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Abstract: Perovskite solar cells have shown their potential for multijunction applications due to 

their tunable bandgap. Here a compositional investigation on 3C perovskites is presented to map 

the bandgap and electrical output of different perovskites. The research focuses on wide bandgap 

perovskites ranging from 1.6 eV to 1.76 eV, which are the ideal choice for silicon-perovskite or 

all-perovskite 2-terminal tandems. The bandgap is changed via the most common X-site 

substitution of iodine with bromine and via cation substitution, with various concentrations of 

cesium, methylammonium (MA) and formamidinium (FA). As a result, it is seen that cation 

engineering is a viable solution to fine-tune the bandgap and to prevent photo-induced segregation 

of the perovskite. The most promising compositions with 1.67eV showed a champion efficiency 

of 18.25% in a single-junction configuration. 

 

Figure 1: Graphical abstract, Bandgap variation based on Cs, Br contents in 3C perovskite 

 

Organo-metal halide perovskites have already demonstrated their potential as power generators 

with efficiencies rapidly increasing from 3.8% to 25.5% at research scale in just a decade1. This 

establishes perovskite solar cells as the fastest growing photovoltaic technology at research scale 

to date and it is now considered as a realistic industrial alternative for low-cost electricity 
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generation2. Perovskites for PV applications are of the form ABX3 in which the most common 

components are MA, Cs, FA at the A-site, Pb at the B-site and I, Br, Cl at the X site. This perovskite 

composition’s flexibility is ideal to produce absorbing semiconductor materials with a variable 

bandgap ranging from 1.47eV for FAPbI3
3 to more than 3.06eV when chlorine is used with cesium 

to form CsPbCl3
4. The adoption of different bandgaps is a strong advantage of this technology as 

it can tune its absorption edge to optimize the photocurrent generation in multijunction solar cells 

maximizing their power conversion efficiency. In fact, in just a few years, perovskite-based 

tandems have shown remarkable progress and almost reached the ambitious target of 30% 

efficiency on silicon and more than 24.2% on CIGS1. However, to properly tune the perovskite 

composition it is necessary to balance the A-site cations and the X-site halides. The most common 

way to increase the bandgap of metal-organic halide perovskite is to substitute iodine with other 

halides such as bromine or chlorine5–7. In the case of MAPbI3 a full substitution with Br and Cl 

increases the bandgap from 1.55 eV, up to 2.24 eV and 2.97 eV respectively8. However, the A-site 

cations can also contribute effectively to tune the bandgap with FAPbI3 and CsPbI3 bandgaps being 

respectively 1.47 eV3 and 1.77 eV.4 In fact, as explained by K. Bush et al.9 and by Prasanna et 

al.10, smaller cations such as Cs, can tilt the BX6 octahedra when in the tetragonal structure, 

reducing the X−B−X bond angle and increasing the bandgap.  

So far, the research community has been challenged to find phase-stable wide bandgap 

compounds as they tend to segregate under illumination. A first understanding of the underlying 

mechanisms was proposed by Hoke et al., who identified the formation of Iodine-rich and 

Bromine-rich clusters under illumination11. Since then, the research community concentrated on 

tuning the Br/I ratio at the X site to target a desired bandgap and different approaches have been 

proposed to stabilize the composition. For example, solvent engineering and the inclusion of a 
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multi-cation system with a balanced ratio of Cs and FA permitted Jaysankar et al. to achieve a 

1.72eV stable structure with improved photo-stability and a 4T efficiency of 27.1%5. Following 

this trend, 3C and 4C perovskites were used to create high efficiency wide bandgap perovskites 

reaching multijunction power conversion efficiencies higher than 29.15%12.  

Moreover, the current state of the art perovskite records have mostly exploited antisolvents to 

rapidly achieve a supersaturation status to quench the perovskite solution and obtain bigger grain 

sizes via a fast nucleation of the crystals for enhanced electronic properties13. However, the 

standard solvent mixture of dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) has a 

limited window for processing the perovskite layer for devices with larger areas by using tools 

such as a slot die coater14, where the perovskite is quenched via gas-assisted techniques instead of 

antisolvents. On the other hand, N-Methyl-2-pyrrolidone (NMP) shows more promising results 

than DMSO for perovskite deposited via an up-scalable approach and gas-assisted quenching 

techniques15–17. Therefore, a solution mixture of DMF/NMP is used in this research and the gas-

assisted quenching route18,19 is chosen to better reproduce up-scalable conditions. 

