ZnO/Cu2O 4.12  0.72 PLD on Cu2O sheet [50] 

AZO/Ga2O3/Cu2O 3.97  1.2 ALD  [51] 
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AZO/ZnO/Cu2O 3.83 0.69 PLD on Cu2O sheet [52] 

AZO/a-ZTO/Cu2O 2.85  0.62 ALD  [53] 

AZO/a-ZTO/Cu2O 2.65  0.55 ALD  [54] 

AZO/Cu2O 2.53  0.55 PLD on Cu2O sheet [55] 

ITO/ZnO/Cu2O 2.01  0.6 IBS  [56] 

ZnO:Ga/Cu2O 1.52  0.41 VAPE  [57] 

AZO/Cu2O 1.39  0.4 dc-MSP [57] 

AZO/Cu2O 1.21  0.41 PLD  [58] 

AZO/Cu2O 0.24  0.34 electrodeposition  [59] 

Cu2O-based junctions developed without vacuum 

ZnO/Cu2O 0.12  0.19 ECD [60] 

ZnO/Cu2O 1.43  0.54 ECD [61] 

ZnO/Cu2O 1.28  0.59 ECD  [62] 

ZnO/Cu2O/Cu2O+ 0.9  0.32 ECD  [63] 

ZnO/Cu2O 0.47  0.28 ECD  [64] 

ZnO/Cu2O 0.41  0.32 ECD  [65] 

ZnO/Cu2O 1.46  0.49 AALD  [47] 

ITO/Zn0.79Mg0.21O/Cu2O 2.2  0.65 AALD  [47]  

Patent WO2019058605A1 [66] presents a multi-junction tandem solar cell with im-

proved efficiency and a Cu2O absorbent layer. It includes: (1) a first electrode, (2) a light 

absorption layer, (3) an n-type layer, and 4) a second electrode. The light absorption layer 

is between the first electrode and the n-type layer; the n-type layer is between the light 

absorption layer and the second electrode. 

3. Characterization of Cu2O and ZnO Layer Structures.  

3.1. Characterization of Cu2O Layer Structure 

3.1.1. Basic Information 

Cu2O is one of the most efficient metal oxides for PV applications. It is a natural p-

type semiconductor with a band gap of 2.1 eV. Nitrogen doping in Cu2O would reduce 

resistivity and improve hole concentration [67]. Cu2O thin films were deposited on quartz 

and silicon substrates by d. c. MSP system [68]. 

The layer structure of Cu2O: N thin film samples is presented in Table 2 [42]. 

Table 2. Layer structure of Cu2O:N thin films [42]. 

Sample Name Gas Flow Conditions Grains Size (nm) 

Sample 0 Ar/O2 was fixed at 42.5/7.5 sccm undoped  20–90 

Sample 1 (Ar/O2 was fixed at 42.5/7.5 sccm) N-doped 3 sccm 20–48 

Sample 2 (Ar/O2 was fixed at 42.5/7.5 sccm) N-doped 1 sccm 30–54 

Sample 3 (Ar was varied at 41.5 sccm, O2 was fixed at 7.5 sccm) 40–88 

3.1.2. Morphological Characterization of the Cu2O: N thin films 

The surface morphology of the Cu2O: N thin films could be analyzed by SEM with a 

scanning electron microscope, while the topographic imaging could be performed by 

AFM with an atomic force microscope. 

A. Scanning Electron Microscopy (SEM) 

The SEM images of four samples (see Table 2) are shown in Figure 4: one undoped 

Cu2O film (Sample 0) and three Cu2O: N thin film samples (Samples 1–3) [42]. 
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Figure 4. SEM images of Cu2O thin films deposited on quartz substrate: (a) Sample 0, (b) Sample 1, 

(c) Sample 2, and (d) Sample 3 [42]. 

B. Atomic Force Microscopy (AFM) 

The grain size, including surface roughness of Cu2O: N thin film deposited on quartz 

substrate, is measured by AFM topographic imaging. The surface morphologies for each 

of the N-doped thin film samples compared to Sample 0 are shown: 1) in Figure 5a as 2D 

AFM images, together with their corresponding profile histograms, and 2) in Figure 5b as 

3D AFM images. The root-mean-square surface roughness (RRMS) for each sample is ex-

tracted from their AFM images [69,70]. 

