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ABSTRACT: Inorganic−organic hybrid perovskites MAPb(IxBr1-x)3 (0 ˂ x ˂ 1) hold 

promise for efficient multi-junction or tandem solar cells due to tunable bandgap and 

improved long-term stability. However, the phase transformation from Pb(IxBr1-x)2 

precursors to perovskites is not fully understood yet which hinders further improvement of 

optoelectronic properties and device performance. Here, we demonstrate the adaptation of 

the two-step deposition method which enables the direct probe into the growth dynamics of 

perovskites using in situ diagnostics and present a detailed view of the effects of solvent, 

lead halide film solvation, and Br incorporation and alloying on the transformation 

behavior. The in situ measurements indicate a strong tendency of lead halide solvation prior 

to crystallization during solution-casting Pb(IxBr1-x)2 precursor from a dimethyl sulfoxide 

(DMSO) solvent. The Br alloying leads to weakened solvation of Pb(IxBr1-x)2DMSO. 

Highly efficient intramolecular exchange was observed between DMSO molecules and 

organic cations, leading to room temperature conversion of perovskite and high quality 

films with tunable bandgap and superior optoelectronic properties in contrast to that 

obtained from crystalline Pb(IxBr1-x)2. The improved optoelectronic properties finally 

translate to easily tunable and reasonably efficient solar cells with a relatively higher power 

conversion efficiency of 16.42% based on the mixed halide perovskite MAPb(I0.9Br0.1)3. 

These findings highlight the benefits that solvation of the precursor phases, together with 

bromide incorporation can have on the microstructure, morphology and optoelectronic 

properties of these films. 
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1. Introduction 

The past decade has seen the rise of low-cost solution-processable halide perovskite 

absorbers, which have become promising materials for high-efficiency solar cell 

applications reaching a record power conversion efficiency (PCEs) close to 25.2% and 

approaching the theoretically predicted efficiency of 27%.[1–6] The record pace of 

development of perovskite solar cells was mainly driven by fundamental studies on their 

materials, device architectures,[7,8] fabrication processes,[9,10] together with solvent 

engineering approaches to control thin film formation, microstructure and morphology.[11–

15] This success is also attributed to a remarkable combination of properties key for 

photovoltaics, such as a direct bandgap, a small Urbach energy (≈ 15–30 meV),[16] a low 

exciton binding energy (Eb ≈ 15−76 meV),[17,18] large charge carrier diffusion length (LD > 

1 µm),[19] an excellent charge carrier mobility (1–10 cm2 s−1 V−1),[20–22] and a tunable 

optical bandgap from ultraviolet (3.2 eV) to near-infrared (1.25 eV).[23,24] Thanks to these 

properties and the earth-abundance of all elements, halide perovskites are considered an 

attractive material for optoelectronic and electronic applications, transistors,[22] 

photodetectors,[25] and optical lasing.[26] 

Perovskites have an ABX3 crystal structure, where the halogen atoms X (e.g., Cl, Br, I) 

occupy the vertices of an octahedron and the divalent metal atoms B (e.g., Pb or Sn) lie at 

the centers of the octahedra. The cavity formed by neighboring octahedra enclose the 

monovalent organic or inorganic cations (e.g., methylammonium (CH3NH3, MA), 

formamidinium (HC(NH2)2, FA), cesium (Cs)).[27–33] Several thin film deposition methods 

have been developed over the years to obtain polycrystalline perovskite films, including 

spin-, dip-, and blade-coating, where solvent engineering plays an important role,[10] as well 

as other methods such as vapor-assisted deposition,[34] and even vacuum evaporation.[9,35] 
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To date, the one-step spin-coating approach is the most widely used and facile method to 

fabricate high-quality hybrid perovskite thin films from solution.[32,36–42] However, it 

suffers from several drawbacks related to poor control of anti-solvent dripping during fast 

spinning, making less reproducibility of film formation and devices in contrast to two-step 

sequential deposition.[20] Multi-cation and multi-halide perovskite formulations have been 

proposed to help overcome film formation challenges too, but these compounds tend to 

suffer from halide segregation.[32,43,44] Consequently, highly non-equilibrium quenching 

steps, such as anti-solvent dripping has been used to initiate phase transformation and 

increase the nucleation density and growth rate of these materials prior to 

crystallization.[32,36,38,43] Such approaches can be labor intensive, and may not be scalable to 

large area continuous fabrication. By contrast, the two-step sequential coating method 

exhibits fewer challenges associated to the one-step procedure, allowing better control of 

the phase transformation and morphology of the perovskite active layer toward achieving 

high quality and pinhole-free perovskite films.[2,33,45,46] This method is potentially scalable 

to large area fabrication and also an effective approach for systems where the inorganic and 

organic components have incompatible solubility characteristics or when the organic 

component cannot be vacuum-evaporated.[47] 

Methylammonium lead triiodide perovskites (MAPbI3) are the archetypal halide 

perovskite material showing a tetragonal crystal structure (I4/mcm) at room temperature.[48] 

Their broadband and complete light absorption in films thinner than 1 µm, ambipolar 

charge transport, and rapid charge extraction rates have helped MAPbI3 reach high 

PCEs.[49–51] However, solar cells tend to achieve a lower open-circuit voltage than 

optimally possible and suffer from low overall stability which impacts device longevity.[27] 

On the other hand, MAPbBr3 has also attracted a lot of attention due to its large bandgap 
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(2.3 eV) which enables a high Voc (1.2–1.5 V), while maintaining good charge transport. 