In this work, we explore the bandgap variations in relation to cations and halides for a triple 

cation perovskite Csx(MAzFA1-z)1-xPb(I1-yBry)3. The values x, y and z are respectively expressed 

as %Cs, %Br and %MA. The initial focus of this research is on the concentration ratio of Cs over 

(MA, FA), or %Cs at the A-site and on %Br at the X-site. Instead, the %MA is initially maintained 

constant at 1:4 to focus on the effects of bandgap variations due to the inclusion of cesium in the 

perovskite composition and will be discussed at a later moment. The compositional analysis is 

made in 3 different days. Each time, a fixed concentration of cesium (5%, 15% and 25%) is used 

while the bromine content varies from 10% to 17%, 20%, 24% and 30%. The compositions are 
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selected in order to be comparable with the recognized community standard antisolvent recipes 

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3
20 and Cs0.05(MA0.24FA0.76)0.95Pb(I0.76Br0.24)3

21. 

Figure 2 show how the bandgap increases in a linear relation to the Br concentration. The 

bandgap value is here measured as the inflection point of the External Quantum Efficiency (EQE) 

band tail, as explained by Krückemeier et al.22 and used by Jiang et al.23. Based on the acquired 

quantum efficiency reported in Figure 4, it is seen that the bandgap ranges from 1.6eV for 5%Cs - 

10%Br to a 1.76 eV for 25%Cs when 30%Br is used, as reported in Figure 2Error! Reference 

source not found.. Similarly, when Cs is varied the bandgap generates a similar trend, as values 

with a specific Br amount appear to be equally spaced in the y-axis. A linear regression of the data 

separated by cesium content shows a slope of 6.32 ± 0.37 meV/%Br, 5.98 ± 0.54 meV/%Br, 6.08 ± 

0.28 meV/%Br for the compositions with 5%Cs, 15%Cs, 25%Cs, respectively. This is in agreement 

with the value of 5.7 ± 0.2 meV/%Br previously reported for a Cs, FA double cation investigation9. 

 

Figure 2: Bandgap variation for different Bromine concentrations (left), ITO/PTAA 
/Perovskite/C60/BCP/Cu PIN structure (right) 
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In addition, to assess the electronic quality of the solar cells, full devices were created with a 

PIN structure composed of ITO/PTAA/Perovskite/C60/BCP/Cu (Figure 2: right) and their 

electrical JV parameters were measured. As expected from the analysis on the bandgap, the devices 

showed a reduction in Jsc and an increase in Voc in accordance with the increase in bromine content. 

As reported in Table S1 and shown in Figure 3, the short circuit current drops 3.2 mA/cm2 for 

bromine content between 10%Br and 30%Br for both 15%Cs and 25%Cs, respectively. Instead, a 

steeper loss is shown for 5%Cs as 24%Br already loses 3.2 mA/cm2 and 30%Br loses 5.8 mA/cm2. 

On the other hand, the Voc increases with a ratio Voc to bandgap of 0.5 V/eV for each fixed amount 

of %Cs, even though a value closer to 1 V/eV would be expected from theoretical calculations22,24. 

 

Figure 3: Voc (right) and Jsc (left) for various Cs and Br compositions 

Moreover, these electrical results are checked in comparison with EQE measurements. The 

graphs clearly show the band-edge shifting towards lower wavelengths for compositions with 

increased Br content, as shown in Figure 4. Besides, the photon to current conversion efficiency 

is on average maintained between 85 - 90% in the 400 – 670 nm range, which shows good 

electronic properties in all the cases. Note here that the different shapes for wavelengths shorter 
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than 400 nm are due to variation of thicknesses of PTAA and its absorption for different PIN 

devices as confirmed by the optical simulation reported in Figure S1. 

Table 1: Integrated Jsc from EQE in mA/cm2 

Cs\Br 10 17 20 24 30 

5 21.87 
 

20.46 
 

19.93 
 

20.25 
 

18.09 
 

15 20.77 19.92 18.92 18.85 18.12 

25 20.81 20.37 19.23 19.47 18.64 

 

 

Figure 4: External quantum efficiency graphs for 5%Cs (left), 15%Cs (center), 25%Cs (right) 

 

Figure 5: Normalized photoluminescence peaks for the previously presented compositions. 