The histograms represent the statistical distribution of the height surface profile of 

the Cu2O samples derived from the AFM images. Samples 1, 2, and 3 present the highest 

frequency at a surface height of 26 nm, 25 nm, and 17 nm, respectively. RRMS and Height 

Distribution Standard Deviation are resulted from the histograms based on the 2D AFM 

images, processed in MATLAB, and presented in Table 3 [42]. 

Table 3. Height Distribution Standard Deviation resulted from histograms of 2D AFM images and 

RRMS of Cu2O thin films [42]. 

Sample Deposited on 

Quartz 
RRMS (nm) 

Height Distribution Standard 

Deviation (nm) 

Sample 0 6.3 7.8 

Sample 1 4.7 5.8 

Sample 2 4.2 4.5 

Sample 3 3.9 4.2 

The undoped Cu2O film (Sample 0) presents a greater roughness than the doped Sam-

ples 1–3. Sample 1 presents the highest deviation and Sample 3 has the lowest one using 

the doped samples. 
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Sample 2 Sample 3 
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Figure 5. (a) 2D AFM images of Samples 0–3 and their corresponding histograms [67]; (b) 3D AFM 

images of Samples 0–3 [42]. 

3.1.3. Structural Characterization by XRD of the Cu2O:N Thin Films 

The XRD patterns of the four samples recorded in the range 30–60° were obtained by 

a diffractometer (see Figure 6); all films are dominated by two reflection peaks. The XRD 

patterns are not significantly influenced by nitrogen doping [53]. 

The Cu2O peaks are determined by comparing experimental XRD peak patterns with 

the ICDD patterns (standard Powder Diffraction cards) [71,72]. 
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Figure 6. XRD patterns of Samples 0–3 in the range 30–60°, where ∆ represents the background peak 

[42]. 

3.1.4. Optical Characterization of the Cu2O:N Thin Films 

Optical characterization is carried out by (1) FTIR spectroscopy analysis using a Per-

kin–Elmer spectrometer, and (2) spectroscopic ellipsometry (SE) using a spectroscopic ellip-

someter. The refractive index and extinction coefficient of Cu2O: N thin films in the range 

from 190 to 2100 nm could be determined based on SE. 

A. FTIR Spectroscopy characterization. 

Figure 7 shows the FTIR transmission spectra obtained for Cu2O: N thin films. Table 

4 lists the transmission peaks [42]. 

Table 4. Transmission peaks for Cu2O: N thin films [42]. 

Sample Name ν Cu2O (cm−1) 

Sample 1 608 

Sample 2 616 

Sample 3 615 

 

Figure 7. FTIR transmission spectra for Cu2O:N thin film: Sample 1, Sample 2, and Sample 3 [42]. 

The FTIR spectra of all samples deposited on quartz show the peaks corresponding 

to the vibrational modes of Si-O that belong to the quartz substrate [72,73]. An increasing 

trend is remarked in the intensity of the Cu2O:N absorption band from Sample 1 to Sample 



Energies 2023, 16, 3033 12 of 31 
 

 

3, determining an increased concentration of N2, in good agreement with the recent pre-

dictions [74]. The decrease in resistivity and increase in N-doping concentration is ex-

plained by annealing-driven substitution of O atoms with implanted N atoms; N doping 

may induce any variation in energy band structure of Cu2O films [71]. The photolumines-

cence (PL) spectra of Cu2O films contain two main signals ranging from 450 to 650 nm 

[75]. 

B. Spectroscopic Ellipsometry (SE) Characterization 

The investigated spectroscopic ellipsometry (SE) parameters of Cu2O:N thin films in 

the range 1.5–4.1 eV are (1) the band gap, and (2) the surface roughness [76,77], see Table 

5. 

Table 5. Investigated (SE) parameters of Cu2O:N thin films [76,77]. 

Sample Name Sample 1 Sample 2 Sample 3 

Band gap (eV): 2.17 2.14 2.17 

Surface roughness (nm): 15.9 19.6 17.2 

Using the Tauc–Lorentz oscillator modelling [78], the following parameters can be 

determined: (1) the band gap, (2) the surface roughness, (3) the refractive index (n), and 

(4) the extinction coefficient (k) in the range 300–800 nm (from VIS to near IR) for Cu2O 

thin films deposited on quartz substrates. 