MAPbBr3 has been assigned a cubic structure (Pm3̅m space group) at room 

temperature.[18,52] The smaller size of Br compared to I provides improved air and moisture 

stability and long term durability.[13,18,27,48,53] However, the 550 nm band edge limits its 

light-harvesting and PCE.[27,54–56]  

Mixed halide hybrid perovskites MAPb(I1-xBrx)3 (0 ˂ x ˂ 1) have been proposed to 

overcome some of the challenges of MAPbI3 while sustaining the merits of Br-based 

perovskites. By controlling the ratio of halide ions films with highly tunable bandgaps from 

1.5 to 2.3 eV, and long-term stability while maintaining the near-complete light absorption 

properties of MAPbI3 have been achieved.[27,57,58] The addition of Br reduces the perovskite 

lattice parameters due to its smaller ionic radius (the ionic radii of I− and Br− ions with 6-

fold coordination are 2.2 and 1.96 Å, respectively),[18] which restricts the diffusion of water 

into the methylammonium vacancies and enhances the long-term stability under high 

humidity conditions. In addition, the angle of offset of the lead halide octahedra decreases 

with Br allowing the crystalline structure to transition from the structurally metastable 

tetragonal phase to the stable cubic phase.[53] As a result, the linear charge transport should 

be promoted along with the diffusion length/mobility of carriers in the perovskite phase. 

Tuning the perovskite bandgap for broadband light absorption and increased Voc, which can 

lead to enhancement of the device performance if short circuit current does not decrease, is 

also another benefit ascribed to the addition of small or moderate amounts of Br into the 

perovskite.[11,59] The ability to tune the bandgap and achieve high-bandgap (Eg > 1.6 eV) 

makes mixed halide perovskites promising candidates for multi-junction or tandem solar 

cells.[29,30] MAPb(I1-xBrx)3 has been investigated as a candidate for a front cell on silicon or 
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CIGS to produce hybrid tandem cells with PCE approaching the theoretical limit of 

39%.[60–62]  

The MAPb(I1-xBrx)3 films have been fabricated via the traditional one-step spin-coating 

method[10,18] or a two-step spin-coating method.[35,61,63,64] The latter method, yielding 

relatively lower device efficiency, however could lend us a chance to directly probe the 

transformation of Pb(IxBr1-x)2 to MAPb(IxBr1-x)3 and its influencing factors such as halide 

exchange (dealloying). It also allows the fabrication of homogenous perovskite layer 

having uniform thickness without the need of an anti-solvent.[65] The microstructure, grain 

size and structural and compositional uniformity across mixed halide films play important 

roles in promoting fast charge transport and reducing recombination in perovskite films. 

Significant effort has been made on the solvent engineering front to prepare films with 

well-connected grains, reduced crystalline imperfections and defects toward achieving high 

PCE devices.[66] For instance, several studies have found the choice of solvent dictates 

coordination strength with PbX2 (X = I, Br, Cl) which can play a big role in regulating 

perovskite nucleation and growth. The N,N-dimethylformamide (DMF) solvent promotes 

the formation of small-grained perovskite films since it does not coordinate strongly with 

PbI2, yielding a higher nucleation density. On the other hand, the dimethyl sulfoxide 

(DMSO) solvent coordinates strongly with PbI2 to form a long-lived DMSOPbI2 complex 

which retards the crystallization, even forming a metastable co-crystalline phase.[67,68] This 

more stable coordination promotes can hinder nucleation and has been associated with the 

formation of larger crystallites.[53] Both DMSO and DMF can be easily exchanged by MAI 

because they have a smaller affinity toward PbI2 than MAI, resulting in the complexes 

transforming through the loss of the solvent into a solid-state, compact and dense 
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perovskite crystals.[47] The formation of perovskites via one-step spin-coating process has 

been monitored through several in situ techniques.[32,36,42,43,67,69–71] In the context of the 

two-step process, our previous investigation into the solidification of PbI2 films from a 

DMF solution using in situ grazing incidence wide-angle x-ray scattering (GIWAXS) 

measurements revealed an elaborate sol-gel process involving three unstable PbI2DMF 

solvated complexes, including two ordered ones, which can spontaneously transform to the 

perovskite phase at room temperature.[33,45] However, there has not been a direct 

observation of the formation of PbI2, let alone PbBr2 or Pb(I1-xBrx)2 mixed halide films, 

from DMSO solution or their conversion to pure or mixed halide perovskite phases.[66] 

In this work, we demonstrate the adaptation of the two-step deposition method to enable 

a direct probe into phase transformation from Pb(I1-xBrx)2 to perovskites and present 

detailed view of how solvation and halide composition influence perovskite formation. A 

mixed lead halide solution Pb(IxBr1-x)2 in DMSO is deposited first on the substrate before 

conversion to the perovskite phase by using a solution of a mixture of methylammonium 

iodide (MAI) and methylammonium bromide (MABr) in isopropanol. We have performed 

in situ diagnostics to study the dynamics of lead halide film formation and its conversion to 

perovskites with Br alloying. In situ grazing incidence wide-angle x-ray scattering 

(GIWAXS) measurements, together with ex situ scanning electron microscopy (SEM), x-

ray diffraction (XRD) and UV–vis absorbance are used to provide direct insights into the 

growth mechanism of the perovskite films and present a detailed view of the effects of 

solvent, lead halide film solvation and halide composition on the transformation behavior 

and microstructure and morphology of the films. The charge transport capabilities of these 

films were also examined with steady-state photoluminescence (PL) and time-resolved 
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photoluminescence (TRPL) to investigate the effect of Br incorporation on the 

corresponding bandgaps and carrier lifetimes. We found that the addition of Br greatly 

affects the quality of perovskite films and their subsequent device performances. By 

carefully tuning the I to Br ratio, the optimum bandgap of 1.66 eV is achieved for the 

planar MAPb(I0.9Br0.1)3-based devices with a PCE reaching up to 16.42% in contrast with 

16.09% obtained for MAPbI3 and 4.51% obtained for MAPbBr3-based devices. The 

resulting film also exhibited superior uniformity, longer carrier lifetime and a high Voc. 

