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Developing tandem solar cells is an excellent strategy to break through the Shockley–Queisser (SQ) limit for single-junction solar cells. A major factor in developing a tandem solar cell is to make it cost-efficient with high device performance. Here, we demonstrate the proof of concept of four terminal (4T) tandem solar cell using a perovskite solar cell (PSC) as a wide bandgap (WBG) top cell and narrow bandgap (NBG) cadmium telluride (CdTe) as a bottom cell. A 4T tandem device power conversion efficiency (PCE) exceeding 23% was obtained using SCAPS (solar cell capacitance simulator) simulation, demonstrating the architecture’s feasibility. Further, we fabricated two WBG semitransparent perovskite cells with different bandgaps (1.6eV and 1.77eV) and mechanically stacked it with NBG CdTe (1.5eV) to obtain tandem efficiencies of 18.2% and 19.4% respectively. From the results, we concluded that the PSC with a bandgap of 1.77eV is more suitable to be paired with the NBG CdTe solar cell to get good device performance and effective spectral utilization. The experimental results show promising device performance and pave the way to further improve device performance by engineering the device architecture and interfaces.
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1 INTRODUCTION
The photovoltaic (PV) industry currently is dominated by single junction (SJ) solar cells that are inherently limited in the power conversion efficiency (PCE) of converting solar energy to electricity due to the theoretical Shockley-Queisser (SQ) limit of 31%–33% (Jošt et al., 2020; Leijtens et al., 2018). One proven approach to break the SJ SQ limit is to form a tandem device by stacking solar cells with different bandgaps, allowing each cell to absorb different parts of the solar spectrum more efficiently by minimizing sub-bandgap and thermalization losses to achieve high PCE (Ho-Baillie et al., 2021; Zhao et al., 2018). The top cell with a wide-bandgap (WBG) absorbs high energy photons and allows the low energy photons to be absorbed by the narrow-bandgap (NBG) bottom cell thus realizing a broader region of wavelength absorption. Theoretical efficiency of around 42% can be achieved for an ideal two-junction tandem solar cell (Shen et al., 2020). The most simple tandem device architecture from a process development point of view is the mechanically stacked four-terminal tandem where the two sub-cells are fabricated independently, stacked on top of each other and contacted individually (Werner et al., 2018; Eperon et al., 2016). This allows for easy fabrication where each cell can be fabricated at the optimum device conditions. Minimizing parasitic absorption loses and device manufacturing cost are two important conditions to improve the viability of the tandem configuration (Lal et al., 2017; Wali et al., 2018).
Inorganic–organic perovskites are compounds with the ABX3 formula containing methylammonium iodide (MAI), formamidinium iodide (FAI), Cs or their mixture as A site cation, Pb, Sn, or a mixture of them as divalent metal (B site) and I and/or Br as halide (X site) (Saliba et al., 2016). They have emerged as an extremely promising photovoltaic (PV) technology owing to their rapidly increasing PCE, excellent optoelectronic properties, ease of fabrication and low processing costs (Song et al., 2019; Ramos et al., 2018; Bi et al., 2016). PSCs with its tunable bandgap and low temperature of processing is an ideal candidate to be used in tandem solar cells. Tandem cells have been made with perovskite coupled with Silicon (Albrecht et al., 2016; Ba et al., 2018; Chen et al., 2016; Fan et al., 2017), CIGS (Bailie et al., 2015; Guchhait et al., 2017; Shen et al., 2018), CZTS (Todorov et al., 2014) and other perovskite solar cells (Zhao et al., 2018; Eperon et al., 2015; Zhao et al., 2017; Sheng et al., 2017).
