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Abstract 

 
Record performance Metal-Halide Perovskite (MHP) based solar cells have been achieved by incremental optimization of deposition 

procedures based on spin-coating. We here provide unprecedented insight into the formation process of MHP thin films of the “triple 

cation” (Cs,MA,FA)Pb(Br,I)3 perovskite from multi-modal in-situ optical process monitoring during spin-coating and annealing. This report 

details small-footprint fiber-optics based optical spectroscopy setup that enables monitoring of thin-film formation processes by UV-Vis 

reflectance and photoluminescence spectroscopy with a sub-second time resolution. Complementary information can be obtained from 

optical features during different stages of film formation: 1) During the first, flow regime dominated, stage of spin-coating, the wet-film 

thinning can be analyzed from UV-Vis interference, 2) the onset of bulk perovskite formation is clearly observed from the evolution of the 

semiconductor absorption edge, and 3) Photoluminescence (PL) measurements provide complementary information on nucleation and 

growth processes. We here provide a comprehensive picture that rationalizes the conditions to obtain a high quality “triple cation” 

perovskite thin-film during spin-coating and subsequent annealing.  

 
1. Introduction 

 

The recent advent of metal halide perovskite (MHP) semiconductors represents a compelling case of high performance obtained 

in solution-processed solar cells, sensors, and LEDs.1–3 Perovskite solar cells (PSCs) are the best solution-processed solar cells to 

date rivaling established solar cell technologies.4 The highest efficiency devices are most often processed by spin-coating.5 To 

enable larger area devices, scalable deposition methods such as blade coating, spray coating, slot-die coating, and inkjet printing 

have been demonstrated.6–9 Translating optimized process conditions from spin-coating to scalable deposition methods is 

challenging as the rates of drying/solvent removal and the onset of crystallization are strongly dependent on the specific process 

conditions. An in-depth understanding of the thin film formation mechanism facilitates a knowledge-based adaptation of precursor 

solutions and process parameters when transferring deposition procedures to scalable solution-based deposition methods. This 

work provides an in-depth rationalization of one of the most utilized MHP-composition, the “triple cation” (Cs,MA,FA)Pb(Br,I)3 

perovskite10, that has enabled fabrication of highly-efficient small-area perovskite solar cells by spin-coating reproducibly.11 

 Spin-coating procedures for the deposition of MHP thin-films have been iteratively optimized throughout the past years. 

Optimized deposition procedures to achieve high-quality thin films by spin-coating involve the use of a mixture of solvents and 

inducing crystallization during spin-coating, by the deposition of an anti-solvent.11–17 Exact fabrication procedures may, however, 

vary and have to be optimized from laboratory to laboratory as thin-film morphology and quality may be critically dependent on 

exact timing, temperature and atmosphere.16,18–22 Changes in precursor solution concentration upon solvent removal can be 

assumed to induce the onset of crystallization, which is critically affected by external factors such as temperature and ambient 

atmosphere.23 In metal-halide perovskite solutions, solvents are not just solubilizing agents but interact with the metal-halide 

precursors in specific manners and control the complex and colloidal chemistry.24–27 Solvents may be incorporated into crystalline 

solvate intermediate phases during the initial stages of processing, which alters the crystallization process and affects the 

morphology of resulting thin films.6,28–32 This ultimately paints a rather complicated picture when attempting to understand the 

formation processes, which is a prerequisite step if one is to systematically optimize perovskite recipes among the increasing 

number of viable constituents.33,34 “Blindly” optimizing processing conditions, such as the timing of anti-solvent dispense, 

consumes a vast amount of resources in terms of both time and material.  

