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Our current understanding of the crystallization, morphology evolution and phase stability of wide 

bandgap hybrid perovskite thin films is very limited, as much of the community’s focus has been on 

lower bandgap systems. Here, we investigate the crystallization behavior and film formation of wide 

and tunable bandgap MAPbBr3-xClx films and contrast its formation and phase stability to the classical 

MAPbI3-xBrx cases. We utilize a multi-probe in situ characterization approach consisting of 

synchrotron-based grazing incidence wide-angle X-ray scattering and lab-based time-resolved UV-

Vis absorbance measurements to show that all wide-bandgap perovskite compositions of MAPbBr3-

xClx studied (0 < x < 3) crystallized the same way: the perovskite phase forms directly from the 

colloidal sol state, and forms a solid film in the cubic structure. This results in significantly improved 

phase stability of these compounds compared to MAPbI3-xBrx systems. The phase transformation 

pathway is direct and excludes solvated phases, in contrast to MAPbI3. The films benefit from 

antisolvent dripping to overcome the formation of discontinuous layers and enable device integration. 

Pin-hole-free MAPbBr3-xClx hybrid perovskite thin films with tunable bandgap are thus integrated 

into working single-junction solar cell devices and achieve tunable open-circuit voltage as high as 

1.6 V. 

 

 

 

 

 

 

 

1. Introduction  

Hybrid organic-inorganic perovskites (HOIPs), such as methylammonium lead iodide (MAPbI3), 

have been intensively studied and achieved a certified power conversion efficiency (PCE) exceeding 

25 % in single-junction devices in a remarkably short time.[1] Looking toward multi-junction devices, 
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such as hybrid tandems on Si (bandgap 1.1 eV), the bandgap of MAPbI3 (about 1.55 eV) has been 

increased through the addition of Br in order to reach the optimal bandgap 1.65 eV. This has caused 

significant challenges as mixed halide alloys of MAPbI3-xBrx have been shown to be unstable under 

illumination and have therefore required significant effort through mixed cation systems to 

homogenize and stabilize the compounds[2] as well as achieve consistent and reproducible fabrication. 

For example, the MAPbI3-xBrx perovskites with 0.2 < x < 1 undergo reversible phase segregation into 

Br-rich and I-rich domains under light illumination and regain their initial compositional distribution 

in the dark.[3] Barker et al.[4] found that this phase segregation takes place via defect-assisted 

migration of halide ions from the film surface. The gradient in charge carriers generated across the 

absorbing material during illumination may drive this halide de-mixing by inducing an 

inhomogeneous lattice strain. This phase segregation is also observed in other mixed-halide and 

mixed-cation perovskites[5] and is strongly linked to the excess charge carrier density given that it 

occurred during electroluminescence measurements in the absence of light.[6] For instance, Peña-

Camargo et al. proposed that the reduced VOC in Br-rich wide-bandgap perovskite photovoltaics is 

due to the high interfacial recombination and partially improper energy alignment.[7] At room 

temperature, the MAPbI3 perovskite adopts a tetragonal phase (a = 8.819 Å, c = 12.685 Å) while 

MAPbBr3 (a = 5.875 Å) adopts a cubic structure.[8] This explains in part why mixed halide MAPbI3-

xBrx systems have been plagued by instabilities. However, MAPbCl3 is also cubic (a = 5.675 Å) and 

has a unit cell only slightly smaller than MAPbBr3. Consequently, we take the view that the mixed 

halide MAPbBr3-xClx is expected to lead to the formation of a solid solution and be far more phase 

stable than MAPbI3-xBrx systems. 

Mixed halide MAPbBr3-xClx are of interest for applications beyond traditional photovoltaics 

because these wide and tunable bandgap semiconductors can exhibit partial or full transparency in 

the visible.[9] They can be employed as light absorbers in semitransparent and transparent solar cells, 

making them suitable for applications in automotive window applications as well as building-

integrated photovoltaic (BI-PV) systems.[10] In particular, the BI-PV application space increasingly 
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uses dynamic electrochromic windows, also known as smart windows, which require low power to 

switch but a high driving voltage, together with the requirement for transparency in the visible.[11] As 

such, wide bandgap HOIPs can potentially provide a solution for these applications via monolithic 

integration. In Lunt’s group, they demonstrate transparent photovoltaic devices from various halide 

perovskite compositions with a PCE up to 0.52% (using MAPbCl2.4Br0.6 perovskite as an active layer) 

together with average visible transparency of 73%.[9c] Beyond photovoltaics, wide bandgap HOIPs 

are also interesting for other optoelectronic applications, such as photodetectors, phototransistors, and 

light-emitting diodes, thanks to their tunability in the visible spectrum.[12] Among these optoelectronic 

applications, perovskite light‐ emitting diodes have shown the light emission color (from blue to 

green or red) of perovskites can be easily tuned by replacing the halide anion from Cl− to Br−, or I−, 

resulting in these perovskites suitable for employment in white-light light‐ emitting diodes in the 

future.[13] For instance, Lin et al.[14] demonstrated green light‐ emitting diodes with external quantum 

efficiency exceeding 20% using wide-bandgap CsPbBr3 perovskites (bandgap ≈ 2.39 eV). For blue 

perovskite light‐ emitting diodes, Kim et al.[15] shown devices with maximum luminance (≈ 3564 

cd/m2) and 1.7% of external quantum efficiency based on wide-bandgap 

Cs0.1MA0.17FA0.83PbBr1.5Cl1.5 perovskites (bandgap ≈ 2.61 eV). 

