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Abstract: Today, it has become an important task to modify existing traditional silicon-based solar cell factory to produce high-efficiency silicon-based heterojunction solar cells, at a lower cost. Therefore, the aim of this paper is to analyze CH3NH3PbI3 and ZnO materials as an emitter layer for p-type silicon wafer-based heterojunction solar cells. CH3NH3PbI3 and ZnO can be synthesized using the cheap Sol-Gel method and can form n-type semiconductor. We propose to combine these two materials since CH3NH3PbI3 is a great light absorber and ZnO has an optimal complex refractive index which can be used as antireflection material. The photoelectric parameters of n-CH3NH3PbI3/p-Si, n-ZnO/p-Si, and n-Si/p-Si solar cells have been studied in the range of 20–200 nm of emitter layer thickness. It has been found that the short circuit current for CH3NH3PbI3/p-Si and n-ZnO/p-Si solar cells is almost the same when the emitter layer thickness is in the range of 20–100 nm. Additionally, when the emitter layer thickness is greater than 100 nm, the short circuit current of CH3NH3PbI3/p-Si exceeds that of n-ZnO/p-Si. The optimal emitter layer thickness for n-CH3NH3PbI3/p-Si and n-ZnO/p-Si was found equal to 80 nm. Using this value, the short-circuit current and the fill factor were estimated around 18.27 mA/cm2 and 0.77 for n-CH3NH3PbI3/p-Si and 18.06 mA/cm2 and 0.73 for n-ZnO/p-Si. Results show that the efficiency of n-CH3NH3PbI3/p-Si and n-ZnO/p-Si solar cells with an emitter layer thickness of 80 nm are 1.314 and 1.298 times greater than efficiency of traditional n-Si/p-Si for the same sizes. These findings will help perovskites materials to be more appealing in the PV industry and accelerate their development to become a viable alternative in the renewable energy sector.
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1  Introduction

85% of the solar cells produced in the industry are made from silicon [1]. However, the efficiencies of these silicon solar cells do not exceed 29%, according to Shockley-Quiesser theory [2], and this is mainly due to electrical, thermal and optical losses in the silicon solar cells. Losses by reflection between the incident light and the front surface of silicon solar cell account for more than 30%. [3]. Due to surface defects, the amount of Shockley-Read-Hall SRH recombination on the surface of the solar cell is greater than the volume itself, which is known as surface recombination. In order to improve the solar cell efficiency and reduce the reflection coefficient and surface recombination, the front surface of the silicon solar cells is usually covered with two layers of SiNx and SiO2, with a thickness of 75 and 100 nm, respectively. If the solar cell’s thickness is thin, the photogeneration rate will increase at its rear side, leading to an increase of the surface recombination which makes it active [4]. Therefore, the rear side of thin film silicon solar cell is covered with SiNx, Al2O3 or SiO2 materials, which have passivation properties in the active regions [5]. Gradient refractive index is made from some antireflection coatings to optimize the optical properties of solar cells [6]. Additionally, creating the pyramidal textures with a base angle of 70.4° on the front surface of silicon solar cell was proposed by [6] to lower the reflection coefficient of solar cells and to improve the absorption coefficient of photons [7]. Since the silicon solar cells absorb light in the visible spectrum range [8], luminescent materials [9] and quantum dots [10] are formed on the surface of the solar cell to extend absorption spectrum. In addition, with the introduction of metal nanoparticles into the n region of silicon solar cells, the photoelectric parameters were improved [11].

In the race of conversion efficiency, perovskite solar cells turned out to be a valuable solution. Their efficiency has increased from about 3% in 2006 to over 25% today [12]. Perovskite materials are crystal with ABX3 structure, where A and B are cations and X is anion. In fact, there are three main-types of crystal structure in perovskites: cubic, tetragonal and orthorhombic. Orthorhombic-tetragonal-cubic phase transitions were investigated experimentally and analyzed theoretically in [13]. Perovskites offer high absorption coefficient, which makes it useful as absorber materials. Consequently, inorganic and inorganic-organic hybrid perovskite materials are employed in photovoltaic cells mainly because lead halide perovskites are far more convenient materials for solar cells. According to Shockley-Queissier theory, the upper limit efficiency of a single junction CH3NH3PbI3 based solar cells is 31% [14]. Silicon or other traditional semiconductor based single junction solar cells can reach their theoretical maximum efficiency for a thickness of 150–300 μm. However, by changing the surface morphology of CH3NH3PbI3 based solar cells, the theoretical Shockley-Quiesser limit can be achieved with a thickness of 200 nm [15].