 Monitoring film formation in-situ during different processing stage enables the assessment of parameters affecting the 

thin film formation during processing and hence guide process optimization.35–37 Valuable insight into different perovskite 

deposition strategies has been obtained from in-situ monitoring techniques such as grazing incidence wide-angle X-ray scattering 

(GIWAXS),38–41 optical microscopy,6,42 and absorption measurements21,43,44 that provided critical insight guiding process 

optimization towards higher quality thin films and better device performance. These experiments are often carried out in 

specialized experimental setups. The motivation of the equipment developed and discussed herein was to enable experimentation 

under the same process conditions used to make thin-film samples and solar cells in our and many laboratories around the World.  

 We developed a small footprint assembly of an in-situ optical monitoring setup using standard optical parts that can easily 

be adapted to fit into processing equipment in our laboratory and are compatible with processing inside a nitrogen-filled glovebox. 

This setup was further developed from one previously reported by Suchan et al.36 Our system allows for directly monitoring UV-

Vis and photoluminescence (PL) via a simple reflectance probe, allowing for all optics and detection to remain outside the glovebox. 



We demonstrate the capabilities of the in-situ optical monitoring system using the widely adopted standard “triple cation” 

perovskite recipe for regular devices spin-cast from precursor solutions prepared as outlined in the supporting information. This is 

a standard process enabling perovskite solar cells > 20%.11 

 From the analysis of optical interference and transflectance signatures, the critical stages during spin-coating can be 

identified. From the optical interference pattern, the thinning of the wet-film thickness during the flow and evaporation regime 

can be extracted with sub-second time-resolution. Initial rheological parameters obtained from optical measurements agree well 

with experimental reference values, and changes in solution viscosity during spin-coating can be captured. The evolution of the 

integral transflectance as a function of process time elapsed enables the identification of the onset of perovskite or intermediate 

phase crystallization. Monitoring the evolving PL spectra provides complementary information that can be attributed to the 

crystallization of a solid-state perovskite semiconductor thin films. While we here utilized the methodology foremost to rationalize 

an established standard process, these results provide a glimpse into how methodical in-situ optical analysis of film formation 

processes approach can guide the optimization solution process conditions for perovskite thin film deposition. 

2. Experimental Setup & Methods 

A schematic of the experimental setup is shown in Figure 1a. We use a reflectance probe (Ocean Insight part QR400-7-UV-BX) to 

probe absorption and emission of samples during processing, which can be conveniently mounted in very close proximity of ca. 1 

cm with respect to the surface of the sample under investigation enabling good signal to noise and fast acquisition rates.45 The 

strategic use of a reflectance probe eliminates the need for two separate probes where excitation and detection are decoupled. A 

halogen lamp (Thorlabs model SLS201LM) was used for absorption measurements and LEDs with peak emission wavelengths at 

365 nm, 470 nm, or 625 nm as excitation light sources for PL experiments. An Ocean Insight fiber-optic spectrometer (FLMS12200) 

was used as the detector. Using a custom design glovebox feed-through (VACOM), only the reflectance probe is needed inside the 

glovebox for experiments, while other components such as light sources and detectors can be kept outside. This minimizes 

potential damage of equipment due to chemical or solvent vapors and minimizes the footprint of the setup enabling easy 

integration into existing process equipment. The reflectance probe is mounted using standard Thorlabs optomechanics, which can 

be customized to fit a variety of processing equipment. With the components described here, we are able to collect spectra in the 

range between 340 nm – 1040 nm with millisecond temporal resolution. Depending on the light source coupled into the reflectance 

probe, we measure either photoluminescence or ‘absorptance in reflection mode,’ meaning that incoming light will pass through 

the absorbing material twice. As the absorption signal will be affected by changes in sample absorptivity and scattering, we here 

chose to refer to the absorption signals measured as ‘transflectance’ to highlight the specific measurement geometry employed. 

Signal acquisition was carried out based on a customized LabVIEW automated acquisition routine.  

The inset in Figure 1a shows the schematic of the measurement geometry, including dimensions of the internal fibers of the 

reflectance probe that both bring light to and from the sample and the distance of the probe from the sample surface during 

experimentation. The fibers have a NA of 0.22, which means the incident light escapes the fiber at an angle of θe = 13° from the 

normal. However, from the reflected light, only that within a narrow angular range (θd = 1-3°) is detected, which has implications 

for thickness estimations, as will be discussed below.  