Zarick et al.[27] compared several published MAPb(I1-xBrx)3 device efficiencies using both 

the two-step and the one-step deposition methods. The device efficiency reported in this 

study, to the best of our knowledge, stands the highest among MAPb(I0.9Br0.1)3 based solar 

cells fabricated using the two-step method. 
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2. Results and Discussion  

2.1. Solvation and crystallization of lead halide during film formation 

An important starting point is to investigate the solidification behavior of PbI2 from a 

DMSO solution and compare it to the well-known case of DMF solutions.[33,45] Our 

previous investigations showed that DMF-solvated PbI2 exhibits a significant blue shift in 

its absorption onset (λ = 480 nm) as compared to c-PbI2 (λ = 550 nm), which begins to 

form approximately 5 mins after the start of spin coating. Following a similar procedure, 

we have performed in situ UV−vis absorbance measurements (Figure 1a) during the spin 

coating of PbI2 from DMSO solvent in a N2 glove box and plotted the time-dependent 

absorbance at λ = 550 nm. We did not find the onset of formation of c-PbI2 even after 30 

mins of continuous spin coating at room temperature. Instead, the as-cast film remains in a 

solvated state (PbI2DMSO), with an absorption onset at λ = 440 nm. Figure 1b shows the 

selected spectra corresponding to the solvated PbI2 phases at different spin coating times 

going from 0.5 s to 30 mins and reveal no formation of PbI2, whose absorbance after 

annealing is included for reference. It is therefore obvious that PbI2 solidification behavior 

is extremely sensitive to the choice of solvent and differs significantly in DMF from in 

DMSO as shown in Figure S1a.[33] The solvated phases of PbI2 are clearly incorporated 

with DMF molecules, exhibit crystalline order and are unstable at room temperature, as 

indicated by the transformation of the solvated phases into c-PbI2 within minutes. By 

contrast, the solvated phases of PbI2 in DMSO are comparatively more stable and, as will 

be shown later, lead to the formation of more disordered thin films of PbI2(DMSO)x 

complex. The dynamical thinning behaviors of the PbI2 from DMSO solvent and the blank 

DMSO solvent are shown in Figure 1c, as gleaned from in situ optical monitoring. The 

measurement reveals that the presence of PbI2 leads to significant solvent retention by the 
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as-cast film, well above the nominal thickness of the dry solute, as measured after thermal 

annealing. The solvated film reaches a minimum thickness of ≈ 0.92 µm during spin-

coating at t ≈ 29 s, which further decreases to 0.37 µm after thermal annealing and solvent 

removal. The thinning rate of the solution during spin coating also has a slower pace than 

the blank solvent. This is consistent with effective solvent evaporation being reduced due to 

DMSO-PbI2 interactions. 

We have performed time-resolved GIWAXS measurements during spin-coating to 

monitor the phase evolution of PbI2 in the presence of DMSO. The time-evolution of 

GIWAXS intensity (after integration for each time slice) is plotted as a 2D intensity map 

(Figure 1d) with respect to time (abscissa; 5 < t < 600 s; logarithmic) and scattering vector 

q (ordinate; 4 < q < 10 nm-1). The length of the scattering vector q is determined by the 

following equation:  𝑞 = √𝑞𝑧
2 + 𝑞𝑥𝑦

2 , where: 𝑞𝑧 =
4𝜋𝑠𝑖𝑛𝛼𝑓

𝜆
, 𝑞𝑥𝑦 =

4𝜋𝑠𝑖𝑛𝜃𝑓

𝜆
, and λ is the 

wavelength.[73] We observe a broad scattering feature at low q (4–6 nm−1) corresponding to 

the presence of a disordered precursor phase, namely iodoplombate-solvent colloids. This is 

followed by the formation of a weakly ordered phase resulting in a broad diffraction feature 

(6.3 < q < 8.1 nm−1), which forms after ~200 s. We observe a very low scattering intensity 

at q = 9.1 nm-1, which corresponds to the location where (100) diffraction of c-PbI2 is 

expected. 

The absence of c-PbI2 diffraction in as-cast films processed using DMSO indicates the 

solvated PbI2 phase is not very well ordered but is nevertheless rather long-lived. DMSO 

was shown to be capable of strongly coordinating with PbI2 by coordinate covalent bonding. 

The resulting PbI2(DMSO)x complexes tend to be closely packed through intermolecular 

self-assembly.[12,13] As many as two DMSO molecules coordinate to the Pb atom through 
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their O atoms in transposition, and the direction of the Pb−O bond formation is 

indeterminate.[47,68] This strong interaction between DMSO and Pb2+ is key to retarding the 

crystallization of PbI2 and is expected to play an important role in the conversion of this 

solvated precursor into MAPbI3, as will be shown later. 

 

2.2. The influence of Br alloying on solvation of Pb(IxBr1-x)2 

The strength of solvent-PbX2 interactions and the ability of the solvated PbX2 to co-

crystallize with the solvent was shown to be mediated by the solvent and the halide.[36,74] 

We, therefore, turn our attention to investigating the solidification and crystallization of 

Pb(IxBr1-x)2 from a DMSO solution. The time-evolution of the scattering features (Figure 

1d) when substituting I with Br gradually in Pb(IxBr1-x)2 with x = 0.6, 0.4 and 0 (PbBr2), 

show that the solvated ordered PbI2⋅DMSO phase weakens with the addition of bromide 

and disappears completely in high Br compositions. The low q scattering of the resulting 

film is again ascribed to a colloidal metallate sol.[36] The high Br content systems do not 

achieve crystalline order, but their scattering features continue to change throughout the 

drying process, indicating mesoscale reorganization of the as-cast film. PbX2 (X = Br, I) 

have different crystal structures, depending on the ionic radii and electronegativities of the 

constituent ions. In lead iodide, the radii of halogen ions are much larger than those of Pb2+ 

and the difference in the electronegativity is relatively small (0.9). It has the CdI2-type layer 

structure and the coordination number is 6 for Pb2+ ions and 3 for I- ions (a = 4.557 Å, c = 

6.979 Å). The crystal structure consists of layers of hexagonally close packed iodine and 

lead atoms oriented perpendicular to the c-axis. PbBr2 however has an orthorhombic crystal 

structure belonging to Pnma space group which has low symmetry in the lattice 

configuration (a = 9.466 Å, b = 8.068 Å, c = 4.767 Å). The difference in electronegativity 
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of the constituent ions is 1.2 with the coordination number for Pb2+ of 9 and that for Br- is 5. 