5%Cs (left), 15%Cs (center), 25%Cs (right) 
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From this analysis it is certain that the introduction of cesium is beneficial to increase the 

bandgap, as it is demonstrated by the blue shift of the PL peaks and EQE absorption edges in 

Figure 4 and Figure 5. Moreover, similar charge extraction efficiencies for the additional 

introduction of the cation can be confirmed by the high EQE. Therefore, in order to correctly 

evaluate the beneficial inclusion of Cs in terms of Jsc, a separate experiment with a fixed 20%Br 

content and varying cesium amount was performed. The choice of 20%Br relates to the interest 

towards bandgaps in the range of 1.65eV – 1.7eV for possible tandem applications on silicon 

devices. 

Table 2: JV characteristics of different Cs concentrations, with a fixed Br 

Br % Cs % 
Bandgap 

(eV) 

Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

20% 

Br 

5 % 1.66 eV 17.7 ± 1.0 1.07 ± 0.02 72.05 ± 1.11 13.66 ± 0.75 

15 % 1.68 eV 18.0 ± 0.7 1.08 ± 0.02 73.13 ± 1.36 14.21 ± 0.47 

25 % 1.70 eV 17.8 ± 0.7 1.14 ± 0.02 71.28 ± 1.00 14.46 ± 0.42 

 

A first look at the electrical characterization shows immediately a clear impact of Cs inclusion 

on the value of Voc as it increases more than the increase in bandgap. On the other hand, the short 

circuit current density of the three samples is almost unchanged, in contradiction to what would 

have been expected by the increase in bandgap. This combined effect is also reflected in a gradual 

increase in efficiency. The results are confirmed as well via EQE measurements where the Jsc is 

19.19 mA/cm2, 18.94 mA/cm2 and 18.98 mA/cm2 for 25%Cs, 15%Cs, 5%Cs, respectively. Besides 

the correspondence, that may not be strictly appropriate for the effects of the optical interference 

in the 25%Cs case, it is possible to notice a trending increase between 300 nm to 500 nm, which 



 9 

shows better charges extraction. In addition, scanning electron microscope (SEM) top view images 

show bigger grains with increased amount of Cs, which is usually associated with improved 

conductivity25 (see Figure S2) .  

To further understand the effects introduced by Cs in this composition, the crystallographic 

structure was investigated via X-Ray Diffraction (XRD) and the refractive index and extinction 

coefficients were measured via ellipsometry. The XRD output presents shifted perovskite peaks 

such that the main signal referring to a (001) orientation moves from 14.04° to 14.08° and 14.18° 

for 25%Cs, 15%Cs, 5%Cs, respectively. Similarly, the (002) peak also moves from 28.44° to 28.5° 

and 28.62° for 25%Cs, 15%Cs, 5%Cs, as shown in Figure 7. This follows the insertion of the smaller 

cation Cs (167 pm) with FA (253 pm) and MA (217 pm) as the smaller radius contracts the 

perovskite lattice and increases the energy level distance in the Pb atoms26. Moreover, the FWHM 

also reduces from 0.5° to 0.46° and 0.35°. 

 

Figure 6: JV and EQE graphs for increased Cs amount 

The ellipsometry results show a shift in the absorption edge related to the photoluminescence 

peaks shift towards lower wavelengths as expected. Moreover, the extinction coefficient (k-value) 



 10 

does not reduce with increased amounts of Cs in the region below 700 nm as previously reported 

by M. Saliba et Al.20
, meaning that the absorption coefficients is not affected by this change. 

  

 

Figure 7: XRD measurements for 5%, 15%, 25%Cs (Left), a focused look at the (002) peak for 

perovskites 

 

Figure 8: Extinction coefficient (full lines) and normalized photoluminescence peaks (dashed 

lines) 
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Continuing with the investigation on the effects of various cation compositions, FA and MA 

ratios are considered next. The introduction of additional amounts of MA over FA is expected to 

generate similar trends to Cs over the perovskite bandgap, since MA has a smaller structure than 

FA. However, the bigger radius of MA in respects to Cs is expected to have a reduced impact. In 

order to assess the possible effects of MA, its concentration over FA is tested with 15% cesium 

and 20% bromine. 

Table 3: JV electrical characterization for MA, FA ratio variation. 