To detect a reliable signal, it is therefore favorable if the bare substrate reflects as much of the incoming light as possible. To 

increase the amount of light reflected back to the detector, we evaporated a thin layer of silver onto the backside of the substrate, 

as previously reported by Suchan at al.36 To maximize information gained from interference patterns, we performed 

measurements with the precursor solution being deposited on top of the silver-coated surface of the substrate, as discussed in SI 

Note 4. Introducing a buffer or transport layer in-between, such as PTAA, avoids unwanted chemical reactions between the 

perovskite and the Ag layer.  

A white reference spectrum, I(λ)B, is acquired using the bare substrate before perovskite deposition. A dark reference spectrum, 

I(λ)D, is recorded with the excitation light off. The UV-Vis ‘transflectance’ signal, (TF), is calculated as  𝑇𝑇𝑇𝑇(𝜆𝜆) = 1− 𝐼𝐼(𝜆𝜆)𝑆𝑆−𝐼𝐼(𝜆𝜆)𝐷𝐷𝐼𝐼(𝜆𝜆)𝐵𝐵−𝐼𝐼(𝜆𝜆)𝐷𝐷       (1) 

where I(λ)S is the dynamic signal measured for the sample under investigation.  

  



 

Figure 1. (a) Schematic representation of the measurement setup in which only the reflectance probe is inside the glovebox. A white light source (halogen lamp) is used for 

absorptance measurements a,nd one of three available LEDs (emission peak at 365 nm, 470 nm, or 625 nm) is used for photoluminescence (PL) generation. The reflectance probe 

can be placed directly above either the spin-coater or hot plate. Light is detected with a USB spectrometer (Ocean Insight) prior to which an LED appropriate long-pass filter is placed 

for PL measurements to filter out the excitation. (b) Schematic demonstrating the thinning and progression from solution to a crystallized film during spin-coating. The schematic 

also illustrates the three types of measurements we can employ during this process, where we can measure the interference pattern (extracting thickness), the absorptance, or in a 

separate measurement, the PL. 

 

A rougher sample surface upon crystallization is expected to change light scattering dramatically and results in a characteristic 

baseline shift increasing towards the blue part of the spectrum. The formation of absorbing species in the visible part of the 

spectrum should give rise to distinctive absorption features. For the specific case investigated here, the formation of the perovskite 

semiconductor should give rise to a step-wise absorption onset around 1.7 eV. As will be demonstrated, analysis of changes in TF 

above and below the absorption onset enables us to distinguish between changes in sample reflectivity due to the formation of a 

crystalline species from the more specific formation of a perovskite semiconductor.  

 As the photoluminescence (PL) is emitted isotropically and the detection angle is similar to the incident angle (~13°), we 

assume a similar fraction of PL being detected during the course of the experiment. PL in the experiments demonstrated herein is 

generated using a 470 nm LED light source, but light sources with different excitation wavelengths are available and easily 

exchanged in our modular setup. While the area of the film that receives the excitation can be adjusted by changing the height of 

the reflectance probe (at the cost of a reduced intensity), we are still only collecting a very narrow angular range of the isotropic 

emission. This is a crucial point to keep in mind when measuring perovskites due to the widely reported sensitivity to light and its 

influence on the optoelectronic properties.46 Keeping the reflectance probe at a low height of 1 cm will illuminate a region that is 

roughly 0.5 cm in diameter. If the substrate is larger (i.e., 1 square inch), the probe can be shifted laterally so that the probe is off-

centered from the rotating sample, which reduces the light exposure time and provides a spatially averaged signal47,48. This is 

important as light-induced effects, such as PL enhancement49,50 and light-induced degradation[48], may be affected by the 

experimental results of optical in-situ monitoring experiments. 