CH3NH3PbI3 offers many advantages over GaAs. First of all, it is a direct semiconductor. Secondly, it can be easily manufactured, at better cost when compared to GaAs and lastly, both options offer similar band gap energies.

In order to enhance the performance of perovskite solar cells, TiO2, ZnO and SnO2 can be employed as an electron transport layer (ETL) and Cu2O, NiOx, spiro-OMeTAD as a hole transport layer (HTL). Thus, when combining these advantages, CH3NH3PbI3/Si tandem solar cell are recommended to increase the conversion efficiency. In theory, [16] CH3NH3PbI3/Si solar cells efficiency are unable to surpass 46.1% while [17] reported an attained efficiency of 27.9%.

The advantages made the use of perovskite materials an appealing subject of research. Nerveless, perovskite materials are used in parallel with metal oxides due to their transparent and semiconductor properties, their abundance and their low-cost synthesis. In this regard, metal oxides are used as an ETL and HTL for perovskite solar cells. The most common metal oxides used with perovskite materials are TiO2, ZnO, SnO2, NiOx, Cu2O and CuO [18]. They can be divided into two categories, depending on their tendency to be n or p-type semiconductors. In fact, creating n-type semiconductors from TiO2, ZnO, SnO2, CuO and p-type semiconductors from Cu2O, NiOx are simple and straightforward during synthesis process. Given that buildings generate more than 40% of the annual global CO2 emission, transparent solar cells made from metal oxides are proposed as facade and windows, to decrease greenhouse emissions and help achieve the sustainable development goals 7 and 13, related to clean energy and climate action. Yet, these metal oxides solar cells have limitations, mainly because of their low efficiency. For instance, the efficiency of n-ZnO/p-NiOx heterojunction solar cell was experimentally estimated around 0.542% by [19].

CH3NH3PbI3 and ZnO can be synthesized by using the same Sol-Gel method. In industry, most of solar cell manufacturing factories are customized to produce mono or poly-crystal silicon wafer based solar cells. Traditional silicon solar cells are produced following 10 steps in manufacturing [20]. During the second step of manufacturing, p-n junction is formed by adding Phosphorous atoms to p-type silicon wafer. It is possible to produce p-type silicon-based heterojunction solar cells while only adjusting the second step of production. Then, during the second step of manufacturing, p-n heterojunction should be formed by addition of CH3NH3PbI3 or ZnO on p-type silicon wafer, using Sol-gel method. This is feasible due to the band gap energy of CH3NH3PbI3 (1.56 eV) and ZnO (3.3 eV) which are greater than the band gap energy of silicon (1.12 eV). Consequently, when heterojunction is formed on p-type silicon wafer, the absorption spectrum and the photoelectric parameters of solar cells are improved. Similarly, the quality of heterojunctions depends on the material and the type of emitter layer. Therefore, the aim of this study is to investigate, using numerical simulation, the use of CH3NH3PbI3 and ZnO as emitter layer of p-type silicon based solar cell and study the impact of their thicknesses on photoelectric parameters.

2  Material and Method

2.1 Simulation

We opt for the simulation approach to investigate silicon-based heterojunction cells. In general, simulating such cells is more complex than other semiconductors, since more computing power is required to simulate the optic and electrical properties with high accuracy. Several software offer solar cells simulation, among which, the most being used are Silvaco TCAD, Lumerical TCAD and Sentaurus TCAD. Sentaurus TCAD was the software we used in our studies, since it is the most appropriate for our simulations. Good agreement between numerical and experimental results was achieved in our TCAD simulations. Sentaurus TCAD consists of 17 main tools, and 4 additional tools. In this paper, only four main tools have been used to simulate solar cells which are Sentaurus Structure Editor, Sentaurus Device, Sentaurus Visual and Sentaurus Workbench. Sentaurus Structure Editor is utilized to create geometric model of semiconductor devices. Information about creating geometric models of solar cells in Sentaurus Structure Editor by using Tool Command Language (TCL) was given in [21]. For the sake of this paper, we used TCL algorithms to generate the geometric model of our solar cells. Furthermore, we used 2D modeling to obtain accurate and fast calculations, assuming that our solar cell model is symmetrical. Besides, AM1.5 light spectrum is used as a light source in our simulations. n-ZnO/p-Si, n-CH3NH3PbI3/p-Si, and n-Si/p-Si solar cells have been simulated to evaluate their performance. Therefore, the same geometrical sizes and doping concentrations for both solar cells were considered. As for the thicknesses of the emitter and the base, they were set to 200 nm and 9 μm, with a width of 10 μm. In addition, concentrations of donor in emitter region and acceptor in base region are 1.1017 cm−3 and 1.1015 cm−3, respectively. In Fig. 1, the geometric and band structures of n-ZnO/p-Si (a) and n-CH3NH3PbI3/p-Si (b) heterojunction solar cells are shown. After creating the geometric models, each material properties are given with parameter files to respective regions.
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Figure 1: Geometric structure and band structure of n-ZnO/p-Si (a) and n-CH3NH3PbI3/p-Si (b) heterojunction solar cells. ltot = 10 μm, lc = 0.5 μm, de = 20÷200 nm, dh = 10 μm