The properties and morphology of wide bandgap MAPbBr3-xClx films have been previously 

studied but have not benefited from in situ investigations of the crystallization mechanisms and phase 

stability to the extent of lower bandgap systems. To this end, recently, in situ time-resolved grazing 

incidence wide-angle X-ray scattering (GIWAXS) has emerged as a useful technique to investigate 

the microstructure evolution from perovskite precursor solutions to the solid-state film formation 

through coating and thermal annealing.[16] We previously reported the ink-to-solid conversion of 

MAPbI3 as well as MAPbI3-xBrx and MAPbI3-xClx during spin coating by in situ GIWAXS. We 

disclosed the significant differences in the solidification pathways in the presence of different halide 

compositions, with the addition of Br and Cl affecting the resulting crystalline phase as well as the 

kinetics of formation.[17] Notably, the study revealed the process begins with the formation of a 
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colloidal sol whereby the solvent takes an active part in precursor formation and can strongly 

influence and even incorporate and co-crystallize with the solid phases formed, such as in the pure 

triiodide case. The type and number of intermediate phases exhibiting distinct composition has been 

shown to influence crystallization dynamics from the colloidal sol state, as recently revealed in a 

systematic study of mixed cation and mixed halide perovskites.[16h] Moreover, the impacts of different 

halide ratios on ionic inhomogeneity in wide-bandgap MAPbI3-xBrx perovskites have been revealed 

by in situ UV–Vis measurements[18] and controlling the crystallization of wide-bandgap perovskites 

via using antisolvent bath has also been studied[19]. 

Most of the published studies so far only focused on low-bandgap and conventional MAPbI3. 

However, the tunable and wide-bandgap hybrid lead-based perovskites MAPbBr3-xClx (x = 0 to 3), 

suitable for application in building integrated photovoltaic systems as semitransparent perovskite 

solar cells, have not been studied to date by in situ GIWAXS during the solution process. In addition, 

antisolvent dripping has been found to critically affect the quality and morphology of hybrid 

perovskite thin films.[20] However, the underlying mechanism has also not yet been revealed through 

in situ approaches.  

In this work, we study and compare the solidification and growth behaviors of wide and 

tunable bandgap MAPbBr3-xClx to classical MAPbI3 using the one-step spin coating method. We 

utilize a multi-probe in situ diagnostics approach consisting of GIWAXS and UV-Vis absorbance. 

Ex situ characterizations were also conducted to complement the in situ measurements, including 

scanning electron microscope (SEM), X-ray powder diffraction (XRD), and photoelectron 

spectroscopy in air (PESA) to examine the thin film morphology, microstructure, optical and 

electronic properties, and solar cell performance. The results show the bandgap is linearly expanding 

with the increasing amount of chloride, which bandgap is ranging from 2.3 to 3.1 eV for MAPbBr3-

xClx (x = 0 to 3). All these perovskite thin films show high transparency below their bandgap in the 

visible light range, suitable for semitransparent to transparent perovskite solar cells. For the 

perovskite formation mechanism, we reveal that these tunable and wide-bandgap hybrid perovskite 
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phase (MAPbBr3-xClx, x = 0 to 3) forms directly from disordered solvate during solution processing. 

In contrast, low-bandgap and classic MAPbI3 perovskite formulation tends to form stable 

intermediate ordered solvates without perovskite phase formation. The dripping of the antisolvent 

chlorobenzene (CB) at an optimized timing during spin coating can benefit the morphology of 

perovskite thin films and pre-nucleate and intensify the tunable and wide-bandgap perovskite phase 

without the formation of other intermediate phases. Moreover, the absorbance increases abruptly after 

the CB dripping, characterized via in situ UV-Vis measurements. The SEM images of the perovskite 

films with different antisolvent dripping time were demonstrated, indicating that CB dripping is 

beneficial for the morphology only when applied before forming solid-state and stable MAPbBr3-xClx 

perovskite phases. Inspired by all these in situ and ex-situ diagnostics, we illustrate that the initial 

design of these perovskite inks may predict the optimal timing of antisolvent dripping during the 

solution process and single-junction perovskite solar cells with high open-circuit voltage > 1.6 V was 

demonstrated. We use these insights[16a-s] to develop a solvent engineering protocol suitable for 

depositing high quality and pin-hole-free MAPbBr3-xClx perovskite thin films and show great 

potential for semitransparent perovskite photovoltaics. 

 

2. Results and discussion 

2.1. Tunable and wide bandgap of hybrid MAPbBr3-xClx (x = 0 to 3) perovskites 

Considering the high energy photon absorbance range of tunable and wide-bandgap of MAPbBr3-xClx 

(x = 0 to 3) hybrid perovskite thin films, whose bandgaps ranging from 2.3 to 3.1 eV, we divided the 

AM1.5 sunlight spectrum into three zones as a visualization of the different bandgap ranges, including 

infrared, visible, and ultraviolet regions. These MAPbBr3-xClx films can act as a light-absorbing layer 

and convert sunlight to electricity, from high energy visible to ultraviolet sunlight radiation, as shown 

in Figure 1a and b. Schematic preparation route of wide-bandgap MAPbBr3-xClx hybrid perovskite 

thin films, including perovskite inks design and loading, CB antisolvent dripping during spin coating, 

thermal annealing treatment and photographs of these MAPbBr3-xClx (x = 0 to 3) thin films are 
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demonstrated in Figure 1c. The colors of these films changed from semitransparent yellow to 

transparent when enhancing Cl element content in the perovskite structure for each MAPbBr3-xClx 

perovskite thin film, showing linear optical bandgap increment from 2.3 to 3.1 eV (Figure 1d), 

calculated optical bandgaps from Tauc plot (Figure S2).  

Through controlling the ratio of Br to Cl halide composition in the initial design of perovskite 

inks, these wide and tunable bandgaps of perovskite thin films are fabricated by a simple one-step 

spin coating method with CB dripping. In addition, we measure the transmittance spectrum of each 

MAPbBr3-xClx thin film versus photon energy distribution, which reveals that around 80 to 85 % 

percent of transmittance remained below each MAPbBr3-xClx (x = 0 to 3) perovskite bandgap 

(illustrated in Figure 1e). To examine the absorbance change before and after thermal annealing and 

perovskite phase stability under illumination continuously (Figure S3), we found that MAPbBr3-xClx 

perovskite onsets already formed before thermal annealing and maintained similar absorbance 

features and onsets after annealing and 1-hour illumination, indicating the degradation and/or phase 

segregation of MAPbBr3-xClx perovskite phases may not occur after 1 h of AM1.5 illumination. These 

results may partially be attributed to both structures of MAPbBr3 and MAPbCl3 are cubic and the unit 

cell of MAPbCl3 is slightly smaller than MAPbBr3, leading to wide-bandgap mixed-halide MAPbBr3-

xClx perovskite phase is expected to more stable than MAPbI3-xBrx systems. Cubic structure of 