The schematic in Figure 1b visualizes different stages of thin-film formation during spin-coating, where the thinning of the wet film 

is derived from interference and the onset of perovskite crystallization from the evolution of the bandgap in an absorption 

spectrum. The break in the schematic between PL and the other measurements denotes that these are measured in two separate 

measurements. It would be possible to measure both PL and absorptance in short alternating time intervals[49], but this requires 

an increased complexity in the experimental setup. What is unique with the method presented here is that we can extract both 

thinning (via interference) and crystallization onset via absorption in the same measurement.  

We here investigated the evolution of spectral features during deposition by spin-coating and annealing of “triple cation” 

perovskite precursor solutions prepared according to Saliba et al., as specified in the supporting information (SI). Resulting 

precursor solutions with an approximate ion precursor concentration of 1.2 M (0.06 M CsI, 0.20 M MAPbBr3 and 0.98 M FAPbI3) in 

N,N-dimethylformamide (DMF) and dimethylsulfoxide (DMSO) solvent in a 4:1 mixture. For experiments on lower precursor 

concentrations, solutions were diluted with the DMF/DMSO solvent mixture. Rheological properties of solution density, viscosity 

and refractive index of the precursor inks with varying concentrations were determined using a rolling ball viscometer and an Abbé 

refractometer (see SI for details).  

3. Results 



During spin-coating, the precursor solution is during the initial stages expected to be thinning and spreading, which we will discuss 

in section 3.1 based on our analysis of changes in the interference pattern. We here discuss differences between spin-coating 

speed as an example of the information that can be gained using our setup. As MHP semiconductors crystallize during spin-coating, 

the thin film morphology will be strongly affected by processing conditions. In section 3.2. we discuss the perovskite formation 

derived from in-situ absorption measurements as a function of the precursor solution concentration. In section 3.3. we discuss the 

role of an anti-solvent drip deposited during spin-coating monitored by UV-Vis absorption and in-situ photoluminescence (PL). We 

conclude in section 3.4. with the full picture of the triple-cation MHP formation process during spin-coating and include spectral 

evolution during the annealing step. 

 

3. 1. Monitoring the Thinning Behavior of Wet Films from Interference 

In Figure 2, the effect of spin-coating speed on the thinning behavior of the film prior to crystallization is demonstrated. Figures 

2a-b show the evolution of the transflectance interference pattern in the representation as 2D heat maps, where time is at abscissa 

and wavelength is at the ordinate. We compare the evolving interference pattern during 60 s of spin-coating perovskite precursor 

solutions at 2000 rpm (Figure 2a) and 6000 rpm (Figure 2b). For both measurements, the number of fringes reduces with time. 

This is consistent with the wet film thinning during spin-coating. As expected, the rate at which the number of fringes reduces is 

quicker for the film spin-coated at higher rpm. This is evident from the two interference patterns extracted after the same time 

elapsed for the two measurements (Figures 2a1,b1). 

 By analyzing the interference patterns created from the fraction of the incident light reflected from the top surface of the 

drying film and substrate, the wet film thickness can be extracted. Whether the light interferes constructively or destructively will 

depend on the additional path length of the light reflected off the substrate, which in turn depends on the refractive index (n) of 

the material, the angle of incidence (θ) and wavelength of the light. We used a refractive index of 1.55 for the precursor solution 

as determined for a 1.2 M solution with an Abbé refractometer (see Table S1). Since the spectrally averaged transflectance does 

not increase prior to the onset crystallization, we assume that the refractive index of the precursor solution remains mostly 

unchanged during the initial regimes of spin-coating (ejection and flow regimes). Using a broadbandight source, this will give rise 

to an interference pattern with a number of fringes/periods (m) in a spectral interval (Δν, in cm-1). The thickness (d), can then be 

determined according to,53 

 𝒅𝒅 =
𝒎𝒎𝟐𝟐�(𝒏𝒏𝟐𝟐+𝐬𝐬𝐬𝐬𝐬𝐬𝟐𝟐 𝜽𝜽)𝚫𝚫𝝂𝝂       (2) 