The main physical parameters of materials are: complex refractive index, band gap, electron affinity, density of states in conduction and valence band, electron and hole effective masses, permittivity, ionization energy of doping atoms, radiative recombination coefficient, Auger recombination coefficients, lattice heat capacity, thermal conductivity as well as fitting parameters for mobility models. Assigning material properties to specific regions is performed in Sentaurus Device. Sentaurus Device has a large material database, which includes elementary, binary, ternary semiconductors, metals and insulators. The database related to silicon in Sentaurus Device is quite extensive, and validated experimentally. However, parameter files of metal oxides such as ZnO as well as perovskites (CH3NH3PbI3) are not available. This is why, we collected the necessary physical parameters of ZnO and CH3NH3PbI3 from reliable experimental resources.

2.2 Physical Properties of ZnO

ZnO is one of the most used metal oxides. It is utilized to create optical transparent devices due to its transparency and wide band gap (3.3 eV). In addition, it has a high exciton binding energy (60 meV) and by consequence, it is available to create a single crystal. Methods used to synthesize ZnO fall into three main categories: chemical, biological and physical. Synthesis method strongly impacts the properties of ZnO. The easiest synthesis method of ZnO is the Sol-Gel, which is chemical. Thus, we decided to use the properties of ZnO grown by Sol-Gel method in our simulations since it allows the deposition of ZnO on the silicon wafer using Sol-Gel method. In modeling, it is crucial to choose the correct main materials’ parameters. Therefore, in the collection of physical parameters of ZnO, we focused on the method of its production and the compatibility of the experimental results with literatures [22–28]. The band gap energy of ZnO, given in the literature, ranges from 3.2  to 3.5 eV. In semiconductor materials, the Varshni empiric formula expresses the relation between the band gap energy and the temperature of the crystal. This relation is expressed in Eq. (1) below:

Eg(T)=Eg(0)−αT2(T+β),(1)

Eg(T) is the band gap energy at T(K), Eg(0) is the band gap energy at 0 K, T is temperature, α and β are the fitting parameters.

Varshni’s correlation is an empirical formula, and the correction coefficients and the initial values are fitted from experimental data. Yue Li Song estimated the band gap energy of ZnO as a function of temperature, then he analyzed statistically the coefficients mentioned which were found equal to Eg(0) = 3.394 eV, α = 0.22 meV/K and β = 175.8 K, of Varshni formula for ZnO [22]. Since ZnO has a direct wide band gap, it generates hot electrons and holes when it absorbs photons with high energy. Due to the electron-phonon interaction, relaxation of electron energy is manifested. In Emilis’s experiments, energy relaxation times for electron and holes are 0.84 ps and 0.15 ps, respectively [23]. In Sol-Gel method, it is simple to synthesize Al-doped ZnO by using Zn(CH3COO)2⋅2H2O and Al(OH)(CH3COO)2 [24]. Ionization energy of Al atoms in ZnO crystal equals to 0.054 eV [25]. Density of states for ZnO are equal to 2.2.1018 cm−3 in conduction band and 1.8.1019 cm−3 in valence band [26]. Klaus Ellmer adapted mobility of electron and holes in ZnO to Masetti formulas [27]. So, the effect of temperature and doping concentration on mobility was considered in Masetti formula. Data of complex refractive indices corresponding to the light wavelength of the experimentally determined Al-doped ZnO was taken from Trehame’s scientific work [28].

2.3 Physical Properties of CH3NH3PbI3

As a result of phase transitions of perovskite materials, optoelectronic devices made from perovskites are unstable and rapidly degraded. Physical properties of perovskite materials strongly depend on their crystal structure. CH3NH3PbI3 has mainly three crystal structure: cubic, tetragonal and orthorhombic. Crystal structure of CH3NH3PbI3 is restructured from orthorhombic to the tetragonal at 165 K and from tetragonal to cubic structure at 327 K [29]. Physical properties of CH3NH3PbI3 with tetragonal crystal structure is employed in our simulations since CH3NH3PbI3 exists in tetragonal structure in the working temperature range of solar cells. According to experimental results [30], the relation between the band gap energy of tetragonal CH3NH3PbI3 and the temperature of crystal isn’t expressed with Varshni formula, in contrast with other semiconductor materials. However, it is expressed in the empirical formula determined by Thomas Dittrich and given in Eq. (2) [30]. Using Eq. (2), the band gap energy of the tetragonal CH3NH3PbI3 at a temperature of 300 K was estimated around 1.56 eV.