MAPbBr3-xClx (x = 0 to 3) perovskite thin films are verified via ex-situ XRD measurements. The peak 

of (100) diffraction plane shifts from 15.11 (pure Br), 15.38 (equal Br-Cl content), to 15.75 (pure Cl) 

degree, indicating a lattice space decrease in these cubic structure perovskites, which is caused by the 

different sizes of the halide atoms (Figure 1f).[21] Furthermore, XRD spectra (Figure S1) of hybrid 

MAPbBr3-xClx (x = 0 to 3) perovskite thin films shown the scattering intensity of both (100) and (200) 

diffraction planes become stronger after CB dripping and the intensity further enhanced after thermal 

annealing treatment, meaning both antisolvent dripping and thermal annealing indeed promote more 

perovskite phase conversion. To conclude, the tunable and wide-bandgap of these cubic structure 

perovskite thin films with high transmittance features are fabricated through the simple one-step spin 
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coating of perovskite precursor inks with different Br to Cl halide ratio to alter the properties of 

perovskite crystalline structure and optical feature.  

 

2.2 Comparison mixed-halide perovskite phase stability between MAPbBr1.5Cl1.5 and 

MAPbI1.5Br1.5  

We further investigated the stability of the wide bandgap MAPbBr1.5Cl1.5 compared to that of 

MAPbI1.5Br1.5. In Figure 2a-b, while there is a mismatch between the cubic MAPbBr3 and tetragonal 

MAPbI3 phases, the MAPbBr1.5Cl1.5 is a solid solution of both cubic phases of MAPbBr3 and MAPCl3 

with only ≈4% difference in their lattice constant.[8] The lattice constant of the mixed MAPbBr1.5Cl1.5 

polycrystalline film obtained here is estimated to be ≈5.82 Å. Moreover, upon ambient storage at 

room temperature (Figure 2c-d), the MAPbBr1.5Cl1.5 showed better stability than that of the 

MAPbI1.5Br1.5 where the perovskite peaks are decreasing and the PbI2 (a byproduct of the 

degradation[22]) are increasing over time. Note that in Figure 2d, the (200) peak slightly shifts to 

higher 2θ values over time, suggesting the presence of a richer Br- perovskite phase, consistent with 

the iodine loss due to PbI2 formation. Moreover, the perovskite phase of MAPbI1.5Br1.5 is less stable 

than MAPbBr1.5Cl1.5 may also be attributed to the more volatile and hygroscopic nature of MAI 

compared with MACl, resulting in MAI acts as the weak spot of the perovskite phase.[23] 

 

2.3. Solvation and crystallization of different formulations during film formation 

All in situ GIWAXS measurements were performed at Cornell High Energy Synchrotron Source 

(CHESS) at the D1 beamline. Spin coating experiments were conducted at a custom-built spin coating 

stage with the splashing of solvent protected using kapton tape and controlled from the computer 

outside the hutch. The exposure time was kept at 0.2 s to obtain information about the solution process. 

We investigate the microstructure evolution of different formulations consisting of MAPbI3, 

MAPbBr3, MAPbBr1.5Cl1.5, and MAPbCl3 by performing in situ time-resolved GIWAXS 

measurements during spin coating, as shown in Figure S4. Representative two-dimensional 
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GIWAXS snapshots taken at different timing of the spin coating are shown in Figure 3. All these 

perovskite layers are prepared using the spin coating recipe (1000 rpm for 10 s and then 5000 rpm 

for 110 s) without antisolvent dripping on Cl-TiO2 coated glass substrates[24] to understand the natural 

microstructure evolution of each perovskite ink entirely. In the early stage of spin coating (at 10 s, 

Figure 3a-d), the scattering features are dominated by two scattering halos: one at high q values (q 

≈ 15 to 20 nm-1) is ascribed to the ink solvent liquid,[25] while the one at low q values is associated 

with the disordered sol-gel precursor in all these precursor formulations.[17, 26] As the solvent 

continues to dry (at 50 s), in MAPbI3 case, scattering features characteristic of PbI2 crystals (at q = 

9.0 nm−1) and intermediate ordered MAPbI3⋅DMSO solvates (at q = 4.4, 4.8, and 6.3 nm−1) appears 

and continuously exists until 120 s without MAPbI3 perovskite phase (at q = 10.0 nm−1) formation 

(shown in Figure 3a). However, by replacing I halide with Br, equal mixed Br/Cl, and Cl in the 

precursor solutions, these inks tend to form disordered precursor phase without forming ordered 

solvate phases in Figure 3b-d (at 50 s). Importantly, at the final stage of spin coating (at 120 s), we 

observe that these MAPbBr3, MAPbBr1.5Cl1.5, and MAPbCl3 inks tend to form perovskite phase 

directly from disordered precursor phases without the formation of ordered precursor phases. In 

Figure 3e, we track the intensity of each perovskite phase during time evolution and we found the 

perovskite phase forms earlier in the MAPbCl3 case might be attributed to the different kinetics of 

the perovskite formation mechanism. Thus, the halide composition design of the perovskite ink 

completely changes the microstructure evolution during the solution process. In classic MAPbI3 

formulation, dominant microstructure tends to evolve from intermediate disordered sol-gel phase to 

stable and intense ordered precursor phases together with weak PbI2 crystals without MAPbI3 

perovskite phase formation during spin coating. However, in the tunable and wide-bandgap of 

MAPbBr3-xClx perovskite formulations, intense perovskite peaks tend to form directly from 

disordered precursor phases without the company of ordered precursor phases. Figure 3f shows the 

intensity distribution versus q (from 4 to 12 nm-1) at the final stage of the spin coating process (at 120 

s). The peak shift of perovskite phases in the tunable and wider bandgap of MAPbBr3-xClx perovskite 
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is attributed to the different size of halides that induces a lattice space decrease in these cubic structure 

perovskites.[21] To summarize, the wider bandgap of MAPbBr3-xClx perovskite inks can easily form 

perovskite phases compared to classic MAPbI3 in natural behavior. 