 

The JV results show that MA does not substantially alter the Voc, while an excess of MA induces 

a lower FF. A similar conclusion was also previously reported by Tan et Al.27 for a maximum 

inclusion of 15% MA. In their work, it was also proposed that the inclusion of a dipolar cation 

such as MA can reduce defects such as Pb vacancies, which leads to a reduced amount of deep 

trap states leading to longer carrier lifetimes. Furthermore, MA seems to slightly benefit Jsc as 

shown by the 400nm – 700nm range of the EQE, which also shows a small shift in the absorption 

edge and photovoltaic bandgap, further confirmed by photoluminescence measurements. 

MA 

content 

Bandgap 

(eV) 

EQE Jsc 

(mA/cm2) 

Jsc 

(mA/cm2) 
Voc (V) FF (%) Eff (%) 

10% MA 1.66 19.58 18.9 ± 0.5 1.11 ± 0.00 76.49 ± 0.42 16.0 ± 0.3 

20% MA 1.67 20.01 19.9 ± 0.1 1.14 ± 0.01 71.77 ± 0.89 16.2 ± 0.3 

30% MA 1.68 19.8 18.5 ± 0.7 1.12 ± 0.00 69.09 ± 0.36 14.4 ± 0.5 
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Figure 9: JV (left) and EQE (right) measurements for different MA/FA ratio. 

To sum up what was discussed so far, it is possible to vary the composition of a 3C perovskite 

to obtain the desired bandgap, while preserving high performance devices with relatively large 

PCEs. Not only that, but the introduction of different cation concentrations can also be beneficial 

in fine-tuning the bandgap. 

As from the proposed perovskites, the 15%Cs, 20%Br option seems to be an optimal choice for 

tandem applications based on silicon technology, with a suitable bandgap of 1.67eV and a Jsc of 

almost 20 mA/cm2. In fact, such composition can achieve current matching while maximizing the 

open circuit voltage of a two-terminal multijunction device. As the whole analysis was performed 

with perovskite solutions’ concentrations of 1 M, increased concentrations are used to achieve 

higher currents. With the selected composition, an experiment was performed with concentrations 

of 1 M, 1.1 M, 1.2 M, 1.3 M and 1.4 M. 

The Jsc already increases by 1 mA/cm2 from 1 M to 1.1 M and continuously increases up to 

20.1mA/cm2 for 1.4 M. The Voc at the same time does not change, which demonstrates a good bulk 
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conductivity of charges and a limited defect induced losses in the bulk. With this increase it has 

been possible to achieve a champion device with a Jsc of 20.6 mA/cm2, a Voc of 1.13 V and a FF 

of 78.35% giving an overall power conversion efficiency of 18.25%.  

Table 4: JV electrical characterization with increased Molarity 

Perovskite 

concentration 

Thickness 

(nm) 

Jsc 

(mA/cm2) 
Voc (V) 

Fill Factor 

(%) 

Efficiency 

(%) 

Champ. 

Eff. (%) 

1.4 M 626.9 ± 3.6 20.1 ± 0.6 1.13 ± 0.01 78.11 ± 0.23 17.7 ± 0.7 18.25 

1.3 M 501.5 ± 8.8 19.8 ± 0.8 1.13 ± 0.01 77.18 ± 1.34 17.3 ± 0.6 17.69 

1.2 M 442.1 ± 0.8 19.8 ± 0.4 1.13 ± 0.00 77.87 ± 0.64 17.4 ± 0.5 17.90 

1.1 M 419.0 ± 1.0 19.3 ± 0.6 1.13 ± 0.01 77.92 ± 0.49 17.0 ± 0.5 17.33 

1.0 M 392.2 ± 0.5 18.5 ± 0.7 1.14 ± 0.01 78.27 ± 0.27 16.4 ± 0.4 16.01 

 

 

Figure 10: JV (left) and EQE (right) curves of champion cells for increased solution concentration 

In conclusion, a bandgap engineering investigation on wide bandgap 3C perovskites suitable for 

silicon based multijunction applications produced via upscalable and industrially compatible 
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techniques is here presented. Even though Br remains a strong element in bandgap tuning for 

perovskite solar cells, this work shows that Cs and other cations are essential to achieve phase-

stable wide bandgap perovskites and to fine-tune the absorption edge. Moreover, these absorbing 

layers performed well even with more concentrated solutions and increased thicknesses, which 

permits a proper adjustment of the final thickness. 
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