The crystal structure consists of considerably distorted close-packing of halogen atoms with 

the lead atoms accommodated in the same plane with them.[75,76] 

All films were thermally annealed to help evaluate their structural order in the dry state. 

Representative GIWAXS snapshots taken after thermal annealing are shown in Figure 1e. 

Thermal annealing at 100°C for 10 mins produces a c-PbI2 film (q = 9.1 nm−1) without any 

other phases present. By contrast, PbBr2 films show low-intensity scattering features that 

are located at low q values and are assumed to correspond to ordered solvated 

PbBr2⋅DMSO phases. The diffraction of c-PbBr2 (001) reflection is expected at q = 7.3 nm-

1.[77–79] The halide peak shift is attributed to the difference in the ionic radius of I- and Br- 

that induces a shift to larger scattering vectors.[35,80] In mixed systems, where we observed 

diffraction features for Pb(I0.6Br0.4)2 at q = 6.17 and 7.3 nm−1, existing together with a 

broader peak at q = 9.23 nm−1, the latter peaks disappear for Pb(I0.4Br0.6)2 leaving only one 

peak at q = 6.17 nm−1, which could be attributed to the iodide/bromide interaction in the 

films with bromide playing a key role in retarding the crystallization of PbI2. 

The line-profile of the intensity versus q (from 4 to 11 nm-1) and X-ray diffraction 

(XRD) spectra for the films in their solvated form and after thermal annealing are shown in 

Figure S1b,c and Figure S1d, respectively. The XRD measurements confirm the absence 

of c-PbI2 diffraction in the as-cast films processed using DMSO with the observance of a 

peak at around 9.16° corresponding to ordered solvated PbI2⋅DMSO phase. After thermal 

annealing,  the PbI2 film crystallizes into hexagonal 2H crystals[78] and shows a strong 

diffraction peak at 12.68° corresponding to c-PbI2 (001). Similarly, Pb(I0.9Br0.1)2 does not 

exhibit any PbI2 peak at 2θ ≈ 12.68° before annealing but rather the same peak 

corresponding to PbI2⋅DMSO phase. With increasing Br content, this peak shifts to larger 
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angles, indicating Br incorporation into the lattice in the Pb(I0.6Br0.4)2 films. However, in 

the PbBr2 case, the deposited film does not exhibit any predominant diffraction peaks 

(Figure S1c,d), indicating the film is XRD amorphous. After annealing, the film exhibits a 

peak at around 18.66°. In the Pb(I0.4Br0.6)2 case the diffraction feature we observe in 

GIWAXS at q = 6.17 nm−1 was not observed in XRD at the expected location (2θ = 8.67°) 

which is consistent with reports observing a hydrate phase of similar films.[78]  

The variations in the XRD patterns affirms that the Br alloying plays a key role in 

retarding the crystallization of PbI2. In Figure S2a and Figure S2b, SEM images reveal 

important differences between the surface morphologies of the different Pb(IxBr1-x)2 films 

before and after thermal annealing which are expected to affect the final morphology of the 

perovskite films upon conversion too. 

 

2.3. Conversion of crystalline Pb(IxBr1-x)2 to perovskite 

The conversion to MAPb(IxBr1-x)3 is achieved by exposing the annealed Pb(IxBr1-x)2 film to 

a MAIxBr1-x cation salt solution in IPA and drop-casting the latter solution for a 30 s 

loading period prior to spinning off the remaining solution. This is followed by a second 

IPA solvent washing step on the spin coater and thermal annealing at 100oC for 10 mins. 

The conversion of thermally annealed Pb(IxBr1-x)2 (x = 1, 0.6, 0.4) via the two-step protocol 

detailed above is shown in Figure S3a. XRD measurements and corresponding 

photographs of the films are summarized in Figure S3b and Figure S3c, respectively. All 

of the samples exhibit a signature of residual c-PbI2 (12.68°) indicating only partial 

conversion, which is clearly apparent in the pale-yellow color and transparency of the films. 

Additionally, we note that MAPbBr3 exhibits significantly weaker absorbance than the 

other Pb(IxBr1-x)2 (x = 0.6, 0.4) films which is partially attributed to lower conversion rate. 
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Importantly, the presence of c-PbI2 in mixed halide precursor films indicates significant 

halide segregation, which is highly undesirable. The conversion from crystalline Pb(IxBr1-

x)2 to perovskite is therefore not efficient or complete, in agreement with previous 

observations of c-PbI2 conversion when prepared from DMF.[33] 

 

2.4. Conversion of solvated Pb(IxBr1-x)2 to perovskite 

The solvated lead halide, i.e., Pb(IxBr1-x)2DMSO is expected to convert more readily to 

perovskites considering the smaller affinity of DMSO toward PbI2 as compared to MAX. 