 

Figure 2. 2D Heat maps showing the evolution of the interference pattern with different spin-coating parameters of a 1.2M perovskite solution: (a) 2000 rpm and (b) 6000 rpm. Both 

use a 5 s ramp. Both maps are plotted with the same z-scale according to the color bar at the top. (a1,b1) 1D spectra extracted at t = 18 s for both measurements showing the different 

number of fringes as well as the calculated thickness using Equation (2). (c) Evolution of absolute thickness for all spin-coating speeds with the different thinning regimes identified: 

ejection, flow, evaporation. (d) The flow constant, K, extracted using Equation (4) plotted as a function of time where an increasing K indicates the regime when thinning is dominated 



by flow (solid circles) and each measurement where linear fits are made to the first five data points (indicated by solid circles). The slope of the line determines the flow constant, K, 

from which viscosity can be extracted.  

 

The advantage of using a reflectance probe in the geometry shown in the inset in Figure 1a is that the incident angle (θ) is close to 

zero. This simplifies the calculation slightly by removing the necessity of estimating the angles of incidence and reflection in order 

to extract an accurate thickness. This leaves the refractive index (n) the only variable introducing potential uncertainty in the 

determination of d. Measuring at normal incidence minimizes the thickness error due to an improper estimation of the refractive 

index since the light in this configuration travels the shortest path through the film that is characterized. We validated the absolute 

thickness extraction of the in-situ monitoring tool by measuring on a polymer film (Bisphenol A ethoxylate diacrylate) of known 

refractive index and thickness and establish an error of less than 2% (see SI). Thus, under the condition that the refractive index is 

properly assessed, we can quite reliably extract the absolute thickness of a thin, semi-transparent film. 

 In Figure 2c, we plot the thickness evolution, extracted using Equation (2), during spin-coating at five spin-coating speeds 

ranging from 2000-6000 rpm. It is evident that a faster rotation speed not only leads to a quicker stabilization of the thickness but 

also results in thinner films in accordance with spin-coating theory. The thickness can only be extracted when at least one period 

(fringe) of the interference pattern is observable with several periods allowing for a more accurate thickness determination. This 

sets a thickness detection range based on how narrow fringes can be resolved (upper limit) and how broad a fringe can fit into the 

spectral range (lower limit). Another factor, which affects the initial thickness estimation, is how turbulent the surface is. Initially, 

solvent is ejected from the substrate, and it takes some time before thinning by flow initiates, which is when an interference 

pattern is first observed. We can therefore determine when thinning transitions from the ejection regime to the flow regime by 

timing the detection of a resolvable interference pattern.43,54  

The ability to derive the wet film thickness (d) or wet film thinning rate (
𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅) from optical interferometry data enables the analysis 

of rheological parameters and transition from the flow regime to the evaporation regime. The model developed by Emslie, Bonner 

and Peck (EBP model) relates the wet-film thickness (d) of a Newtonian liquid, which standard perovskite solutions have been 

shown to be,55 spin-cast at constant angular velocity (ω) to the solution density (ρ) and viscosity (η) according to,56 𝒅𝒅 =
𝒅𝒅𝟎𝟎�𝟏𝟏+𝟒𝟒𝑲𝑲𝒅𝒅𝟎𝟎𝟐𝟐𝒅𝒅�𝟏𝟏/𝟐𝟐     (3) 

with the flow constant K defined as: 𝑲𝑲 =  𝝆𝝆𝝎𝝎𝟐𝟐/𝟑𝟑𝜼𝜼       (4) 

Note that Equations (3) and (4) compare a relative change in the thickness, d/d0, after a certain time, t, of spinning. In order to 

simplify this expression, we make the assumption that 4Kd0
2t >> 1, which removes d0 from Equation (3) and enables to plot the 

dependence of the flow constant K as a function of time (Figure 2d). For comparison, we determined density, viscosity, and 

refractive index of solutions with different precursor concentrations and the pure solvent mixture of DMF/DMSO by refractometry 

(Table 1). The results show that the refractive index and solution density vary linearly with concentration, while the dynamic 

viscosity depends on solution concentration in a more exponential fashion and is hence expected to dominate Equation (4) for 

higher concentrations also upon solvent evaporation during spin-coating. 