The surface roughness of Cu2O films increases with the level of N2 pressure (see Table 

5). The presence of N2 during deposition of Cu2O films on quartz substrate produces small 

changes over n and k in the range 300–600 nm for Samples 1–3, see Figure 8. 

 

Figure 8. Graphs of n and k coefficients for Samples 1, 2, and 3 of Cu2O:N thin films; λ is wavelength 

[67]. 

In Figure 8 for Sample 2 (the highest N-doped sample), the changes in n(λ) (yellow 

curve) and k(λ) (green curve) associated with a structural change in Cu2O induced by ni-

trogen doping could be seen. This could be a promising method for modifying the optical 

properties of the metal oxide [75,79]. The crystal size decreases with the increasing of the 

N-doping concentration in the small N-doping range [72,75].  
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3.2. Characterization of ZnO Layer Structure 

3.2.1. The Structural Properties of ZnO Nanostructures 

For bulk ZnO, structural characterization by X-ray diffraction (Figure 9a) reveals 

peaks belonging to Zn [80], up to 500 °C; at 700 °C, small peaks of ZnO would appear [81]. 

For the non-annealed ZnO thin film, the X-ray diffraction patterns (Figure 9b) show four 

peaks that belong to Zn and are compatible with the crystal structure [82,83]. Up to 900 

°C, the structure of ZnO thin films is hexagonal; at 1100 °C, the defects change the struc-

ture to a cubic one and the peaks in the X-ray spectrum shift. X-ray diffraction gives infor-

mation about the crystalline and structural properties of thin films such as: lattice con-

stants, particle size, displacement density, and microcontroller [84]. 

The best ways to study ZnO morphology are (1) the size; (2) the shape; and (3) the 

placement of particles on the body surface [85]. For the thin films, it shows that the syn-

thesized nanoparticles are spherical and uniform in size (Figure 10a); by increasing the 

temperature, the oxidation of the films and the size of the crystalline grains decrease. The 

AFM images of the samples (Figure 10b) show that the surface morphology changes as 

the temperature increases; the surface roughness and average surface height increase. Dif-

ferent properties of bulk samples and thin films, such as roughness and surface morphol-

ogy, depend on their crystal structure. 

 

Figure 9. XRD patterns of Zn and ZnO bulk samples: (a) thin films [80]; (b) annealed at different 

temperatures [82]. 
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(a) 

 
(b) 

Figure 10. (a) SEM images of Zn and ZnO thin films annealed at the temperatures of 300, 500, 700, 

900, and 1100 °C [85]. (b) AFM images of Zn and ZnO thin films annealed at different temperatures 

[46]. 

3.2.2. Optical Properties of ZnO Thin Films 

A. UV-VIS Spectroscopy 

The effects of annealing temperature on the optical properties of ZnO thin films, 

namely absorbance and transmittance in VIS and UV, are investigated. The UV absorbance 
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increases due to the increase in the annealing temperature and the spectrum shifting to-

wards shorter wavelengths (Figure 11a); it is obtained by the decrease of the particle size 

and the increase of the energy bandgap. The transmittance is strongly affected by the an-

nealing temperature and increases sharply in the VIS. Also, in the UV, the transmittance 

(Figure 11b) decreases to a minimum; a strong interaction is indicated between the inci-

dent light and the material electrons; light scattering is caused and particle size increases 

grain area as well as reduced light transmission. 

 

Figure 11. The absorption (a) and transmittance (b) spectra of the prepared thin films [86]. 

B. Photoluminescence (PL) Spectroscopy 

Photoluminescence (PL) and UV–VIS absorption measurements can be performed at 

room temperature. The PL spectrum shows that the relative intensity of UV and defect 

bands depends on the length of ZnO nanorods. The peak of PL of UV band around 395 

nm is strongly enhanced when the length of ZnO nanorods is reduced. PL spectrum of 

ZnO nanostructures is defined by emission bands observed in UV and VIS. The UV peak 

is a characteristic of ZnO emission, and the VIS light emission density is much higher [87]. 