Eg(T)=Eg(T0)−bkB(T0−T)2,(2)

here: Eg(T0) is the band gap energy at temperature T0, b is the fitting parameters, kB is the Boltzmann constant and T0 is the temperature of cubic-tetragonal transition.

CH3NH3PbI3 is experimentally determined to be n-type or p-type, depending on the ratio of PbI2 and CH3NH3I. If the ratio of precursors is 1, then the high doped n-type CH3NH3PbI3 appears. Also, subtraction of donor energetic state appeared owing to vacancy of negative ion of iodine and minimum energy of conduction band is 0.015 eV [31]. The subtraction of acceptor energetic state appeared due to either Pb+2 ion or when the maximum energy of valence band is equal to 0.08 eV [32]. In intrinsic CH3NH3PbI3, carriers’ mobility is limited due to either acoustic phonons or when hole mobility exceeds electron mobility. On the other hand, when doping concentration increases, the electron mobility exceeds the hole’s mobility. For example, if doping concentration increases to 1.1018 cm−3, the electron and hole mobilities values reach 101 cm2/Vs and 72.2 cm2/Vs, respectively [33], which results in bimolecular recombination in CH3NH3PbI3. Generating of carriers is limited due to radiative bimolecular recombination. According to the theory of recombination mechanism of photogenerated charge carriers, Auger recombination is not dominant in CH3NH3PbI3. Nevertheless, Auger recombination has been considered to increase the reliability and accuracy of our simulations results. Finally, using experimental results, the Auger coefficients for electrons and holes were assumed equal to 1.12.10−31 cm6/s and 1.12.10−31 cm6/s, respectively [34].

2.4 Physical Background of Simulation

Combining physical properties of semiconductor materials, which are obtained from experiments or fundamental theories, is proved to be a useful approach for the simulation of semiconductor devices. Depending on the structure of these devices, the numerical model employed can change the range from simple to complex. The simplest known semiconductor device is diode, which is also the basis of the solar cell. However, solar cells are part of semiconductor devices which are complex to model since they are also optoelectronic devices. Hence, their modeling is performed in two stages: optical and electrical calculations. The optical properties can be determined using one of the following methods: “Ray Tracing”, “Transfer Matrix Method (TMM)” or “Beam Propagation”. In our work, the TMM method is employed to determine the optical properties. The formula below expresses the relations among the energy of incident, reflected and transmitted rays using two-dimensional matrix.

[EiEr]=M[Et0],(3)

M is the matrix, Ei is the electrical field of incident light, Er is the electric field of reflected light and Et is the electric field of transmitted light.

Due to presence of interfaces between various media such as air/perovskite, air/ZnO, ZnO/Silicon or perovskite/silicon in solar cells, the optical boundary conditions must be assumed. Depending on the light’s parameters, the optical boundary conditions are divided into two types: energy and angle. Relationship among energies of incident, reflected and transmitted rays on the boundary between the two media is described using Fresnel formulas given in Eq. (4).

{rt=n1cos⁡β−n2cos⁡γn1cos⁡β+n2cos⁡γtt=2n1cos⁡βn1cos⁡β+n2cos⁡γ{rp=n1cos⁡γ−n2cos⁡βn1cos⁡γ+n2cos⁡βtp=2n1cos⁡βn2cos⁡β+n1cos⁡γ,(4)

here: rt and tt are the Fresnel coefficients for transversal polarized light, rp and tp are the Fresnel coefficients for parallel polarized light, n1 and n2 are the refractive indices of first and second media, β is the angle of incident light, γ is the angle of refracted light.

Relationship among the angles is determined using Snelli law given in Eq. (5).

n1n2=sin⁡(γ)sin⁡(θ),β=θ,(5)

with θ is the angle of reflected light.

Main optic parameters of solar cells such as reflection, absorption and transmission coefficients are calculated using TMM and optic boundary conditions. The optical generation is calculated using quantum yield function and Burger-Lambert law, which are needed in the simulation algorithm. The quantum yield function is a logic function that is equal to 1 when electron-hole pairs are formed and 0 otherwise. In the first case the absorbed photon energy is greater than the band gap energy of the absorber material, while the band gap energy is greater in the second case. This logic is used to determine the distribution of photogenerated electron-hole pairs in solar cells.

Once the optical properties are calculated, the electrical properties are determined next. For this purpose, Poisson Eq. (6) given below is evaluated [35].