The solvation swells the metal halide framework providing pathways for more facile 

incorporation of MAX and its conversion to the perovskite phase via deformation and 

reorganization of the metal halide backbone into a compact and dense perovskite phase.[47] 

We have used the same two-step protocol shown in Figure S3a, but without thermal 

annealing of the as-cast halide films, prior to exposure to MAIxBr1-x salt solution exposure, 

to preserve the solvation state of the metal halide film. Figure 2a shows a series of 2D 

GIWAXS snapshots measured in situ for each of the four mixed-halide samples, namely x 

= 1, 0.6, 0.4, and 0, as columns from left to right. The first row presents the GIWAXS 

snapshots of the as-cast Pb(IxBr1-x)2 film at the 80 s mark during spin coating, i.e., just 

before cation salt loading. All the samples are confirmed to be in the disordered colloidal 

state showing no evidence of the formation of the crystalline solvates phase yet. GIWAXS 

measurement performed in situ, immediately after the loaded MAIxBr1-x solution is spun-

off (second row), reveal the formation of 3D powder rings associated to the (110) reflection 

of the perovskite α phase at q ≈ 10 nm-1 for MAPbI3 shifting to larger q values with 

increasing Br content (up to q = 11 nm-1 for MAPbBr3). A complete perovskite conversion 
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is observed at room temperature for all cases except for PbI2. In this case, we find evidence 

of solvated intermediate phases with scattering features at q ≈ 6.3 and 8.1 nm-1, consistent 

with MAPbI3⋅DMSO[36] and PbI2⋅DMSO complexes, respectively. This is in contrast to 

similar experiments performed on PbI2 solvated with DMF, which completely converted to 

the perovskite phase in room temperature without any observations of complex phases. 

However, DMSO forms a more stable adduct with stronger interaction than DMF due to the 

former’s stronger polarity.[66,81] We note that the follow-up IPA washing step causes the 

solvated intermediate phases to disappear, leading to the formation of the perovskite phase. 

The washing step also appears to contribute to additional perovskite conversion for the 

other compositions too, making it far more valuable than a washing step. Instead, the 

washing step fulfills several functions: it solubilizes unreacted MAIxBr1-x salts, it catalyzes 

the conversion and acts as an anti-solvent which helps extract the trapped DMSO. Figure 

S4 plots the integrated intensity vs scattering vector q for the four films after cation loading 

and IPA washing steps. The perovskite phase is formed after MAIxBr1-x loading and the 

subsequent IPA washing step is crucial to further the conversion into perovskite. The last 

row in Figures 2a and 2b show that further thermal annealing of the perovskite films also 

enhances the scattering intensity of the perovskite. However, we notice the appearance of 

an additional peak at q ≈ 9.1 nm-1 corresponding to PbI2 in MAPb(I0.6Br0.4)3 and 

MAPb(I0.4Br0.6)3 formulations which indicates the presence of unconverted c-PbI2. Its 

intensity is enhanced with increasing bromide concentration, indicating evidence of halide 

segregation upon thermal annealing.[63,82] These results are very consistent with literature 

where it was perceived that bromide brings down the rate of conversion of PbI2 into 

MAPbI3 leading to the formation of MAPb(IxBr1-x)3 structures exhibiting relatively 

preferred orientation.[63] Another possible explanation is that these mixed halide 
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compositions are not thermodynamically stable, as has been confirmed for one-step 

processed MAPbIxBr1-x.
[83] 

Figure 2c summarizes the XRD patterns of the samples after thermal annealing, which 

confirms in situ GIWAXS observations. We have introduced a new Br/I ratio 

MAPb(I0.9Br0.1)3 with a bandgap of 1.66 eV, since a bandgap higher than 1.6 eV is 

considered optimal for the top cell in a tandem applications and also to avoid photoinduced 

phase segregation as the bromide content should not exceed 20%.[29,61,62]. This composition 

behaves similarly to the other ones studied in situ as shown by the XRD. All samples 

exhibit the (110) tetragonal perovskite diffraction peak (at 14.18° for MAPbI3) shifting to 

larger angles [61,80] with increasing Br content, and the (100) cubic perovskite diffraction 

peak (at 15° for MAPbBr3).
[20] The tetragonal phase of MAPbI3 transits gradually to a stable 

cubic phase due to the increased symmetry further confirming the alloying of bromide with 

iodide and thus due to a difference in the ionic radius of Br− (1.96 Å) and I− (2.2 Å).[35,84] 

MAPb(I0.9Br0.1)3 does not exhibit any PbI2 peak at 2θ ≈ 12.68°, on the other hand, this 

peak in MAPb(I0.6Br0.4)3 and MAPb(I0.4Br0.6)3 is less pronounced in XRD measurements 

than in GIWAXS measurements. The XRD samples were prepared in N2 glove box vs. in 

ambient air for in situ GIWAXS measurements, possibly accounting for these differences. 

Another possible factor may be the difference in scattering geometry of the two 

measurements, which makes GIWAXS more surface sensitive than XRD. 

Very similar to DMF then, the conversion from solvated states of the lead halides films 

leads to an increase in the conversion rate and efficiency which favors perovskite crystal 

growth. The difference between DMF and DMSO consists of the conversion dynamics to 

perovskite. While in DMF, the films must undergo a significant volume expansion during 

the direct molecular substitution reaction of the weak coordinating ligand DMF in the 
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precursor phases with MAX (X can be iodide, bromide or a mixture),[12,68,85] in DMSO, the 

complexes are closely packed through intermolecular self-assembly. Therefore, the direct 

intramolecular exchange between DMSO and MAX enables the complexes to completely 

deform their shape and reorganize, forming the perovskite layer. The deformation occurs 

because the capillary and osmotic pressures can overcome the internal stresses in the 

system.[47,86] The reorganization of the crystals in the perovskite films rather than the 

volume expansion due to the introduction of DMSO would be favorable to the 

crystallization of perovskite thin films with fewer defects and will increase the photovoltaic 

properties of the cells.[87–90] Figure S5 (a and b) and Figure S6 show the top-view SEM 

image of the MAPb(IxBr1-x)3 before and after annealing, respectively, and the cross-

sectional SEM images of the devices. Since DMSO, as shown in previous works, promotes 

the formation of larger crystallites because of a smaller nucleation density,[53] it leads to the 

formation of more rounded grains. The surface morphology of the perovskite films rich 

with iodide and the ones rich with bromide is quite distinct. A lower percentage of bromide 

improves the quality of the MAPbI3 film by decreasing the observed pinholes and forming 

faceted perovskite crystallites as seen in MAPb(I0.9Br0.1)3. However, a high percentage of 

bromide leads to films with large asymmetric structures and crystallites with alternative 

faceting corresponding to the change in crystal structure from tetragonal to cubic 

symmetry.[58] Figure S5c represents the photographs of the annealed films where the colors 

of the films changed from black (x = 1) to brown/red due to addition of Br in the perovskite 

structure, and then dark yellow for x = 0, evidence of an increase in the optical bandgap. 