The ease of formation of MAPbCl3, MAPbCl1.5Br1.5, and MAPbBr3 can be explained by 

several factors. First, lead halides solubility in DMSO follows the order of PbCl2 (310 mg/mL) < 

PbBr2 (560 mg/mL) < PbI2 (600 mg/mL). [27] Secondly, upon dissolving in the solvent (DMSO in this 

case), lead halides form complexes with the solvent (i.e., iodoplumates, bromoplumates, and 

chloroplumates) originating from the interaction between the solvent and lead halides, in the order of 

PbBr2 > PbI2 > PbCl2.
[28] Thus during the spin coating of a MAPbBr3-xClx precursor ink, a lower 

solubility and a weaker interaction with the solvent of the additional PbCl2 in the formulation 

produces earlier nucleation centers for thin-film formation. Additionally, the formation enthalpy of 

MAPbCl3 (- 9.03 kJ/mol) is more favorable than that of MAPbBr3 (+ 6.69 kJ/mol) and MAPbI3 (+ 

34.5 kJ/mol), allowing the formation of thermodynamically more stable MAPbCl3.
[8] It is a note that 

among the perovskite inks studied here, only PbI2 forms stable intermediate ordered solvates (as seen 

in Figure 3a), hindering the formation of perovskite MAPbI3 phase 

 

2.4. The impact of antisolvent dripping on solidification and crystal growth kinetics 

Antisolvent dripping technique onto a spinning substrate covered with a perovskite ink is widely used 

to achieve high-quality polycrystalline perovskite thin films with smooth and compact surface 

coverage in the one-step deposition method.[20a, 24] Moreover, antisolvent extraction is usually applied 

at a specific timing during spin coating. However, the solidification and crystal growth kinetics 

induced by antisolvent dripping is not clear due to the lack of in situ technology and there is a quite 

limited report of in situ GIWAXS study on dripping effect. In this regard, we study the microstructural 

evolution with and without CB antisolvent drip around the 30 s during spin coating onto four 

representative perovskite inks: MAPbI3, MAPbBr3, MAPbBr1.5Cl1.5, and MAPbCl3 employing in situ 

time-resolved GIWAXS measurements. The CB dripping time around the 30 s was chosen, as most 
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of the high-performance hybrid perovskite solar cells were achieved using antisolvent dripping within 

the same period.[2, 29] Figure 4a-h represents the various perovskite inks 2D GIWAXS intensity maps 

with and without applying CB dripping (integrated over each time slice, 0.2 s) of the scattering 

intensity with respect to time (abscissa; 0 < t < 120 s) and q (ordinate; 4 < q < 12 nm-1). The length 

of the scattering vector q is determined by the following equation: 𝑞 = √𝑞𝑧2 + 𝑞𝑥𝑦2 , where: 𝑞𝑧 =

4𝜋𝑠𝑖𝑛𝛼𝑓

𝜆
, 𝑞𝑥𝑦 =

4𝜋𝑠𝑖𝑛𝜃𝑓

𝜆
, where  is the wavelength.[29-30] The emergent waves with the momentum can 

be described by the in-plane exit angle αf and the out-of-plane angle θf (with respect to the scattering 

plane).[31] In detail, Figure 4a illustrates the representative time evolution of scattering features 

during spin coating with respect to scattering vector q for MAPbI3 perovskite ink without CB drip. 

During the first 50 s, we observe a wet, gel-like precursor as indicated by the formation of a scattering 

halo at low q values (4–6 nm−1), assigned to the disordered precursor colloidal gel.[29] After around 

50 s, a characteristic feature of PbI2 crystals (at q = 9.0 nm−1) and intermediate ordered 

MAPbI3⋅DMSO solvates (at q = 4.4, 4.8, 6.3, and 8.1 nm−1) are observed to appear. Figure 4b shows 

the time evolution of the scattering features during spin-coating for the MAPbI3 ink with CB drip 

around 30 s. Prior to CB dripping, the dominant feature is a wet, gel-like precursor, which is assigned 

to disordered precursor colloidal gel.[26]  Instantly after the CB drip at around 30 s, features of PbI2 

crystals (at q = 9.0 nm−1) and intermediate MAPbI3⋅DMSO solvate (at q = 4.4, 4.8, and 6.3 nm−1) are 

heavily suppressed and weakly formed MAPbI3 perovskite phase (at q = 10.0 nm−1). Therefore, we 

find that the intermediate ordered MAPbI3⋅DMSO solvate can be suppressed and pre-nucleates along 

with perovskite phase formation after CB drip, as demonstrated in Figure 4i (the final stage of the 

spin coating, at 120 s). However, when replacing I halide with Br, equal mixed Br/Cl, and Cl in the 

perovskite precursor inks, it completely alters the way of microstructure evolution during the solution 

process and all these wider and tunable semiconductors tend to form perovskite crystals directly from 

disordered sol-gel phase without the transition of ordered solvate phases. Specifically, comparing the 

kinetics of perovskite formation mechanism, we find those MAPbCl3 perovskite crystals forming 

around 45 s during spin coating, which is a faster crystallization behavior of perovskite phase than 
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MAPbBr1.5Cl1.5 (around 50 s) and MAPbBr3 (around 55 s) counterparts, as illustrated in Figure 4b-

d.  

In addition, to study the impact of antisolvent CB extraction on microstructure transition, we 

reveal that the antisolvent CB dripping around 30 s not only pre-nucleates the perovskite phases but 

also intensifies the wider bandgap perovskite phases (for MAPbBr3-xClx, x = 0 to 3), as shown in 

Figure 4f-h and j-l. This effect may be attributed to the fast extraction of precursor solvent from the 

wet films and increasing the supersaturation, leading to more nucleation and shorter timing of grain 

growth.[32] To conclude, the in situ GIWAXS study (Table S1) revealed that the tunable and wide-

bandgap MAPbBr3-xClx perovskite solid-state phase forms directly from disordered solvate during 

the solution process, while MAPbI3 ink tends to form stable intermediate ordered sol-gel phases 

without the formation of MAPbI3 solid-state perovskite phase. Furthermore, we disclose the role of 

antisolvent dripping is pre-nucleating and promoting wide-bandgap MAPbBr3-xClx perovskite phase 

formation. 