CdTe with its recent improvement in PCE and low cost of fabrication makes it one of the most commercially successful thin film technology (Li et al., 2021; Munshi et al., 2017). CdTe devices offer several advantages like performance stability in warm conditions (Virtuani et al., 2010), high-throughput of manufacturing (Kranz et al., 2013), and very short energy payback time (Kranz et al., 2013; Walker et al., 2022). CdTe has an optimum band gap near 1.5 eV according to the SQ limit so that it could deliver efficiencies around 32%, with an open circuit voltage (Voc) of more than 1 V and a short circuit current density (Jsc) of more than 30 mA/cm2 (Romeo and Artegiani, 2021). CdTe has been coupled with Si (Enam et al., 2017; Isah et al., 2021; Cheng and Ding, 2021) and CIGS (Weiss, 2021; Noh et al., 2023) for fabricating tandem cells but very less research has been done for pairing it with PSC (Siegler et al., 2019). Paul et al. developed a 4T CdTe perovskite tandem with a WBG PSC with PCE of 19.56% and 19.56% CdTe cell achieving a tandem efficiency of 24.2% (Paul et al., 2024). Yan et al. recently published their work on four-terminal perovskite CdSeTe tandem solar cells with power conversion efficiency exceeding 25% with a PSC in inverted (p-i-n) structure by tuning the bandgap of the WBG PSC from 1.64eV to 1.82eV (Dolia et al., 2024).
Here, we demonstrate a 4T tandem device based on a wide bandgap (WBG) semitransparent perovskite top cell and CdTe narrow bandgap (NBG) bottom cell. We first simulated the 4T tandem solar cell using SCAPS software to understand the feasibility of the design. By pairing a WBG PSC with the CdTe cell, we obtained a 4T Tandem PCE of 23.3% measured under reverse voltage scan under 100 mW/cm2 1.5G solar irradiation. Then to further corroborate the simulated results with experimental data, we fabricated 4T tandem cells from two WBG PSC (1.77eV and 1.6eV) and CdTe NBG cell and demonstrated that these materials can provide reasonable efficiency in the tandem configuration. Two WBG PSCs were used as top cells to study the effect of bandgap on the following tandem configuration. The champion 4T tandem cell with the top WBG PSC (1.6eV) and bottom CdTe had a PCE of 18.16% compared to the WBG PSC (1.77eV) with a tandem PCE of 19.41%. From the device performance, we conclude that the perovskite material with bandgap of 1.77eV is more suitable for the 4T tandem architecture due to effective spectral utilization and higher PCE. The tandem configuration with 1.6eV is having a PCE close to SJ CdTe solar cell (17.94%) thus limiting its use in the tandem architecture.
2 EXPERIMENTAL SECTION
2.1 SCAPS-1d device simulation
We used SCAPS-1D to model the single junction and tandem solar cells to demonstrate the feasibility of perovskite cadmium telluride four-terminal tandem tandem architecture. SCAPS-1D is utilized to model the single junction and tandem solar cells. SCAPS-1D is an open-source application to simulate solar cells, which was developed by the Department of Electronics and Information Systems (ELIS) at the University of Ghent, Belgium. (Burgelman et al., 2000). The details for the simulation are listed in Table 1 for the materials used in this work.
TABLE 1 | Materials parameters used in the simulation.
[image: Table 1]2.2 WBG PSC precursor preparation
1.6eV WBG PSC: Cs0.04FA0.81MA0.15PbI2.49Br0.51: The 1.6eV Cs0.04FA0.81MA0.15PbI2.49Br0.51 (1.35M) precursor solution was prepared with corresponding molar ratios of 1.1 M lead iodide (PbI2), 0.24M lead bromide (PbBr2), 1.05M formamidinium iodide (FAI), 0.2M Methylammonium bromide (MABr), and 0.05M cesium iodide (CsI) dissolved in a mixed solvent of dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) with a volume ratio of 4:1 (Vijayaraghavan et al., 2020). The prepared perovskite precursor was then stirred at room temperature for 3 hours.
1.77eV WBG PSC: FA0.8Cs0.2Pb(I0.7Br0.3)3: The 1.77eV FA0.8Cs0.2Pb(I0.7Br0.3)3 precursor solution was prepared with corresponding molar ratios of 0.55 mmol PbI2, 0.45 mmol PbBr2, 0.8 mmol FAI, and 0.2 mmol CsI in 1 nL mixed DMF and DMSO with a volume ratio of 4:1 (Nakamura et al., 2022). The prepared perovskite precursor was then stirred at room temperature for 3 hours.