For PL spectroscopy, the intensity of UV peaks increases by increasing of the annealing 

temperature (Figure 12); the intensity of peaks in VIS is low and strong exciton emission 

indicates that ZnO nanoparticles have a minor defect. 

 

Figure 12. PL spectroscopy of Zn and ZnO nanostructured thin films [83]. 
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C. Determination of Optical Constants 

High transparency of transmittance over the VIS makes it possible for ZnO to be used 

in solar cells. It is essential to know the optical parameters of thin films, especially the 

refractive index and extinction coefficient [86]. Figure 13 proves the following graphs: (1) 

extinction coefficient, (2) refractive index, and (3) real and imaginary parts of the complex 

dielectric function of prepared thin films. The extinction coefficient is the lowest for ZnO 

and the highest for n-anneal in VIS. Refractive index decreases in the transparent region 

(long wavelengths) and increases in the absorption region (short wavelengths). Real and 

imaginary parts of the dielectric function feature a decreasing trend in the transparent 

region. The absorption area expands toward shorter wavelengths. The extinction coeffi-

cient, refractive index, and real and imaginary parts of the dielectric function enhance in 

tandem with the increasing of the annealing temperature, up to 900 °C. The optical con-

ductivity of nanoparticles is presented in terms of the landing photon energy (Figure 14). 

Higher values of optical conductivity indicate that the grown ZnO thin film has high po-

tential to be used as an optically conducting material [88]. 

 

Figure 13. The extinction coefficient (a) refractive index (b) and real (c) and imaginary (d) portions 

of complex dielectric function of the thin films [86]. 
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Figure 14. Optical conductivity of the prepared nanoparticles in terms of energy of landing photon 

[88]. 

4. Merits and Comparative Analysis of AZO/Cu2O HTSC 

4.1. Merits of AZO/Cu2O Heterojunction Tandem Solar Cells (HTSC) 

The highest experimental efficiency of ZnO/Cu2O HTSC determined so far is 5.38%, 

see Minami et al. [52], by depositing firstly a Ga2O3 buffer layer and secondly an AZO 

layer by PLD on Cu2O layer. This is far from the theoretical conversion efficiencies of Cu2O 

and ZnO, which are 20% and 18%, respectively. The most prominent challenges that are 

identified are tied to the material quality of the Cu2O layer, namely high resistivity and 

low crystallinity, as a result of Cu2O contamination at the surface. The surface defects on 

the Cu2O lead to unwanted charge transport and recombination at the heterojunction in-

terface. These challenges can be mitigated by growing crystal Cu2O, both to decrease in-

terface defects, and to increase conductivity. 

4.2. Comparative Analysis of HTSC with Other High Performance Solar Cells 

A comparative analysis of efficiencies and device characteristics for solar cells with 

the highest certified efficiency to date concerning: DSSCs, PSCs, OPVs, and Tandem PSCs 

(HTSC) is discussed based on the data in Table 6 [89]. Advanced techniques and research 

trends can be examined from the perspective of (1) novel materials, (2) device modelling, 

and (3) innovative device structures. The comparative advantages and limitations of these 

photovoltaic technologies are evaluated in terms of (1) device efficiency, (2) durability, (3) 

ease of fabrication, and (4) performance–price ratio. 

Table 6. Highest recorded efficiencies and device characteristics for DSSCs, PSCs, OPVs, and HTSCs 

[89]. 

 
Efficiency 

(%) 

Active 

Layer/Absorber 

Carrier Transporting 

Material 

Innovative 

Materials/Techniques 

Institution/C

ompany 

DSSC 13.0 
TiO2 dye-sensitized 

semiconductor 

Cobalt redox couple 

electrolyte 

Panchromatic porphyrin 

sensitizers 
EPFL 

PSC 25.2 
FAPbI 3-based 

perovskite 
Spiro-MeOTAD 

Minimizing the deformation of 

photoactive layers by changing 

the type and ratio of ions 

UNIST 
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Tandem 

PSC/Si 
29.5 

Monolithic perov-

skite PbI2-based top 

cell/Si bottom cell 

Methyl-substituted 

carbazole monolayer/C60 

Self-assembled carbazole-based 

monolayer with methyl group 

substitution 

Oxford PV 

Tandem 

PSC/CIGS 
24.2 

Monolithic two-

terminal triple-

cation PSC/CIGS 

Poly [bis(4-phenyl) 