Since the efficiency of solar cells depends directly on thin film microstructure, pin-hole-

free morphology and optical properties, it is reasonable to expect the best performing solar 

cells may very well be from compositions with bromide content < 40%. 
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2.5. Tunability of optoelectronic properties 

Figure 3a shows the divided AM1.5 sunlight spectrum into the infrared, visible, and 

ultraviolet regions, while Figure 3b shows the matching spectral regions where 

MAPb(IxBr1-x)3 (0 ≤ x ≤ 1) perovskite thin films absorb, with absorption edges ranging 

from 774 to 553 nm and color tunability as shown in Figure S5c. Figure 3c shows the 

optical bandgap (Eg) variation from 1.6 to 2.24 eV with gradual substitution of I with Br in 

the perovskite phase, as determined from the Tauc plot (Figure S7). The optical bandgap 

has a linear relationship with the bromide content which is in good agreement with 

Vegard’s law,[91] according to which Eg (eV) = 2.25 - 0.65 y, where y is the bromide 

content in the nominal precursor solution and the film. The increase in the bandgap is 

attributed to structural distortion induced by stress and biaxial strain of Pb–I bonds due to 

substitution with Br as well as the crystal structure transition from tetragonal to 

pseudocubic.[27] 

Steady-state photoluminescence (PL) measurements were conducted to examine the 

halide substitution effects (Figure 3d). As expected, they reveal that iodide anion 

substitution with bromide anion increases the bandgap resulting in a systematic blue shift of 

the PL spectrum to shorter wavelengths, in agreement with absorbance spectra. The PL 

emission of MAPbI3 is centered at 774 nm, while the PL emission of MAPbBr3 is centered 

at 553 nm. PL blue shifts with Br substitution have been correlated in literature with the 

presence of defect centers in the perovskite lattice.[27] On the other hand, if the emission 

spectra and the absorption data are compared, the PL peaks of the MAPb(IxBr1-x)3 films, 

where 0 < x < 1, showed the expected Stokes shift even without illumination stress.[63] This 

suggests that I-rich domains may already exist in the as-prepared film or maybe forming 
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during the PL measurements. A significant redshift was observed for the case of 

MAPb(I0.6Br0.4)3 and MAPb(I0.4Br0.6)3 where the peaks shift from 674 nm and 614 nm 

(absorption band) to 748 nm and 740 nm (emission band), respectively. As reported in the 

literature, the shifts in PL peak positions represent photo-induced phase segregation of the 

halide ions,[27] whereby PL emission originates from the I-rich domains due to energy 

transfer from the larger bandgap Br-rich domains.[80] Those domains, however, do not 

contribute substantially to the absorption spectra. Park et al.[92] also suggested that a 

difference between absorption edge and emission wavelengths can also be attributed to the 

kinetics of recombination in mixed halide perovskites whereby photons emitted from the 

recombination of electron-hole pairs are released at lower energy than would be expected 

from the absorption band edge.[53] We note that the sample prepared using 10% bromide 

shows a negligible shift which is an advantage for the device's performance due to higher 

voltage potential.[91] 

Time-resolved PL (TRPL) measurements (Figure 3e) performed on the same samples 

help us investigate the charge carrier dynamics, specifically differences in charge carrier 

lifetime and the impact of surface recombination. The TRPL data were fitted using the 

following biexponential decay function to determine the average lifetime:[93] 

𝑓(𝑡) = 𝐴1exp (−𝑡/𝜏1 ) + 𝐴2exp (−𝑡/𝜏2 ) + 𝐵  

𝜏1 and 𝜏2 are the slow and fast decay time constants, respectively, while 𝐴1 and 𝐴2 are 

the corresponding decay amplitudes and B is a constant. The carrier lifetimes evaluated are 

represented in Table S1. The average lifetimes are 19.6, 60.5, 37.8, 10.3 and 4.6 ns for the 

MAPbI3, MAPb(I0.9Br0.1)3, MAPb(I0.6Br0.4)3, MAPb(I0.4Br0.6)3, and MAPbBr3, respectively. 

The substantial enhancement in carrier lifetime in the MAPb(I0.9Br0.1)3 film suggests a 

reduced trap density in contrast to the MAPbI3 film, which is beneficial for suppressing 
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non-radiative charge recombination loss in solar cells. However, bromide content higher 

than 40% leads to an increased trap density which is partially due to phase segregation and 

poor film quality as evidenced from SEM images (Figure S5b). 

The trap densities of the films were further evaluated by measuring the dark J-V 

characteristics for electron-only devices based on the architecture consisting of 

glass/FTO/c-TiO2/Perovskite/PCBM/Ag, as shown in Figure 3f and Figure S8. The trap 

density was determined using the following equation:[94] 

𝑁𝑡 =
2𝜀𝑟𝜀0𝑉𝑇𝐹𝐿

q𝐿2
 

where 𝑉𝑇𝐹𝐿  is to the trap-filled limit voltage, 𝜀𝑟  is 28.8 which is the relative dielectric 

constant, 𝜀0 is the vacuum permittivity, q is the electron charge, and L is the thickness of 

the perovskite film. The calculated values of trap densities are (1.68 ± 0.44)×1016 cm-3, 

(1.17 ± 0.21)×1016 cm-3, (1.83 ± 0.14)×1016 cm-3, (2.04 ± 0.35)×1016 cm-3 and (2.29 ± 

0.18)×1016 cm-3 for the MAPbI3, MAPb(I0.9Br0.1)3, MAPb(I0.6Br0.4)3, MAPb(I0.4Br0.6)3, and 

MAPbBr3, respectively. These results illustrate that in the MAPb(I0.9Br0.1)3 perovskite films 

the defects and their associated traps are reduced, in agreement with the trends in charge 

recombination rate by TRPL measurements. 