2.3 Film deposition and device fabrication of WBG PSC
PSCs were fabricated as mentioned in our previous work (Vijayaraghavan et al., 2021). The as-deposited ITO substrates were successively cleaned by sonication with detergent solution, deionized water, acetone, and isopropanol for 30 min followed by a UV-Ozone treatment for 30 min. The SnO2 electron transport layer (ETL) was spin-coated using the prepared precursor solution. The SnO2 layers were annealed at 180°C for 1 h in ambient conditions. The ITO substrates were then moved to a nitrogen-filled glovebox for depositing the perovskite layer. The triple cation perovskite was deposited by a two-step spin-coating process. The perovskite precursor was deposited using static deposition. The first step was at a low speed of 1,000 r.p.m for 10s and then at a high speed of 6,000 r.p.m for 20s. Diethyl ether was dropped on the spinning ITO substrate during high-speed rotation 25s before the end of the spin coating. The films were then annealed at 100°C for 30 minutes. A spiro-OMeTAD hole transport layer (HTL) was deposited on top of the perovskite film by spin coating at 3,000 rpm 30s. Tin-doped indium oxide films were deposited on the film using DC sputtering. The thickness of the ITO was controlled by the deposition time and the sheet resistivity of the ITO was tuned by control of the partial oxygen pressure in the Ar/O2 mixed gas during sputtering from 0% to 3%. To prevent the bombard effect of the ITO on the spiro-OMeTAD layer, we reduced the power to 10W and tuned the distance between the target and substrate to 15 cm. The deposition thickness was around 50 nm and the sheet resistivity was around 38.2 Ω/Square.
2.4 Film deposition and device fabrication of CdTe cell
CdTe device fabrication details were reported elsewhere. (Montgomery et al., 2019). In brief, the CdTe film was grown using close space sublimation (CSS.) with a CdS buffer layer deposited using chemical bath deposition on the fluorine-doped SnO2-coated glass substrate. The CdCl2 treatment was performed before the Cu doping using the CuSCN.
2.5 4T-tandem solar cell fabrication
The 4T tandem cell was completed by mechanically stacking the WBG PSC on the NBG CdTe solar cell.
2.6 Materials and device characterization
The electrical characteristics were obtained using a solar simulator (Newport, Oriel Class AAA 94063A, 1000-W Xenon light source) with a Keithley 2,420 source meter under simulated AM 1.5G (100 mW/cm2) solar irradiation. The masked active area is 0.08 cm2. The light intensity was calibrated using a silicon reference cell (Newport, 91150V, certified by the National Renewable Energy Lab). The current-voltage scan rate was 100 mVs−1. The masked active area is 0.08 cm2. The external quantum efficiency (EQE) was obtained by an EnliTech QE measurement system. The transmittance of the films was characterized using the UV-Vis (Shimadzu UV-1800).
3 RESULTS AND DISCUSSIONS
3.1 SCAPS simulation
SCAPS-1D does not support the simulation of a multi-junction solar cell fully. For the 4T tandem architecture, we first simulated the top cell with the standard AM 1.5G 1 solar spectrum which was followed by the filtration of the incident AM 1.5G spectrum using the model mentioned below using Equation 1. The bottom cell was then simulated using the filtered spectrum from the top cell.
[image: image]
Where S₀ (λ) is the incident A.M 1.5G spectrum, S(λ) is the filtered spectrum from the top cell, a(λ) is the absorption coefficient and mati represents a particular material (i = 1 for Spiro-OMeTAD, 2 for perovskite material, 3 for SnO2 and 4 for ITO) for the top perovskite cell and d is the thickness of each layer. Figure 1A shows a plot of the filtered AM1.5G spectrum used to simulate the bottom cell in the tandem configuration.
[image: Figure 1]FIGURE 1 | (A) The intensity of filtered AM 1.5G spectrum transmitted through the perovskite layer of the top sub-cell; (B) proposed device architecture of 4T Tandem cell, (C) X-ray diffraction spectra for the 1.6 and 1.77 eV perovskite film, and (D) UV-Vis absorbance spectra for the 1.6 and 1.77 eV perovskite with the scanning electron microscopy (SEM) surface morphology as shown in the inset 1.6 eV (top) and 1.77 eV (bottom).