 

Table 1. Table summarizing rheological properties of the precursor solutions at different concentrations. Refractive index was measured in an Abbé 

refractometer and the dynamic viscosity in a rolling ball viscometer 

c [mol/L] 
Refractive 

index n 

Density 𝝆𝝆  

[g/cm³] 

Dynamic 

viscosity 𝜼𝜼  

[cP] 

DMF/DMSO 

4:1 vol 

1.441 ± 0.005 0.96 ± 0.02 1.03  

0.2 1.458 ± 0.005 1.07 ± 0.02 1.37  

0.6 1.493 ± 0.005 1.24 ± 0.03 2.50 ± 0.51 

0.8 1.511 ± 0.005 1.31 ± 0.03 3.52 ± 0.46 

1 1.531 ± 0.005 1.45 ± 0.01 5.07 ± 0.29 

1.2 1.552 ± 0.005 1.53 ± 0.02 8.43 ± 0.31 

 

The initial solution viscosity determined from our results from the first measurement point of K derived from optical interferometry 

(Figure 2d) and Equation (4) amount to 8.79 ± 0.76 cP, which is in good agreement with the experimental viscosity of 8.43 ± 0.31 

determined on solutions by rolling ball viscometry for the 1.2 M solution summarized in Table 1. 

  



To include effects of solvent evaporation, Meyerhofer suggested a simplistic mathematical amendment of the EBP model by 

including solvent evaporation as a linear term, E, in the derivative form of Equation (3): 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = −2𝐾𝐾𝑑𝑑3 − 𝐸𝐸        (5) 

From plots of 
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 , the flow constant K and evaporation term E can be estimated by linear extrapolation of the early stage of thinning 

as indicated in Figure 2e (all parameters in Table S2). The averaged values for the resulting viscosity determined from linear 

extrapolation of the initial stage of spin-coating from the Meyerhofer plots amount to 8.54 ± 0.83 cP, which agrees well with the 

viscosity determined from rolling ball viscosimetry as well as evaluation of the flow constant (Figure 2d). The Meyerhofer plots 

show that the solution under investigation deviate strongly from linear behavior, which can be attributed to the complex 

composition of the precursor solutions containing a mixture of solvents (DMF and DMSO) as well as ionic precursors that can be 

expected to interact with solvents in different solution equilibria. 

 The time-dependency of K shown in Figure 2d also clearly illustrates the transition from the initial flow regime to the 

evaporation regime as the point where thinning by flow equals thinning by evaporation in the maximum of the curves. For the 

flow-regime, the solution concentration and hence density and refractive index can be assumed to not change considerably, 

indicating a dramatic change of the viscosity during hydrodynamic thinning of the wet film. We postulate that this is due to the 

gradient of rotational forces within the wet film from the layer adjacent to the rotating disk to the wet-film/air interface changes 

quite significantly when the wet-film layer is getting thinner during the flow-regime.57 In the evaporation dominated regime, the 

solution concentration will change, thus viscosity and density of the precursor solution increase. Our results, and especially the 

Meyerhofer plots, nicely illustrate differences in evaporation rate E as function of the spin-coating speed. More elaborate analytical 

models that account for the physical phenomena in complex solutions such as perovskite precursor inks need to be developed in 

order to describe the full spin-coating process, which should include the more complex evaporation behavior of mixed solvent 

systems as well as concentration-dependence of density, viscosity and refractive index summarized in Table 1. 