 

2.6. Photovoltaic device performance 

We fabricated planar heterojunction n-i-p solar cells using compact TiO2 and Spiro-

OMeTAD as electron- and hole-transporting contacts, respectively. The device architecture is 

schematically shown in Figure 4a. We fabricated and tested 30 solar cells for each conversion 

approach. Figure 4b shows the measured current density-voltage characteristics (J-V curves) 

of the champion cells for each case, while the average PCEs and standard deviations are shown 
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in Figure 4c. All other photovoltaic parameter statistics are summarized in Figure S9a,b and 

Table 1. The device MAPbI3 displayed a high PCE of 16.09% with a Jsc of 22.9 mA cm−2, a 

Voc of 1.05 V, and a FF of 73.9%. In comparison, MAPb(I0.9Br0.1)3 achieved the best PCE 

of 16.42% with a Voc of 1.08 V, a Jsc of 21.03 mA cm−2, a FF of 75.3%. Comparing those 

results to MAPb(I0.9Br0.1)3 prepared from the crystalline Pb(I0.9Br0.1)2, a very low PCE of 

5.9% was observed with a decrease of all device parameters Voc of 0.9 V, a Jsc of 10.9 mA 

cm−2, a FF of 59.8% (Figure S10). 

With the increase of the bromide content, a reduction of Jsc is perceived which is directly 

related to the blue-shift of absorption onset due to the increased bandgap.[58] On the other 

hand, the improvement of Voc to 1.3 V in the MAPbBr3 is attributed to the widening of the 

bandgap. However, the performance of the devices experiences a dramatic downward trend 

with the inclusion of higher content of Br.[95] Tu et al.[35] explained the reason for such an 

observation is the fact that the conduction band minimum of the perovskite increases and 

the valence band maximum decreases with increasing Br content, leading to an expansion 

of the energy difference (ΔE1) between the Femi level of TiO2 and the valence band 

maximum and the energy difference (ΔE2) between the conduction band minimum of the 

perovskite and TiO2 Femi level. ΔE1 is responsible for increasing Voc, and ΔE2 is related to 

energy losses and is responsible for large Jsc and FF. However, high ΔE2 by excessive Br 

addition leads to the opposite result. The deterioration of the photovoltaic performance can 

be explained alternatively by the existence of unconverted PbI2 in those films.[63]  

The external quantum efficiency (EQE) data and the integrated Jsc of the champion 

devices are shown in Figure 4d. We can observe good photocurrent generation in the 

visible region with a band edge near 780 nm achieved with MAPbI3 and MAPb(I0.9Br0.1)3. 

The integrated photocurrent density from EQE spectra was also well matched with the 
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obtained Jsc by J-V curves for all the devices. Notably, in the region of 300–750 nm, the 

MAPb(IxBr1-x)3 devices with x = 0.6, 0.4, and 0 show lower EQE. However, when x = 1 and 

0.9, the high Jsc is attributed to a very broad EQE plateau more than 85% in the range of 

450–600 nm. Notably, the FF value for those devices is much higher than the other devices, 

which can be ascribed to better charge collection and fewer energetic losses. The Jsc 

slightly decreases at x = 0.9 due to the blue-shift of absorption onset as discussed earlier. 

The excellent performance of MAPb(I0.9Br0.1)3 perovskite films is mainly due to its overall high 

semiconductor and thin film quality, including the increased carrier lifetime in the perovskite, 

the lower recombination rate leading to Voc and FF enhancement, the increased bandgap 

resulting from bromide doping, and the overall excellent thin film microstructure, 

morphology and apparent halide homogeneity.[96] Comparing those results achieved with 

MAPb(I0.9Br0.1)3 composition to the one-step method using the same composition, we have 

been able to achieve higher performances. Efficiencies such as 8.13% 

(MAPb(I0.88Br0.12)3),
[58] 12.3% (MAPb(I0.96Br0.06)3),

[18] and 13.49% (MAPb(I0.9Br0.1)3)
[82] 

were reported. Higher efficiencies have also been reported such as 16.9% 

(MAPb(I0.80Br0.11)3) and 18.02% (MAPb(I2.86Br0.14). Those two compositions achieved 

higher Jsc of 22.62 and 23.52 mA cm−2 respectively than the value we reported due mainly 

to the fact that they include an anti-solvent drip such as diethyl ether[35] or combine the 

precursor solution with an aqueous HI.[72] 

Finally, we conducted the stability test for the MAPbI3 and MAPb(I0.9Br0.1)3 films and 

solar cell fabricated from c-PbX2 and solvated-PbX2 films under inert atmosphere. The 

evolution of the XRD and the PCEs were recorded for the films and the devices as shown 

in Figure S11. The PCE of MAPbI3 and MAPb(I0.9Br0.1)3 devices fabricated from c-PbX2 
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shows a huge loss of almost 50% after 420 hours, on the other hand, MAPbI3 devices 

fabricated solvated-PbX2 films exhibits a loss of 30% of its value. The highest stability 

results were observed in the MAPb(I0.9Br0.1)3 device fabricated from solvated-PbX2 films 

with a loss of 20% of its initial values after 420 hours. The longer stability of devices 

fabricated from solvated halides films can be attributed to phase stability of perovskite as 

evidenced from the XRD analysis showing a PbI2 diffraction in the devices fabricated from 

c-PbX2 which is absent in the devices fabricated from solvated-PbX2. As expected, the 

MAPb(I0.9Br0.1)3 devices shows a better stability and higher performances in comparison 

with MAPbI3 devices due to the easy conversion to perovskite from the solvated halide film, 

excellent thin film quality in terms of its microstructure, morphology, apparent halide 

homogeneity and increased bandgap resulting from bromide doping. 