Δφ=−qε(p−n−ND+NA),(6)


with ε is the permittivity, n and p are the electron and hole concentration, ND and NA are the concentrations of donor and acceptor, q is the charge.

p and n carriers concentration in the Poisson equation are calculated using Fermi function given in Eq. (7).

n=NcF1/2(EF,n−EckT)vap=NVF1/2(EV−EF,pkT),(7)

with Nc and Nv are the densities of states in conduction and valence bands, Ec is the minimum energy of conduction band, Ev is the maximum energy of valence band, T is the temperature, k is the Boltzmann constant, EF,n and EF,p are the quasi-fermi energies.

Internal electric field manifest or appears in the solar cells due to p-n junction, followed by a separation of electron-hole pairs. Then, carriers transport appears and form the current. There are four model in Sentaurus TCAD software to calculate carriers transport: Drift-Diffusion [36], Thermodynamic [37], Hydrodynamic [38] and Monte Carlo [39]. Since this study did not consider the effect of temperature on the solar cell, the Drift-Diffusion model given in Eq. (8) is used to calculate the carrier transport.

Jn→=μn(n∇EC−1.5nkT∇lnmn)+Dn(∇n−n∇lnγn)Jp→=μp(p∇EV+1.5pkT∇lnmp)−Dp(∇p−p∇lnγp),(8)

Jn and Jp are the current densities formed by electron and holes, mn and mp are the mass of electron and holes, γn and γp are the parameters determined using Fermi function, Dn and Dp are the diffusion coefficient of electron and holes, μn and μp are the mobility of electrons and holes.

Masetti empiric formula was used to calculate mobility of electron and holes, and its fitting parameters for ZnO, CH3NH3PbI3 and silicon were collected from literature data [40]. In addition, radiative recombination isn’t taken into consideration in the simulation of silicon devices since silicon is an indirect semiconductor. Whereas, radiative recombination apart from Shockley-Read-Hall and Auger recombination is taken into consideration for the sake of using CH3NH3PbI3 and ZnO in the formation of heterojunction with silicon, while both being direct semiconductors.

Metal interfaces play an important role in the quality of solar cells. In this study, ohmic contacts are proposed between the top and the bottom of the solar cell. Due to the formation of an ohmic transition between the metal contact and the semiconductor, the ohmic boundary conditions given in formula 9 is used.

J→M⋅n^=(J→n+J→p+J→D)⋅n^φ=ΦM−Φ0n=n0p=p0,(9)

here: Jm is the current density in metal, JD is the diffusion current density, ϕ is the electrostatic potential, Φm is the Fermi potential of metal, Φ0 is the electrostatic potential in equilibrium, n0 and p0 are the electron and hole concentration in equilibrium.

3  Results and Discussion

3.1 I-V Characteristics

In this work, ZnO and CH3NH3PbI3 were considered as emitter layers for silicon based solar cell. A numerical 2D model of the solar cells is proposed, which offers good accuracy and reliability, while maintaining acceptable computational time. The thickness of silicon base is fixed to 10 μm, while emitter layer’s thickness is varied between 20 and 200 nm. Bohr atoms with concentration of 1e15 cm−3 is doped at the base region and depending on material type, Aluminum or Phosphorus atoms with concentration of 1e17 cm−3 are doped or self-doping is formed with vacancies at the emitter region. Aluminum for ZnO, Phosphorous for silicon and self-doping with vacancies for CH3NH3PbI3 are chosen in the simulation. The I-V characteristics of n-CH3NH3PbI3/p-Si and n-ZnO/p-Si with emitter layer thickness of 20 and 100 nm are shown in Figs. 2a and 2b, respectively.
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Figure 2: I-V characteristics of n-CH3NH3PbI3/p-Si (a) and n-ZnO/p-Si (b) solar cells with emitter layer thickness of 20  and 100 nm

For both solar cells, the open circuit voltage remained constant while the short-circuit current changed. When the emitter layer’s thickness is changed from 20 to 100 nm, the short circuit current increased by 4.345 mA/cm2 for n-CH3NH3PbI3/p-Si and by 4.160 mA/cm2 for n-ZnO/p-Si. On the other hand, when the emitter layer’s thickness of n-Si/p-Si solar cell is changed, for the same range (20 to 100 nm), a trivial change of the short circuit current and the open circuit voltage was observed. Therefore, their I-V characteristics weren’t given. ZnO is deposited on the front surface of p-type silicon with an area of 1 cm2 using the metal organic chemical vapor deposition method and an open circuit voltage of 0.25 V was measured by [41] using Suns-Voc. Owing to the larger total resistivity of ZnO/Si heterojunction. But when n-ZnO/p-Si was simulated as a solar cell using Afors-HET 1D software, its open circuit voltage, its short circuit current and its efficiency were 0.7 V, 40 mA/cm2 and 24%, respectively [42]. The main reason for such superior results is the thicknesses of the ZnO layer (100 nm) and the silicon layer (100 μm) for which the structure is considered ideal. Rong [43] simulated n-CH3NH3PbI3/p-Silicon heterojunction solar cell in Silvaco TCAD for which an open circuit voltage of 0.41 V was obtained, which is similar to [44].