Figure 1B shows the schematic of the 4T tandem cell with the WBG PSC as the top cell and CdTe as the bottom cell. The XRD for the perovskite film are shown in Figure 1C, and the SEM and UV-Vis absorbance spectra in Tauc plot are shown in Figure 1D. It confirms that the bandgap can be tuned by tailoring the perovskite composition. The WBG PSC has Cs0.04FA0.81MA0.15PbI2.49Br0.51 (1.6eV) as the perovskite absorber, SnO2 as the electron transport layer (ETL) and Spiro OMeTAD as the hole transport layer (HTL) and sputtered indium tin oxide (ITO) as the electrode. The NBG CdTe cell has CdS as the ETL, CdTe as the absorber layer, and carbon as the counter electrode. The SCAPS simulation is performed with the AM1.5G solar spectrum used for the SJ WBG PSC and the filtered spectrum for the NBG CdTe cell. The effective 4T tandem PCE is the sum of the PCE of the WBG PSC and the PCE of the filtered NBG CdTe cell. All the simulations have been performed at a temperature of 300 K. Further, the losses due to the reflection at interfaces as well as the series resistance of the device have not been taken into consideration. Input parameters have been carefully chosen from published literature and experimental works and are listed in Table 1, (Islam et al., 2020; Karthick et al., 2020; Nykyruy et al., 2019).
Figure 2A shows the current density vs. voltage (J-V) curves for the WBG PSC and the CdTe NBG bottom cell. For the 4T configuration, the optimum photovoltaic parameters of the top cell and the bottom cell when the AM 1.5G spectrum and the filtered spectrum respectively are listed in Table 2. Thus, from the simulation for the 4T device design, the champion PCE obtained is 23.37%, which is higher than either of the individual cells which have a PCE of 19.62% and 16.68% (top and bottom cells, respectively). The WBG PSC absorbs most of the incident light to the bottom cell resulting in lower PCE of the filtered NBG CdTe cell. External quantum efficiency (EQE) performances of the 2 cells are also shown in Figure 2B. The QE plot for the WBG PSC shows that the device exhibits an excellent QE value of 97% up to a wavelength of 550 nm of the incident radiation. The QE of the top sub-cell drops to nearly zero around 770 nm. The EQE was also simulated using the SCAPS for the unfiltered bottom CdTe cells. When the bottom sub-cell is illuminated with the top cell as a filter, the QE is over 70% to 800 nm and reduces to 0% at ∼850 nm. This shows that the 4-T tandem device configuration with the WBG PSC cell and the CdTe cell exhibits good overall QE which spans the visible and infrared regions of the electromagnetic spectrum.
[image: Figure 2]FIGURE 2 | SCAPS Simulated tandem perovskite/CdTe device: (A) Photocurrent density–voltage and (B) External Quantum Efficiency and of the best semitransparent PSC with bandgap of 1.6eV, unfiltered CdTe solar cells, and the filtered CdTe solar cell.
TABLE 2 | SCAPS simulated photovoltaic parameters of the WBG PSC cells with a bandgap of 1.6eV, CdTe cells, and the resulting 4T tandem efficiency.
[image: Table 2]The ITO top electrode was deposited using the sputtering system. To minimize the damage of the sputtered ITO on the spiro-OMeTAD hole transport layer, we utilize 10 W and tune the partial pressure to achieve a 38.2 Ω/square sheet resisitivity and the crystalline structure was characterized as shown in the Figure 3A, where the ITO peaks in line with the commercial ITO substrate. In addition, the transmittance of the sputtered ITO was characterized using the UV-Vis transmittance and transparency can reach about 90% by increasing the oxygen partial pressure to 3% in the Ar/O2 mixture gas. The bandgap of the sputtered ITO films was determined via the Tauc plot, as shown in Figure 3C, where the bandgap above 3.5 eV for all these sputtered ITO. The sheet resistivity of these ITO films were characterized using the 4-probe and the lowest sheet resistivity can be 38.2. Ω/square, which is suitable as the top electrode for the tandem perovskite/CdTe device.
[image: Figure 3]FIGURE 3 | Sputtered ITO top electrode characterization for the perovskite/CdTe tandem device by tuning the oxygen partial pressure (A) XRD, (B) UV-Vis Transmittance, and the (C) bandgap and (D) sheet resistivity determination.