(2,4,6-trimethylphenyl) 

amine] (PTAA)/C60 

Rubidium-based self-assembled 

monolayer 
HZB 

OPV 18.2 PBDB-T-2F:BTP-eC9 PEDOT:PSS 
Chlorinated nonfullerene 

acceptor 
SJTU/BUAA 

5. Numerical Modelling of Heterojunction Tandem Cu2O/ZnO Solar Cells 

5.1. Multiscale Modelling of PV Technology 

The computational modelling approach of PV technology is developed based on the 

following items: (1) material properties; (2) nanoscale structures defined by dynamical 

electronic, thermal, and optical properties, and interface processes that determine 

mesoscale methods; (3) solar PV devices (solar cells); and (4) industrial applications rep-

resented by PV systems. The analysis of nanoscale structures based on electronic, thermal, 

and optical properties together with their influence on solar cells’ characteristics involves 

a multiscale modelling (defined by: atomic scale, mesoscale, µm and cm to meter scale), and char-

acterization, see Figure 15 [90–92]. In the following paragraphs of this section, the analyzed 

solar cell (µm scale), respectively, the Heterojunction Tandem Cu2O/ZnO solar device, is 

discussed based on numerical modelling. 

 

Figure 15. Interesting scales in photovoltaics technology and corresponding quantities [90–92]. 

5.2. Diagram of the Cu2O/ZnO Solar Cell Simulation Model 

A diagram of the simulated model for Cu2O/AZO tandem heterojunction solar cell is 

represented in Figure 16. This solar cell structure includes (1) a quartz glass superstrate; 

(2) an AZO n+ emitter layer; (3) a Cu2O p-type absorber layer; and (4) a bottom Cu2O: N 

layer. 
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Figure 16. Diagram of the simulated Cu2O/AZO solar cell [28]. 

5.3. Simulation Methodology 

Numerical modelling of the Cu2O/ZnO(AZO) can be studied based on three simula-

tion software packages, namely Silvaco Atlas, MATLAB, and Quokka 2. The simulated 

solar cell is analyzed for two sub-cells: (1) Cu2O/ZnO(AZO) top sub-cell; (2) c-Si bottom 

sub-cell. 

The best simulators used for solar cell design and material performance optimization 

are Silvaco Atlas and PC1D. Silvaco is an efficient tool for the top sub-cell and absorbs the 

high solar energy part while PC1D is an optimum tool for the bottom sub-cell and absorbs 

the low solar energy part. The simulated device with optimized parameters can be com-

pared with the experimental industrial metal oxide solar cell; based on this comparison, 

the validation can be done. 

The large current mismatch between the two sub-cells, caused by the large band gap 

difference for the two absorbers, allows the optimization of the top and bottom sub-cells 

and defines the arrangement of a four-terminal configuration. This approach can increase 

the conversion efficiency of the tandem heterojunction ZnO/Cu2O silicone solar cell be-

yond the limit of the conventional c-Si solar cell. 

A 4T tandem SC can be connected to two loads such that each sub-cell always oper-

ates at its maximum power point (MPPT). This MPPT maximizes energy production and 

requires additional current collection which would decrease performance. An idealized 

4T tandem SC with no resistive or optical losses serves as an upper limit for performance. 

4T SC must also be designed to operate such that the top and bottom sub-cells are electri-

cally isolated, which may introduce additional optical losses and series resistances. 

The excellent performance of idealized 4T tandem SCs and current-matched 2T tan-

dem SCs is highlighted. Similar trends are seen for both the energy-harvesting efficiency 

under a set of spectra, and power-conversion efficiency under the AM1.5G spectrum. This 

analysis can be extended to different locations with different climates, and different sub-

cell materials. 

5.4. Electrical Numerical Modelling for the Two Sub-cells of the HTSC 

5.4.1. Electrical Modelling of the Top Sub-cell 

This numerical modelling is investigated using the Silvaco Atlas simulation package. 

The ZnO(AZO) is selected as the buffer layer; a buffer layer is required in a material system 

to obtain a large enough conduction band offset. The influence of defects [18,48,93–96] is 

discussed taking into account that an interface defect layer (IDL) is implemented. 