3. Conclusion 

In summary, we have demonstrated the band-gap tuning of perovskite films with high 

reproducibility using a simple sequential deposition method leveraging the solvation state 

of the metal halide layer. The concentration of Br in the halide precursors and the following 

cation solution is observed to play a very important role in determining the solvation of 

lead halide film, and conversion to perovskites leading to large morphological deviations 

and photovoltaic performance variations of the perovskite films. This process produces 

dense and uniform films with improved crystallinity and smaller grain boundaries defects 

facilitating the transportation of charges and achieving a high absorption and 

photoluminescence thanks to the advantages of the two-step method over the conventional 

one-step. In addition, as certified by time-resolved photoluminescence intensity decay 

measurements, the charge carrier lifetime was increased, and better charge extraction was 
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achieved. The devices based on MAPb(I0.9Br0.1)3 exhibit a higher Voc and FF and a higher 

stability than MAPbI3, showing a champion PCE of 16.42%. These results confirmed that a 

Br content of 10% is ideal to effectively balance high efficiency and high stability by 

limiting the generation of structural defects as halide vacancies or grain boundaries, 

resulting in the halide segregation. In addition, a lower concentration of bromide also helps 

to avoid the appearance of unconverted lead halide due to the slowing down of the kinetics 

of perovskite formation during the halide exchange of Br by I. This work is a contribution 

toward the fundamental understanding of the effect of bromide on the lead halide film 

formation, phase conversion to perovskites, and morphological and optoelectronic 

properties of the mixed halides perovskites and its impact on the performance of the 

devices. 
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Figure 1. (a) 2D color maps showing the spectral evolution of the UV−vis absorption 

during spin coating of PbI2-DMSO solution. (b) The evolution of the UV-Vis spectra at 

different times during spin coating of the PbI2-DMSO solution resulting on only 

intermediate precursor phases and after annealing. (c) Thinning behaviors of spin-cast 

solutions of PbI2 in DMSO as well as a blank DMSO solvent showing evidence of solvent 

uptake in the solid state. (d) Time-evolution of 2D GIWAXS intensity map of the spin-

coating process of Pb(IxBr1-x)2 in DMSO (e) GIWAXS snapshot obtained after annealing of 

the Pb(IxBr1-x)2 film at 100°C for 10 mins. The scattering feature at q ≈ 5.0 nm-1 originates 

from the kapton tape used to shield against ink splatter during in situ spin coating 

experiments (It wasn’t removed prior to static GIWAXS measurements post thermal 

annealing in case of PbI2). 
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Figure 2. (a) GIWAXS snapshots obtained during in situ measurements of the conversion 

of different solvated Pb(IxBr1-x)2 films (without thermal annealing) to perovskite phase 

following the two step method. The top row shows the as-cast state of the precursor prior to 

conversion. The second row shows the state of conversion following loading and spinning 

of MAI in IPA. The third row shows the state of the film after IPA wash and spin-off, while 

the last row shows annealed samples. Scattering features associated with the disordered and 

ordered precursor solvated phases are labled. (b) Scattering vector q versus intensity 

distribution of the MAPb(IxBr1-x)3 films after annealing. (c) X-ray diffraction spectra of 

different perovskite films fabricated from solvated Pb(IxBr1-x)2 films.  
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Figure 3. (a) AM1.5 solar spectrum divided into infrared, visible, and ultraviolet regions. 

(b) UV-Vis absorbance spectra of different perovskite compositions MAPb(IxBr1-x)3 (c) 

Bandgap of MAPb(IxBr1-x)3 with respect to x. (d) Steady-state PL and (e) Time-resolved PL 

(TRPL) spectra of different perovskite films fabricated from solvated Pb(IxBr1-x)2. (f) 

Statistics of trap state densities of the perovskite films.  
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Figure 4. (a) Solar cell architecture of glass/FTO/c-TiO2/Perovskite/Spiro-OMeTAD/Au. 

(b) Current density-voltage curves measured at reverse scan (from Voc to Jsc) for five 

champion cells. (c) The PCE distribution of a total of 150 cells for perovskite solar cells 

fabricated from five different compositions of MAPb(IxBr1-x)3 (S1: MAPbI3, 

S2:MAPb(I0.9Br0.1)3, S3:MAPb(I0.6Br0.4)3, S4:MAPb(I0.4Br0.6)3, S5:MAPbBr3 ) (d) External 

quantum efficiency (EQE) for the five different champion cells. 
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Table 1.  Photovoltaic parameters of solar cells devices based on the perovskite films 

converted from different lead halide mixture (Shown here are average values of 30 devices 

and the highest device efficiency obtained). 

 

Sample Voc/ avg 

(V) 

Jsc/ avg (mA cm-2) FFavg (%) PCEavg (%) PCEMAX (%) 

MAPbI3 1.03±0.03 20.9±0.71 70.66±2.4 15.28±0.32 16.09 

MAPb(I0.9Br0.1)3 1.04±0.01 20.4±0.38 73.6±1.11 15.73±0.38 16.42 

MAPb(I0.6Br0.4)3 0.94±0.03 10.0±1.76 60.0±5.7 5.54±0.58 6.78 

MAPb(I0.4Br0.6)3 0.97±0.02 3.5±0.5 62.5±3.69 2.08±0.18 2.50 

MAPbBr3 1.25±0.04 4.6±0.23 69.5±1.37 4.02±0.18 4.51 

 

 

 

 