 

2.5. The control of perovskite thin film morphology through solvent engineering 

To fabricate high-performance perovskite photovoltaics, the control of perovskite thin film 

morphology via dripping antisolvent at appropriate timing is essential in the solvent engineering 

approach, widely used in the one-step classic MAPbI3 deposition. However, it inevitably produces 

hybrid perovskite thin films with a relatively rough and pinhole-rich surface when the timing of CB 

dripping is not suitable. Therefore, we investigate the optimal antisolvent CB dripping time from 

small bandgap MAPbI3 to wide bandgap hybrid halide perovskites MAPbBr3-xClx (x = 0 to 3) 

morphology via SEM. Initially, we study the morphology of as-cast perovskite thin films for each 

precursor solution and we reveal that these perovskite inks tend to form isolated and ununiformed 

distribution perovskite large crystals for MAPbBr3-xClx (x = 0 to 3) but needle-like crystals for 

MAPbI3 across the substrate without applying CB dripping, as shown in Figure 5a-d. However, if 

we drip CB at 30 s during the disordered sol-gel phase (Figure 4), it could quickly extract the 
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precursor DMSO solvent out and increase the nucleation and crystal growth to obtain high quality 

and fully covered with less pinhole morphology on the substrates (Figure 5e-h).[20a, 33] Moreover, if 

we apply the CB dripping at 50 s (Figure 5j-l) near/in the region of wide-bandgap perovskite phase 

formation as revealed via in situ GIWAXS (Figure 4), we cannot reverse the tendency to form 

isolated and large perovskite grains by CB dripping, which leading the morphology is similar to as-

cast cases (Figure 5b-d). In the case of low-bandgap MAPbI3 (Figure 5i), pinholes start to exist on 

the surface when dripping CB late (at 50 s), which these pinholes acted as recombination centers and 

deteriorated device performance.[33] To summarize, applying CB antisolvent dripping during the 

disordered sol-gel phase and before the appearance of solid-state perovskite phase can benefit the 

morphology, which may be predictable by the diagnostics of microstructure evolution from in situ 

GIWAXS measurements.  

 

2.6. Optimized timing of applying antisolvent during spin coating via time-resolved UV-Vis 

absorbance measurements 

To investigate the optimized timing of dripping antisolvent, in addition to in situ GIWAXS, we 

conducted time-resolved UV-Vis absorbance measurements of MAPbBr3, MAPbBr1.5Cl1.5, and 

MAPbCl3 inks to study the time-resolved optical property, tracking the absorbance evolution from 

ink to solid-state film formation during spin coating. Again, we analyzed all these cases with and 

without CB drip to understand further the effect of CB dripping in these perovskites, leading to 

distinct differences in absorbance evolution. Figure 6 shows the UV-Vis absorption spectra, 

calculated from experimental transmission spectra, using the following equation: 𝐴𝜆 = −𝑙𝑜𝑔10(𝑇), 

where 𝐴𝜆 is the absorbance at a specific wavelength (λ) and T is the calibrated transmitted radiation.  

Figure 6a-c demonstrate in situ time-resolved 2D UV-Vis absorbance intensity maps 

collected during spin coating of MAPbBr3, MAPbBr1.5Cl1.5, and MAPbCl3 perovskite precursors 

without CB antisolvent extraction. We find that the transformation from precursor inks to solid-state 

films is faster for pure Cl (≈ 40 s) than for mixed-halides Br1.5Cl1.5 (≈ 45 s) and pure Br (≈ 55 s). 
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However, all cases show sub-bandgap scattering due to the formation of isolated large and stable 

perovskite crystals, non-uniformly distributed on the substrate. This feature is also verified in the as-

cast SEM images in Figure 5a-c. Figure 6d-f show the absorbance (at 500 nm, 420 nm, and 405 nm) 

tracked over time for each perovskite ink respectively and indicate that the MAPbBr3 takes more time 

to transform from precursor ink to solid-state film, meaning that the interaction between solvents and 

solutes might become stronger due to the increasing Br content.[29, 31b, 34] 

The effect of antisolvent CB dripping (at 30 s during spin coating) is illustrated in Figure 6g-

i. Here, we see that all these perovskite inks pre-nucleate into each perovskite phase upon CB dripping 

(dashed white line indicates each perovskite bandgap), which confirms the same microstructure 

transformation behavior from in situ GIWAXS results. Figure 6j-l again show the absorbance (at 500 

nm, 420 nm, and 405 nm) tracked respectively over time with CB extraction at 30 s. The absorbance 

dramatically increases upon dripping for all these inks during spin coating. Therefore, CB antisolvent 

dripping appears to help in transforming the precursor ink into solid-state hybrid perovskite thin film 

for all the cases, indicating that CB drip is promoting the formation of these perovskite phases and 

forming high quality, pinhole-free perovskite thin films, which correspond well with the findings of 

in situ GIWAXS in Figure 4. 

 

2.7. Photovoltaic device performance 

Inspired by all the previous results, we develop a solvent engineering protocol suitable for depositing 

high-quality MAPbBr3-xClx (x = 0 to 3) and MAPbI3 thin films and present working single-junction 

solar cells with the following layer configuration (Figure 7c): glass/ indium-doped tin oxide (ITO)/ 

chlorine-capped titanium dioxide (Cl:TiO2)/ perovskite thin films/ 2,2′,7,7′-tetrakis-(N,N-di-

pmethoxyphenylamine) 9,9′-spirobifluorene (Sprio-MeOTAD)/ gold (Au)/ silver (Ag). CB 

antisolvent dripping during perovskite deposition was performed at the optimized time (30 s) before 

the thermal annealing conversion. Here, we have investigated the effect of tunable and wide-bandgap 

perovskite thin films to enhance the open-circuit voltage (VOC). We choose five perovskite systems: 
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MAPbBr3, MAPbBr1Cl2, MAPbBr1.5Cl1.5, MAPbBr2Cl1, and MAPbCl3 hybrid perovskite thin films 

as active layer due to their distinct character as tunable and wide-bandgap, resulting in high VOC in 

photovoltaics application and comparing to low bandgap MAPbI3 devices. Initially, we measured the 

valence bands of these perovskites and combined with the reported highest occupied molecular orbital 