Fig. 2 shows that the I-V characteristics of n-ZnO/p-Si and n-CH3NH3PbI3/p-Si solar cells are improved when the emitter layer thickness changes from 20 to 100 nm. Therefore, in Fig. 3 we show the I-V characteristics of n-ZnO/p-Si, n-CH3NH3PbI3/p-Si and n-Si/p-Si with an emitter layer thickness of 100 nm. The observed short circuit currents are: 17.57 mA/cm2 for n-CH3NH3PbI3/p-Si; 17.27 mA/cm2 for n-ZnO/p-Si and 13.92 mA/cm2 for n-Si/p-Si solar cells. As for the open circuit voltages, we measured 0.438 V for n-CH3NH3PbI3/p-Si and ZnO/p-Si, as well as 0.444 V for n-Si/p-Si solar cells. The best short circuit current has been observed in n-CH3NH3PbI3/p-Si heterojunction solar cell, since CH3NH3PbI3 has an optimal band gap energy according to Shockley-Queisser theory. On the other hand, CH3NH3PbI3 suffers from a low recombination rate and an expanded carriers’ diffusion length. Similarly to the work of Rong et al’s. [43], all of the open circuit voltages of our solar cells are smaller than 0.45 V, which is mainly due to metal‘s work-function of 4.3 eV, used as an ohmic contact in our simulations. In addition, it is proven that the open circuit voltage strongly depends on the metal work-function according to electric boundary conditions [44].
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Figure 3: I-V characteristics of n-CH3NH3PbI3/p-Si, n-ZnO/p-Si and n-Si/p-Si solar cells with emitter layer thickness of 100 nm

3.2 Impact of Emitter Layer Thickness on Short Circuit Current

According to our results from the previous subsection, a variation of the emitter layer’s thickness induces a variation in the photoelectric parameters. Such variation is directly related to the emitter layer material. For instance, as the emitter layer’s thickness changes, the short circuit current and fill factor face clear variation while the open circuit voltage stays intact. Fig. 2 supports the last claim. On the other hand, Fig. 4 displays the variation of the short circuit current of n-CH3NH3PbI3/p-Si, n-ZnO/p-Si and n-Si/p-Si solar cells as a function of the emitter layer’s thickness. Furthermore, the short circuit current of n-Si/p-Si solar cell increases steadily with the increase in the emitter layer’s thickness. The ratio of short circuit current to thickness for n-Si/p-Si is 793 mA/cm3. The short circuit current of n-ZnO/p-Si reaches its maximum value of 18.06 mA/cm2 at the emitter layer thickness of 80 nm. Firstly, varying emitter layer thickness from 20 to 80 nm produces an increase in the short circuit current from 13.11 to 18.06 mA/cm2. Secondly, a decrease of 3.51 mA/cm2 in short circuit current is noticed after varying the thickness from 80 to 160 nm. Lastly, a variation from 160 to 200 nm introduced a small increase of 0.33 mA/cm2. On the other hand, as the thickness of ZnO changed from 14.2 to 62.7 nm, the band gap energy increased from 3.22 to 3.26 eV [45]. It is known that in semiconductors with band gaps greater than 1.56 eV, the absorption coefficient and the transmission coefficient should decrease as the band gap energy decreases. Nonetheless, according to the Burger-Lambert law, the increase of band gap energy of ZnO along with its thickness, lead to a decrease in the transmission coefficient and an increase in the absorption coefficient [46]. With nanoscale variation in the thickness of ZnO, a relationship among its band gap energy, electron-hole photogeneration and recombination is appeared. This relationship is responsible of the nonlinear increase of short circuit current of n-ZnO/p-Si, which was observed after varying the thickness from 20 to 200 nm. Besides, the band gap energy of ZnO remained unaffected when the thickness increased from 150 nm [47]. Therefore, short circuit current of n-ZnO/p-Si increased very little when its emitter layer thickness increased from 160 nm. As for n-CH3NH3PbI3/p-Si, the short circuit current reached its maximum value of 18.27 mA/cm2 at emitter layer thickness of 80 nm, which is similar to n-ZnO/p-Si. Likewise, the dependence of short circuit current on emitter layer thickness was as same as observed in n-ZnO/p-Si for variation from 20 to 100 nm in the thickness. Besides, a variation between 20 and 80 nm in the emitter layer thickness of n-CH3NH3PbI3/p-Si generates an increase of 6.05 mA/cm2 in the short circuit current. While a variation between 80 and 140 nm, leads to a decrease of 1.78 mA/cm2 in short circuit current. Finally, a variation between 140 to 200 nm produces an increase of 1.18 mA/cm2 in the short circuit current. Additionally, a significant increase in short circuit current of n-CH3NH3PbI3/p-Si is observed over the emitter layer thickness of 140 nm due to the band gap energy of CH3NH3PbI3, which is 1.56 eV, its slow recombination rate, and long diffusion length of carriers.
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Figure 4: Dependence of short circuit current of n-CH3NH3PbI3/p-Si, n-ZnO/p-Si and n-Si/p-Si solar cells on emitter layer thickness