Based on simulations, the following graphs are obtained: (1) the dependence of the 

AZO thickness on top sub-cell efficiency with an optimum AZO thickness of 0.25 µm, see 

Figure 17a; (2) the dependence of IDL thickness on top sub-cell efficiency (η), see Figure 

17b; (3) the dependences of buffer electron mobility on top sub-cell fill factor (FF) and 
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conversion efficiency (η), see Figure 17c; (4) the dependence of buffer and IDL affinity on 

top sub-cell efficiency (η), see Figure 17d. 

The following is remarked: 

• a buffer electron mobility value under 100 cm2/Vs would influence FF and η; 

• a comparison of different buffer and IDL materials can be done from the point of 

view of their affinity. The optimal affinity interval for the buffer layer is 3.4–3.6 eV; it 

would define the lower conduction band offset with Cu2O absorber layer. The opti-

mal affinity interval for IDL is 2.95–3.4 eV. 

  
(a) (b) 

 
 

(c) (d) 

Figure 17. (a) AZO (Al: ZnO) thickness vs. top sub-cell efficiency; (b) interface defect layer (IDL) 

thickness vs. top sub-cell efficiency [93]; (c) buffer electron mobility (cm2/V·s) vs. top sub-cell fill 

factor and conversion efficiency; (d) buffer and IDL affinity vs. top sub-cell efficiency [93]. 

5.4.2. Electrical Modelling of the Bottom Sub-cell 

This electrical modelling is studied based on the Quokka 2 software, version 2.2.5. 

The experimental results can be compared with the simulated ones. The J-V characteris-

tics, experimental curve and simulated one, respectively, are presented in Figure 18a. At 

the same time, the experimental and simulated graphs of the external quantum efficiency 

(EQE) are plotted in Figure 18b. 
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(a) (b) 

Figure 18. (a) Experimental vs. Quokka 2 simulated J-V curve; (b) experimental vs. Quokka 2 simu-

lated EQE curve [28]. 

The essential electrical parameters for the bottom (c-Si) solar sub-cell are obtained 

using the fitting of the experimental curve with the Quokka 2 simulated one; they can be 

used for control and prediction. In Table 7 four experimental electrical parameters for the 

bottom silicone solar sub-cell are presented. 

Table 7. Experimental electrical parameters for the bottom (c-Si) solar sub-cell [28]. 

Parameter Name  Parameter Value  

Open circuit voltage, VOC (mV)  625.16  

Fill Factor, FF (%)  76.83  

Series resistance, RS (ohm/cm2):  0.196  

Shunt resistance, RSH (ohm/cm2):  2382.8  

5.5. Optical Numerical Modelling for the Top Sub-cell of the HTSC 

Optical characteristics for the top sub-cell, namely the reflectance, transmittance, and 

absorbance as function of wavelength for three samples of Cu2O: N, can be obtained using 

OPAL 2 software [97–99]. The optical numerical modelling is performed in the wavelength 

range (300–800) nm, see Figure 19. For simulations there are implemented in the model: a 

100 nm thick ZnO layer, a 2 µm thick Cu2O layer, and a 50 nm thick Cu2O: N layer. The 

simulated reflectance would be very useful for the evaluation of loss reflectance. 

Based on the transmittance data, Tauc plots [100] for the three doped samples are 

estimated and presented in Figure 20. Tauc plots indicate an optical bandgap around 2.18 

eV for all samples, in good agreement with the ellipsometry measurements (see Chapter 

3). 
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Figure 19. (a) Reflectance, (b) absorbance, and (c) transmittance as a function of wavelength for the 

metal oxide structure [100]. 
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Figure 20. Tauc plots of Samples 1, 2, and 3 deposited on quartz substrate [100]. 

6. Stability and Reliability Approach 

6.1. Stability Aspects 

The stability is an essential parameter of commercial HTSC and can improve its life-

time. The solar cell stability would require minimizing the influence of humidity, UV, and 

temperature effects. 

The 55% humidity can diminish the solar cell performance by color change [101]. The 

moisture sensitivity of solar devices can be improved by suitable encapsulation tech-

niques. The thermal stability of HTSC would be increased by use of polymers [102]. The 

research regarding the rain effect with water of variable pH based on the simulation with 

lead poisoning participation would allow consideration of safe solar cell use [103]. 