(HOMO) level of the hole transporting layer (HTL), which is -5.2 eV for Sprio-MeOTAD[35], because 

the VOC in solar cell devices can be derived from the quasi-Fermi levels of each material in the 

structure.[36] Figure 7a shows the photoelectron emission spectra of MAPbBr3, MAPbBr1Cl2, 

MAPbBr1.5Cl1.5, MAPbBr2Cl1, and MAPbCl3 hybrid perovskite thin films obtained using a Riken 

Keiki AC-2 photoelectron spectrometer. PESA measurements were successfully performed to 

measure the occupied electronic states of an organic semiconductor and the valence band edges 

(VBEs) in solids.[37] The measured VBEs of MAPbBr3, MAPbBr1Cl2, MAPbBr1.5Cl1.5, MAPbBr2Cl1, 

and MAPbCl3 were -5.73 eV, -5.74 eV, -5.79 eV, -5.88 eV, and -5.96 eV, respectively. The device 

structure and energy band alignment is represented in Figure 7b, where the conduction band edge is 

calculated from the Tauc plot for the optical band gap of these wide-bandgap perovskite materials 

(MAPbBr3-xClx, x = 0 to 3) and the conduction bands of these perovskites are higher than the electron 

transporting layer (ETL), Cl capped TiO2
[24]. The origin of VOC in perovskite solar cells is typically 

described by the difference between the VBE of the perovskite layer and the HOMO of the HTL, 

assuming that recombination within the device can be ignored.[38] Therefore, with deeper perovskite 

VBE and unchanged HTL, the VOC of the perovskite solar cell is expected to be higher. 

To investigate the impact of increasing Cl content and bandgap on perovskite solar cells, we 

prepared 10 devices for each wide-bandgap perovskite material as a light-absorbing layer and 

demonstrated all device parameters and statistics in Figure 7c. While enhancing the content of Cl in 

these wide-bandgap perovskites (MAPbBr3-xClx, x = 0, 1, 1.5, 2, and 3 specifically), the average PCE 

ranges from 6.51 %, 2.27 %, 1.08 %, 0.57 %, to 0.29 % and short-circuit current density (JSC) also 

decreases due to enhancing bandgap. The high average fill factor maintains around 68 to 77 % across 

all the various ratios of Br to Cl. Moreover, high VOC is maintained around 1.4 V while the perovskite 
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bandgap increases (i.e., MAPbBr3, MAPbBr2Cl1, MAPbBr1.5Cl1.5, and MAPbBr1Cl2) and the VOC 

only jumps to 1.65 V for MAPbCl3 perovskite solar cells. For classic and low bandgap MAPbI3 solar 

cells, the 16.25 ± 0.92 % of average PCE is demonstrated using the same spin coating recipe. 

Representative J-V curves are shown in Figure 7d. For MAPbBr3 perovskite solar cell, the best device 

performance is PCE = 6.92 %, JSC = 6.31 mA/cm2, VOC = 1.40 V and FF = 78.30 %. With an 

increasing amount of Cl in these perovskites, the JSC decreases due to increasing bandgap with less 

sunlight absorption; however, the VOC is not increasing while using wider bandgap perovskites. The 

limited VOC may be attributed to energetic misalignment and interfacial non-radiative recombination 

in the perovskite absorber layer and the interfaces with charge transporting layers.[39] Therefore, to 

overcome these issues, proper energetic level alignment and suppression of interfacial non-radiative 

and defect recombination in the perovskite layer and at grain boundaries and interfaces are essential 

to study together with a profound investigation on alternative ETL and HTL or surface modification 

in the future.[7, 39-40] It worth noting that MAPbCl3 perovskite solar cell, the best device performance 

is PCE = 0.32 %, JSC = 0.28 mA/cm2, VOC = 1.65 V and FF = 69.44 %. This MAPbCl3 transparent 

perovskite thin film can also be used in the applications of building integrated photovoltaic systems, 

blue and ultraviolet light-emitting diode, and a photodetector. 

 

3. Conclusion  

In summary, we systemically compare classical MAPbI3 to tunable and wide-bandgap MAPbBr3-xClx 

(x = 0 to 3) perovskite systems by in situ time-resolved GIWAXS and absorbance spectra to fully 

understand the microstructure evolution from perovskite precursor inks to solid-state thin films when 

tuning the ratio of halide mixing. Obtained results reveal that the tunable and wide-bandgap 

MAPbBr3-xClx perovskite solid-state phase forms directly from the disordered solvate phase during 

solution processing, while MAPbI3 ink tends to form stable intermediate ordered sol-gel phases 

requiring further thermal annealing to form MAPbI3 solid-state perovskite phase. Furthermore, we 

disclose the role of antisolvent dripping is to not only benefit the morphology of perovskite thin film 
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but also pre-nucleate and promote wide-bandgap MAPbBr3-xClx perovskite phase formation. We 

furtherly point out the relationship between antisolvent dripping time and morphology and 

successfully correlate it with in situ GIWAXS results. Inspired by all these results, we develop a 

solvent engineering protocol suitable for depositing fully cover and pin-hole-free high-quality 

MAPbBr3-xClx hybrid perovskite thin films and present working single-junction photovoltaics with 

high open-circuit voltage > 1.6 V for future transparent hybrid perovskite solar cells. To the best of 

our knowledge, our study is the first one introducing in situ GIWAXS to demonstrate successfully 

the effect/function on the dynamic evolution process of various halide compositions (I, Br, Br-Cl 

mixing, and Cl) separately and antisolvent dripping. This provides an in-depth understanding of 

tunable and wide-bandgap perovskite inks microstructure evolution and robust prerequisite of 

antisolvent dripping, which is critical and insightful for perovskite precursor solution initial design in 

the future to achieve better reproducibility, cost-efficient and large-scale manufacturing of lead-based 

hybrid perovskite solar cells. 