3.3 Impact of Emitter Layer Thickness on Fill Factor

The quality of the solar cell can be evaluated depending on the value of the fill factor. Fig. 5 illustrates the dependence of the fill factor of the n-CH3NH3PbI3/p-Si, n-ZnO/p-Si, and n-Si/p-Si solar cells on the thickness of the emitter layer. The fill factor is strongly related to the series and parallel resistances of the solar cell. The specific resistance of silicon is almost independent of its thickness. Because in silicon, the quantum size effect occurs mainly at sizes less than 20 nm [48]. However, ZnO and CH3NH3PbI3 have a quantum size effect at larger sizes. Therefore, there is an increase and decrease of the fill factor in the range of 20 to 120 nm of the emitter layer thickness. Experiments have shown that the specific resistance decreases when the thickness of ZnO increases from 20 to 40 nm, and when it does from 40 to 64 nm the specific resistance increases [46]. As the emitter layer thickness of n-ZnO/p-Si and n-CH3NH3PbI3/p-Si is greater than 120 nm, the value of the fill factor gradually increases linearly, as in n-Si/p-Si. Because the quantum size effect disappears with the increase of the thickness. The n-ZnO/p-Si and n-CH3NH3PbI3/p-Si emitter reached a maximum short-circuit current and a minimum fill factor at a thickness of 80 nm. Furthermore, it was found that the fill factor of n-CH3NH3PbI3/p-Si was greater by 0.04 than that of n-ZnO/p-Si. This physically justifies the better heterojunction quality between CH3NH3PbI3 and silicon.
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Figure 5: Dependence of the fill factor of n-CH3NH3PbI3/p-Si, n-ZnO/p-Si and n-Si/p-Si solar cells on the emitter layer thickness

3.4 Optic Properties

When the photoelectric parameters of n-ZnO/p-Si and n-CH3NH3PbI3/p-Si solar cells were studied as a function of emitter layer thickness, an optimal emitter layer’s thickness of 80 nm was found. Therefore, in this section, the optic parameters of n-CH3NH3PbI3/p-Si, n-ZnO/p-Si and n-Si/p-Si will be investigated using the optimal thickness found previously. In Fig. 6, the variation of absorption (a), reflection (b) and transmission (c) coefficients of n-CH3NH3PbI3/p-Si, n-ZnO/p-Si and n-Si/p-Si solar cells are shown as a function of the input light wavelength.
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Figure 6: Dependence of absorption (a), reflection (b) and transmission (c) coefficients of n-CH3NH3PbI3/p-Si, n-ZnO/p-Si and n-Si/p-Si on light wavelength

The absorption coefficient of materials depends on light wavelength and complex refractive index that is given by formula 10. In Fig. 7, the dependences of real (a) and imaginary (b) part of complex refractive index of ZnO [49], Si [50] and CH3NH3PbI3 [51] determined in the experiment on light wavelength is described.

n=n0+ik(10)
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Figure 7: Dependence of real (a) and imaginary (b) parts of complex refractive index of ZnO, CH3NH3PbI3 and silicon on light wavelength

Transmission coefficient (Fig. 6a) of solar cells decreased in order n-ZnO/p-Si, n-CH3NH3PbI3/p-Si, n-Si/p-Si. Because, in that order, the band gap energy of ZnO (3.4 eV), CH3NH3PbI3 (1.56 eV), Si (1.12 eV) decrease. Transmission coefficient of solar cells strongly depends on band gap energy of materials which are used in solar cells. If the band gap energy increases, the transmission coefficient also increases. Because materials mainly absorb photons, whose energy is greater than the band gap energy of materials, and form electron-hole pairs. Thus, the distribution of absorbed photon density in CH3NH3PbI3/p-Si (a) and ZnO/p-Si (b) is given in order to analyze the impact of CH3NH3PbI3 and ZnO on photon absorption in the silicon base cell.