To study the impact of optimizing the top cell bandgap for effective spectral utilization, we fabricated two WBG PSCs with a bandgap of 1.6eV and 1.77eV. The top WBG PSC acts as an optical filter for the NBG CdTe cell and absorbs wavelength between 300 and 700 nm, whereas the unabsorbed light, especially those at longer wavelengths, is expected to be harvested by CdTe bottom solar cell. In this work, we used a buffer layer-free semitransparent PSC employing sputtering deposited ITO as a transparent electrode in a device configuration of “glass/ITO/SnO2/WBG PSC/Spiro OMeTAD/ITO”. The JV characteristics of the 4T tandem cell under AM 1.5 G simulated sunlight (100 mW cm−2) are shown in Figure 3 and a summary of the key parameters is also displayed in Table 3.
TABLE 3 | Experimental photovoltaic parameters of semitransparent WBG PSC (1.6eV and 1.77eV) cells with CdTe cells, and the resulting 4T tandem efficiencies.
[image: Table 3]The PSC with 1.6eV bandgap has a PCE of 14.53% and the filtered NBG CdTe cell has a PCE of 3.63% giving the overall 4T tandem PCE of 18.16%. The PSC with 1.77eV had a PCE of 13% and the filtered NBG CdTe had a PCE of 6.41% giving an overall 4T tandem PCE of 19.41%. The low values of Voc for the WBG PSC compared to the bandgap are mainly attributed to light-induced halide segregation. Additional work must be done to mitigate these losses associated with halide segregation to improve cell performance. Here the 4T tandem with WBG PSC of 1.6eV has a PCE very close to the unfiltered CdTe thus limiting its use in the architecture as shown in Figure 4A. The 1.77eV perovskite filter allows for more light to get transmitted to the NBG CdTe thus generating improved filtered PCE as shown in Figure 4B. To analyze the wavelength-dependent spectral application, we compare the EQE of best performing tandem device (Figures 4C, D). The top cell displays onset wavelength of 760 nm, whereas the bottom cell exhibits an onset wavelength of 900 nm. Due to the close bandgap between the 2 cells, there can be further improvement in the spectral utilization. Improved spectral optimization can be obtained by increasing the bandgap of the WBG perovskite but this would lead to lower PCE of the WBG PSC. Thus it is a tradeoff between effective spectral utilization and improving the overall tandem performance. The statics of device performance for both 1.6 eV and 1.77 eV perovskite are shown in Figure 5. The overall device performance still needs to be further optimized. The Fill factor should be further improved by improving the back contact from the carbon to the metal electrode.
[image: Figure 4]FIGURE 4 | Experimental device performance of perovskite/CdTe 4-T device. JV curves of 4T Tandem solar cell with (A) 1.6eV WBG PSC top cell and (B) 1.77eV WBG PSC top cell. EQE curves of 4T Tandem solar cell with (C) 1.6eV WBG PSC top cell and (D) 1.77eV WBG PSC top cell.
[image: Figure 5]FIGURE 5 | Statics of device performance of perovskite solar cell with carbon electrode (A) PCE, (B) Voc, (C) Jsc, and (D) FF.
We observe that the PV parameters obtained in the experiments are close to the simulated results, but the simulated results are higher. For example, the Voc simulated in this work is slightly higher than the experimental results. This could be due to the fact that we are not considering the losses associated with halide segregation in the simulated work. Also, we have not considered series and shunting loses in the simulated results. Therefore, this difference in voltage and current explains the difference observed in FF and PCE.
In summary, we demonstrate a 4T tandem solar cell based on WBG PSC and NBG CdTe cells. From the simulation, we demonstrated the possibility of forming a 4T tandem cell with PCE exceeding 23%. We then experimentally fabricated two WBG PSC with bandgaps of 1.6eV and 1.77eV and on pairing with the CdTe cell, we demonstrated PCE of 18.16% and 19.41% respectively. From the results, the WBG PSC with 1.77eV is more tuned to be used in configuration with the CdTe cell due to improved spectral utilization. Further work has to be done to find the exact tradeoff between the WBG PSC performance and the effective spectral utilization in the tandem cell to improve the overall PCE. We also have to do additional work on addressing the issue associated with light-induced halide segregation in WBG PSC to further improve the device performance and to get a device performance closer to the simulated results.
The study of tandem device structure for improving the device performance shall be an effective way towards high-efficiency CdTe solar cells. This research also suggests that CdTe would be a suitable NBG candidate for the fabrication of tandem solar cells with WBG-absorbing materials like PSC.
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