 

Experimental Section 

Materials, lead halide precursor solutions, and deposition protocol 

All the chemicals are purchased from Sigma–Aldrich unless stated otherwise. All the GIWAXS 

experiments were performed on a Cl-TiO2 coated glass substrate. Cl-TiO2 is synthesized according 

to the published recipe.[24] The Cl-TiO2 nanocrystals were spin-coated on a glass substrate and 

annealed on a hot plate at a temperature of 150 °C for 30 min in ambient air. The thickness of Cl-

TiO2 is about 50 nm. For solar cell devices, glass was taken replaced by pre-patterned ITO (ITO: 15 

ohm sq-1—bought from Xinyan Technologies) glass substrate and the residue procedure keep the 

same. The perovskite precursor solution preparation was conducted under an inert atmosphere inside 

a nitrogen glove box. The precursor solution (1 M) was prepared with methylammonium bromide 

(MABr, Dyesol), methylammonium chloride (MACl, Dyesol), and lead halide (PbBr2, PbCl2) 

dissolved in a dimethyl sulfoxide (DMSO) in a glovebox. For example, the MAPbBr3 precursor 
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solution (1 M) was prepared with MABr (1 M) and PbBr2 (1 M) dissolved in DMSO and kept 

precursors overnight at 60 °C with stirring. Thin films of perovskites were deposited by spin coating 

at 1000 rpm for 10 s and 5000 rpm for 50 s while dripping CB antisolvent at different timing to 

optimize the device performance.  

 

Solar cell preparation 

The solar-cell devices were fabricated using the same Cl-TiO2 thin-film procedure on the patterned 

ITO-coated glass. Perovskite solutions were spin-coated on top of the TiO2 layer at 1000 rpm for 10 

s and 5000 rpm for 50 s. Chlorobenzene (0.25 ml) was dropped on the spinning substrate during the 

second spin-coating step at 30s before the end of the procedure. The films were then annealed at 100 

°C for 10 min. After cooling down to room temperature, the hole-transporting layer was then 

deposited on top of the perovskite film via spin-coating at 2000 rpm for 30s using the 2,2′,7,7′-

tetrakis-(N,N-di-pmethoxyphenylamine) 9,9′-spirobifluorene (Spiro-OMeTAD) solution was 

prepared by dissolving 90 mg spiro-OMeTAD, 18 μL lithium bis(trifluoromethanesulfonyl) imide 

(99 %, Acros Organics, 520 mg mL-1) in acetonitrile (99.7 %, Alfa Aesar), 30 µl cobalt dopant (Co 

TFSI salt, Anhydrous ACN Sigma Aldrich, the dopant solution should be 300 mg cobalt 3 in 1 ml 

CAN), and 30 μL 4-tert-butylpyridine (96 %, Aldrich) in 1 mL chlorobenzene (99.8 %, Aldrich). 

Finally, 20 nm of gold and 80 nm of silver electrodes were deposited by thermal evaporation using 

an Angstrom evaporator. The current-density–voltage (J–V) curves were measured using a solar 

simulator (Newport, Oriel Class A, 91195A) with a source meter (Keithley 2420) at 100 mA cm−2 

illumination (AM 1.5G) and a calibrated Si-reference cell certificated by NREL. The scan rate was 

0.1 V s-1. The delay time was 10 ms and the scan step was 0.02 V. The device testing voltage range 

was -0.1V to 1.8V. All the solar cells were masked during the J–V measurements to define the active 

area of about 0.1 cm2. 

 

Characterization 
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Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS): GIWAXS measurements were 

conducted at Cornell High Energy Synchrotron Source (CHESS) on the D1 beamline. A 0.5 × 0.1 

mm monochromated X-ray beam (double-bounce multilayer monochromator) with a wavelength of 

1.16 Å  (10.6 keV) was used. Spin-coating experiments were performed at a custom-built spin-coating 

stage with the splashing of solvent protected using Kapton tape and controlled from the PC outside 

the hutch. The exposure time was kept at 0.2 s to obtain information about the process. There was a 

delay of around 15 s between solution dropping and the start of spinning/measuring. For all the 

measurements, the incident angle was kept at 0.25°. Mathematically, q is equal to 4πsinθ/λ, where θ 

denotes the total scattering angle multiplied by 0.5 and λ is the wavelength of the X-rays used for the 

measurement. GIWAXS data were collected with a Pilatus 200k pixel array detector (Dectris, Baden-

Dattwil, Switzerland; 100 frames per second) continuously recorded with the frame rate of 5 images/s. 

The detector used for the measurement was a combination of two 100 K detectors. The solutions were 

prepared in N2 glove box with moisture levels below 0.1 ppm and were taken out in the ambient 

environment right before the experiment. All the experiments were conducted in an ambient 

atmosphere where the relative humidity was ≈ 20–25 %. 

In situ UV-Vis Transmission Measurements: UV–Vis transmission/reflection measurements were 

performed using an F20-UVX spectrometer with a tungsten halogen light source (Filmetrics, Inc.) 

with a repetition rate of 10 Hz and an integration time of 0.1 s for each spectrum during spinning. 

These measurements were conducted in the N2 glove box with a moisture level below 0.1 ppm. 

Ex situ UV-Vis Transmission Measurements: UV–Vis absorption spectra were acquired based on a 

Cary 5000 instrument. 

Scanning Electron Microscopy (SEM): A Quanta 200FEG scanning electron microscope from FEI 

was used to observe the morphology of annealed perovskite films.  

X-ray Powder Diffraction (XRD): XRD patterns via Bruker D8 advance A25 diffractometer in the 

Bragg–Brentano geometry equipped with a Cu tube (X-ray source: Cu Kα; 𝜆 = 0.15418 nm) operating 

at 40 kV and 40 mA using a linear position sensitive detector (opening 2.9o). 
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Photoelectron spectroscopy in air (PESA): Wide bandgap perovskites were investigated with a 

photoelectron spectrometer (Riken Keiki AC-2) in air with a UV power setting of 35 nW. 
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Figure 1. Ex-situ characteristics of tunable and wide-bandgap MAPbBr3-xClx (x = 0 to 3) hybrid thin-

film perovskites. (a) AM1.5 solar spectrum emission curve is divided into infrared, visible, and 

ultraviolet regions. (b) Absorbance onset matching with various MAPbBr3-xClx hybrid perovskite 

bandgaps, ranging from 2.3 to 3.1 eV. (c) Schematic view of MAPbBr3-xClx perovskite thin films 

preparation route and photographs of wide-bandgap hybrid perovskites MAPbBr3-xClx. (d) Linear 

increasing wide bandgaps of MAPbBr3-xClx with enhancing Cl composition in perovskite structures. 