The antireflection coatings of multilayer solar cells are placed depending on their refractive indices and gradient refractive indices in solar cells in order to absorb more photons. n-Si/p-Si solar cells have high reflection coefficient (Fig. 6b) and low absorption coefficient (Fig. 6b) due to significant difference in refractive indices of air (n = 1) and silicon (Fig. 7a). The optimal refractive index of antireflection coating for silicon solar cells is 1.97 [52] in a large range of wavelength. The refractive index of ZnO (Fig. 7a) is near to 1.97 in the wavelength range corresponding to the silicon solar cell. Therefore, the reflection coefficient of n-ZnO/p-Si is lower than that of n-CH3NH3PbI3/p-Si because refractive indices of CH3NH3PbI3 (Fig. 7a) are greater than the optimal value of 1.97. However, n-CH3NH3PbI3/p-Si and n-ZnO/p-Si gained nearly the same absorption coefficient. This is because the imaginary part of refractive index of CH3NH3PbI3 (Fig. 7b) is greater than that of ZnO (Fig. 7b). Hence, the absorption coefficient of materials is directly proportional to their imaginary part of refractive index. In n-ZnO/p-Si solar cell, ZnO (Fig. 7b) is the emitter layer and the antireflection coating at the same time. Besides, when the front surface of silicon solar cells is covered with ZnO with a thickness of 700-900 nm, waves are formed in the absorption coefficient spectrum [53]. It was found that if the thickness of ZnO is 80 nm, in the absorption spectrum of n-ZnO/p-Si, waves are not formed. In tradition silicon solar cells, light is absorbed mainly in the base. Whereas, in n-CH3NH3PbI3/p-Si solar cell, light is absorbed in the base and in the emitter region as well. Although CH3NH3PbI3 is thin, it absorbs light well (Fig. 8a) and its refractive index is between the refractive indices of air and silicon. Therefore, optic parameters of n-CH3NH3PbI3/p-Si have been improved. According to Fig. 3, the photoelectric parameters of n-CH3NH3PbI3/p-Si and n-ZnO/p-Si surpass those of n-Si/p-Si. This is due to the high light absorption coefficient of CH3NH3PbI3 and the optimal refractive index of ZnO. Fig. 7 shows that CH3NH3PbI3 layer in n-CH3NH3PbI3/p-Si (a) has a good photons absorption level unlike ZnO layer. Although the latter does not absorb light very well, it helps to increase photons absorption in the base region as an antireflection coating in n-ZnO/p-Si.

[image: images]

Figure 8: Distribution of absorbed photon density of CH3NH3PbI3/p-Si (a) and n-ZnO/p-Si (b) solar cells. Unit of legend is cm−3

4  Conclusion

It is emphasized that finding ways to produce new silicon-based heterojunction solar cells without abandoning the traditional silicon-based solar cell manufacturing process is one of today’s key challenges. Therefore, we analyzed and detailed CH3NH3PbI3 and ZnO materials, which can be developed by the Sol-Gel method and formed easily n-type semiconductor as emitter layers for p-type silicon-based heterojunction solar cell. We also explored heterojunction solar cells throughout the simulation. In addition, for the first time, a parameter file consisting of reliable experimental results for ZnO is created, CH3NH3PbI3 and a simulation algorithm in Sentaurus TCAD to model solar cells is developed. The results of our simulation showed that the photoelectric parameters of n-CH3NH3PbI3/p-Si and n-ZnO/p-Si solar cells are better than those of traditional n-Si/p-Si solar cell. However, we found the least improvement in the fill factor of n-ZnO/p-Si, and the best improvement in the fill factor of CH3NH3PbI3. Additionally, we found that the p-n heterojunction of CH3NH3PbI3 with Si is better than that of ZnO with silicon. Moreover, we analyzed the photoelectric parameters of n-CH3NH3PbI3/p-Si and n-ZnO/p-Si solar cells for different thicknesses of the emitter layer. In the interval between 20 and 200 nm, the optimum was located at 80 nm. At which, even the waves generated in the absorption spectrum of ZnO coated silicon solar cell were lost. The results were analyzed using optic parameters for physical justification. We found that CH3NH3PbI3 is a good absorber layer and ZnO is an optimal antireflection coating for silicon-based heterojunction solar cell. In conclusion, it is possible to improve the absorption spectrum of silicon solar cell and increase its efficiency by forming a p-n heterojunction on the basis of a p-type silicon wafer. It is important to note that the materials selected as emitter layer for silicon solar cell should form a good heterojunction with silicon and should have optimal optical properties.
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