6.2. Methodological Tools for HTSC Reliability 

There are three main accelerated tests to be considered for the reliability of a solar 

cell: 

(a) Qualitative accelerated test: it is used for information regarding the HTSC failure 

ways; 

(b) High Accelerated Life Test (HALT): it is used for information regarding the HTSC 

failure mechanism and lifetime; 

(c) High Accelerated Stress Screening (HASS): it is used for information regarding 

the HTSC operating time and failure rate within the working temperature range. 

A precise reliability analysis of HTSC could be done with the SYNTHESIS simulation 

package [100]. The following essential tools are used: (1) the Weibull++ tool, which allows 

the lifetime analysis; (2) the ALTA tool, which allows the analysis of accelerated life tests 

and degradation degree. 

6.3. HTSC Thermal Stability Characteristics 

Three main parameters can be discussed using the Weibull statistical repartition ap-

proach [104]: (1) the solar cell lifetime in different conditions; (2) the degradation degree influ-

enced by temperature; and (3) the number of defects (failures). 

The Weibull statistical repartition can be used for prediction of two essential param-

eters: solar cell lifetime (Figure 21a) and solar cell degradation degree based on tempera-

ture influence [105–107] under standard and stress conditions (Figure 21b). 

Using the stress results of the HASS test, it would be possible to determine the fol-

lowing based on ALTA tool numerical simulations: (1) the operating time limiting value 

in normal conditions (Figure 22a); (2) the probable rate of solar cell failure within the op-

eration temperature range of 50–100 °C (Figure 22b). It is seen that the expected failures’ 

rate dependence increases strongly with temperature. 

The simulated results obtained using this reliability analysis consist of (1) identifying 

the solar cell failure modes; (2) prediction of the solar cell lifetime in normal operation 

conditions; (3) evaluation of the degradation time and number of defects for the analyzed 

solar cell. 

Based on an experimental approach, it is remarked that the Cu2O: N layer would be 

very stable when its annealing for 90 min does not degrade the nitrogen doping [108]. 
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(a) (b) 
Figure 21. (a) Weibull repartition for the studied solar cell lifetime; (b) solar cell degradation degree 

under standard and stress conditions [105,107]. 

 

(a) (b) 

Figure 22. (a) Cumulative number of failures as function of time (using ALTA module). (b) Baseline 

survival of solar cell simulation (using ALTA module) at temperature and stress conditions 

[105,107]. 

6.4. Reliability of HTSC Based on Si and ZnO 

ZnO-based devices improve the reliability of different high performance SCs such as 

DSSC, Perovskite SC, or OPV SC [109]. 

The SCs based on ZnO /AZO layers have a good reliability; this feature is very useful 

for the reliability of HTSC. AZO layers are exposed to specific environmental conditions, 

namely: (1) high and low levels of temperature such as   100 °C and 20 °C, respectively; 

(2) high and low levels of humidity, such as 100% and 20%, respectively, or (3) all combi-

nations of temperature and humidity characterized by unchanged microstructure, crys-

tallinity, and optical properties. 
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7. Conclusions and Prospects 

7.1. Conclusions 

Based on the present review article, the following conclusions could be highlighted: 

1. Different authors published interesting review articles on HTSC based on Si and 

metal oxides that presented their own conception [110–113]. 

2. There were discussed state-of-the-art power conversion efficiencies for HTSC, as well 

as a comparison analysis with other tandem solar cells such as PSCs. 

3. An unified approach of three main essential issues of HTSC was developed, respec-

tively: (a) experimental evaluation based on fabrication and characterization of these 

solar devices; (b) their modelling and simulation in order to establish optimized solar 

cells; (c) thermal stability required for industrial applications of HTSC. 

4. It was analyzed that the HTSC device architecture stressed on four-terminal tandem 

configuration combines a conventional crystalline silicon sub-cell with a ZnO/Cu2O 

sub-cell in a stack of independently connected cells. 

5. Cu2O and ZnO layers could be deposited by different methods, namely: (a) magne-

tron sputtering; (b) electrodeposition; (c) pulsed laser deposition; (d) plasma deposi-

tion; (e) photochemical deposition; (f) atomic layer deposition a.o. 