(e) The transmittance of MAPbBr3-xClx perovskite thin films. (f) XRD spectra of MAPbBr3-xClx 

perovskite thin films.  
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Figure 2. Structure and stability of studied perovskites. The crystal structure of (a) MAPbI3, (b) 

MAPbBr3, MAPbCl3, and MAPbBr1.5Cl1.5. At room temperature, the MAPbI3 perovskite adopts a 

tetragonal structure while the MAPbBr3 and MAPbCl3 and their solid solution adopt the cubic 

structure. Ambient stability of (c) MAPbBr1.5Cl1.5 and (d) MAPbI1.5Br1.5 films at room temperature. 
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Figure 3. In situ Representative 2D GIWAXS snapshots collected during spin coating of various 

perovskite precursor inks for (a) MAPbI3, (b) MAPbBr3, (c) MAPbBr1.5Cl1.5, and (d) MAPbCl3 in 

DMSO at 10 s, 50 s, and 120 s.  Scattering features associated with the disordered and ordered 

precursor solvates (q = 4.4, 4.8, and 6.3 nm−1) are identified along with the (100) diffraction of PbI2 

(q = 9.0 nm−1) and diffraction of different perovskite phase (q = 10.5 to 11.0 nm−1). (e) Time evolution 

of the diffraction intensity related to solid-state perovskite phase (q ~ 10.5 nm−1) for different 

perovskite inks from MAPbBr3, MAPbBr1.5Cl1.5 to MAPbCl3. (f) Scattering vector q versus intensity 

distribution of these perovskite inks (MAPbI3, MAPbBr3, MAPbBr1.5Cl1.5, and MAPbCl3) at the final 

stage of spin coating (at 120 s). 
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Figure 4. In situ 2D GIWAXS intensity map of the various perovskite precursor inks showing ink-

to-solid transformation during spin coating without (a)-(d) and with antisolvent extraction around the 

30 s (e)-(h), for the following cases: MAPbI3, MAPbBr3, MAPbBr1.5Cl1.5, and MAPbCl3 accordingly. 

(i)-(l) Comparison of the scattering vector q versus intensity distribution of these perovskite inks 

without and with antisolvent (CB) dripping at the final stage of spin coating (at 120 s). The diffraction 

intensity related to the ordered solvate phase (q = 4.4, 4.8, 6.3, and 8.1 nm−1) and perovskite phase (q 

= 10.0 to 10.8 nm−1). 
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Figure 5. SEM images of small bandgap MAPbI3 and wide bandgap hybrid halide perovskites 

MAPbBr3-xClx (x = 0 to 3) with and without antisolvent CB extraction. (a)-(d) as cast films without 

CB dripping (e)-(h) CB dripping at 30 s (i)-(l) CB dripping at 50 s. 

 

Figure 6. 

In situ 2D absorbance intensity map during spin coating without and with antisolvent CB drip for the 
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1   

A
s
 c

a
s
t

5   

MAPbBr3 MAPbBr1.5Cl1.5 MAPbCl3
3
0
s
 d

ri
p

5
0
s
 d

ri
p

5   5   5   

1   

(b) (c)

(f) (g)

(j) (k)

1   

5   5   5   

1   

1   

MAPbI3

(a)

(e)

(i)

(d)

(h)

(l)

0 20 40 60 80

400

500

600

700

800

0 20 40 60 80

400

500

600

700

800

W
a
v
e
le

n
g

th
 (

n
m

)

30 50

600

0 20 40 60 80

400

500

600

700

800

0 20 40 60 80

400

500

600

700

800

0 20 40 60 80

400

500

600

700

800

W
a
v
e
le

n
g

th
 (

n
m

)

0 20 40 60 80

400

500

600

700

800

MAPbCl3
w/o drip

MAPbBr3

w/o drip

MAPbBr1.5Cl1.5

w/o drip

w/ dripw/ drip w/ drip

CB drip

0 20 40 60 80
0.0

0.5

1.0

1.5

A
b

s
o

rb
a

n
c

e
 (

a
.u

.)

 MAPbBr
3
 at 500nm

0 20 40 60 80
0.0

0.5

1.0

1.5

 MAPbBr
1.5

Cl
1.5 

at 420nm

0 20 40 60 80
0.0

0.5

1.0

1.5

 MAPbCl3 at 405nm

0 20 40 60 80
0.0

0.5

1.0

A
b

s
o

rb
a

n
c

e
 (

a
.u

.)

 MAPbBr3 at 500 nm

0 20 40 60 80
0.0

0.5

1.0

 MAPbBr1.5Cl1.5 at 420 nm

0 20 40 60 80
0.0

0.5

1.0

 MAPbCl3 at 405 nm

CB dripCB drip

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Spin-coating Time (s) Spin-coating Time (s) Spin-coating Time (s)

A
cc

ep
te

d 
A

rt
ic

le



 This article is protected by copyright. All rights reserved 

evolution of absorbance during spin coating without and with an antisolvent drip for various inks: (d, 

j) MAPbBr3 at 500 nm, (e, k) MAPbBr1.5Cl1.5 at 420 nm, and (f, l) MAPbCl3 at 405 nm. 

 

Figure 7. Wide and tunable bandgap perovskite (MAPbBr3-xClx, x = 0 to 3) photovoltaic device 

structure with energy levels and performance. (a) PESA spectra of perovskite thin films (b) Device 

architecture and energy level diagram (c) PCE, JSC, FF, and VOC statistical distribution of perovskite 

solar cells for MAPbI3 and MAPbBr3-xClx (x = 0 to 3) perovskites (results are shown from 10 devices 

for each condition). (d) Current density-voltage curves of MAPbI3 and MAPbBr3-xClx solar cells (x = 

0 to 3). 
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In situ diagnostics (X-ray scattering and optical absorbance) reveal nearly identical crystallization 

behaviors of all MAPbBr3-xClx perovskite alloys, as well as pure halide systems from a DMSO 

solution, which is very different from the behavior of classic MAPbI3 perovskite. The phase 

transformation pathway is therefore also amenable to halide homogeneity in the mixed-halide 

perovskite films. 
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