6. Characterization of Cu2O layer structure was defined by: (a) morphological and 

structural evaluation (SEM, AFM and XRD); (b) optical evaluation (FTIR Spectros-

copy, Spectroscopic Ellipsometry). It was remarked that N-doped cuprous oxide het-

erojunction solar cell could be considered as a bright candidate for high-efficiency 

solar devices. 

7. Characterization of ZnO layer structure was determined by: (a) structural character-

ization (SEM, AFM, XRD); (b) optical characterization (UV-VIS Spectroscopy; Photo-

luminescence Spectroscopy). 

8. Numerical modelling of Cu2O/ZnO HTSC was studied by: (a) electrical modelling 

and simulation stressing on J-V characteristics and EQE curve; at the same time, the 

influence of interface defects on the HTSC efficiency could be put in evidence; (b) 

optical modelling and simulation would be useful for optical losses’ optimization. 

The performant simulation tools, namely SILVACO and PC1D, could be of great in-

terest for evaluation of optimized parameters. 

9. Stability and reliability approach was discussed. The degradation degree of analyzed 

solar cells, as well as the solar cell lifetime in normal operation conditions, could be 

established. 

10. Tandem Solar Cells like PSCs would be considered to be the most promising candi-

dates for integrating with other systems to realize new innovative technologies. The 

next-generation applications of perovskite-based solar cells include tandem PV cells, 

space applications, PV-integrated energy storage systems, PV cell-driven catalysis, 

and BIPVs. The good stability of these devices would be the main challenge to be 

considered for future applications. 

7.2. Prospects 

The progress of high-efficiency HTSC with Si-based metal oxides and related perov-

skite tandem solar cells would contribute to remarkable prospects for these advanced so-

lar devices [114–118] 

(a) development of multi-terminal solar cells characterized by a control of interface 

properties that would allow the reduction of the contribution of defects. 

(b) development of high-performance carrier-selective passivating contacts based on 

tunneling oxide layer combined with conductive organic polymer. 

In spite of some drawbacks (these special SCs showed a degradation in performance 

due to an increased contact resistance at 300–400 °C), they are still maturing and have 

already shown many successful demonstrations with efficiencies higher than the 20% 

mark. 
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(c) development of Si-perovskite tandem solar cells with transition metal oxides as 

carrier selective contacts. 

Using optimized tunnelling and carrier transport layers, efficiency can further be im-

proved for integrated tandem solar cells pointing to practical implications of the proposed 

structure at an industrial level. 

(d) development of reliable and efficient perovskite SCs that require a multilevel ap-

proach to optimize the performance of individual layers in each cell separately; the cells 

are linked together with the substrate. 

Researchers at the US National Renewable Energy Laboratory have developed a new 

concept for manufacturing perovskite solar cells with high efficiency and excellent stabil-

ity. 
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ALD Atomic Layer Deposition 

AALD Atmospheric Atomic Layer Deposition 

AFM Atomic Force Microscopy 

AZO Al-doped ZnO 

bcc body-centered cubic 

Cu2O Cuprous oxide 

CVD Chemical Vapor Deposition 

d.c. MSP Direct Current Magnetron Sputtering 

EC European Commission 

ECD Electro-Chemical Deposition 

EQE External quantum efficiency 

EVA Ethylene vinyl acetate 

fcc face-centered cubic 
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FF Fill factor 

FTIR Fourier transform infrared spectroscopy 

HASS High accelerated stress screening 

HALT High accelerated life test 

HTSC Tandem heterojunction solar cells 

IBS  Ion Beam Sputtering  

IDL Interface defect layer 

IEA PVPS International Energy Agency Photovoltaic Power System Programme 

JRC Joint Research Centre 

MSP Magnetron Sputtering 

η Efficiency 

OPV Organic photovoltaic 

PL Photoluminescence 

PLD Pulsed Laser Deposition 

PV Photovoltaics 

r.f. MSP Radio Frequency Magnetron Sputtering 

SC Solar cell 

SE Spectroscopic Ellipsometry 

SEM Scanning electron microscopy 

STHSC Silicon-based tandem heterojunction solar cell 

UV-VIS Ultraviolet-visible 

VAPE Vacuum Arc Plasma Evaporation 

XRD X-ray diffraction 

ZnO Zinc Oxide 
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