 In summary, we here show how the thinning of the wet-film during spin-coating can be derived from optical interference 

measurements. Rheological parameters such as the solution viscosity can be reliably determined for the initial flow regime when 

solvent evaporation can be neglected. We illustrate that wet film thinning, and rheological parameters evolve in a complex manner, 

and more elaborate theory is required to relate experimental results to specific changes in solution rheology and composition 

upon solvent evaporation. This will likely require additional in-situ experiments that would also give insight into the early stages 

of the evolution of solution complexes into higher-order aggregated states. 

 

3.2. From thinning to crystallization: Effect of precursor concentration 

The onset of sample solidification (crystallization) is marked by less defined interference fringes, as shown in Figure 2. This is due 

to the more absorbing and scattering perovskite thin-film, reducing the fraction of light reflected back to the detector significantly. 

This is where the power of our rather simple tool is demonstrated since we can, in the same measurement, monitor the thinning 

of the film, crystallization onset, and how the absorption further evolves with sub-second resolution. Note that in the detection 

geometry utilized, the absorption signal will be affected by changes in the absorptivity of the sample under investigation as well 

as changes in light scattering due to the formation of a rough surface upon crystallization. From the experimental data, the absolute 

amount of perovskite is difficult to determine, but relative changes in the evolving signal still provide significant insight into the 

formation kinetics.  

 In Figure 3, we compare the wet-film thinning and thin-film formation kinetics when spin-coating perovskite precursor 

solutions with varying concentration of 1.2 M, 1.0 M and 0.8 M. Figure 3 a-c shows the 2D plots of transflectance spectra acquired 

during spin-coating at 4000 rpm as a function of spin-coating time (Figure 3a-c). Here, no anti-solvent drip was deposited during 

spin-coating as we aimed to investigate the unperturbed drying and crystallization process of the perovskite film. The initial wet-

film thinning is apparent in each 2D map as interference patterns. In Figure 3d, the variation in wet film thickness, d, calculated 

using Equation (2) with a time-invariant refractive index of 1.51, 1.53, and 1.55 as determined from refractometry reference 

experiments (see Table S1) is compared for the three different solution concentrations of 0.8 M, 1.0 M and 1.2 M, respectively. 

We observe that the rate of thinning increases with lower solution concentration, consistent with the lower solution viscosity, as 

determined by rolling ball viscometry summarized in Table S1. The wet-film thickness depends on solution concentration as 

expected. Optical monitoring provides direct feedback on the evolution of wet film thickness and allows the distinction between 

the ejection, flow, and evaporation regime of thin-film formation. This is important for e.g., timing and anti-solvent drop or 

transferring samples to a hotplate. In Figure 3f and g we show the top-view and cross-section SEM micrographs of the three films 

after annealing. Samples have a rough surface morphology, and the average height was determined to be 530 nm, 610 nm, and 

820 nm for the three precursor solutions in ascending order. The wet-film thickness of corresponding samples during spin-coating 

was estimated to be ca. 625 nm, 875 nm, and 1235 nm, which corresponds to a reduction in film thickness by 15% for the 0.8 M 

solution and 34% for the higher solution concentration. We postulate that for higher solution concentrations, more solvent 

molecules remain bound by the perovskite precursor phase consistent with the lower wet film thinning rate and later onset of 

crystallization for the higher concentrated solution discussed below. 



 The wet film thinning rate (
𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅) according to Equation (5) is shown as Meyerhofer plots for the three different precursor 

solution concentrations investigated, which is done by plotting the thinning rate as a function of the twice the thickness cubed 

(2d3). The constants K and E from Equation (5) can then be determined from the slope of a linear fit (using the early data points) 

and the y-axis intercept, respectively. The viscosity is then determined from the slope to derive K and Equation (4). By this 

procedure, the viscosities were determined to be 1.57 cP for 0.8M, 2.94 cP for 1.0 M, and 6.18 cP for 1.2 M solutions. Alternatively, 

the initial value of K can be used, as was done in Figure 2, where the extracted viscosity amounts to 3.49 cP, 4.83 cP, and 8.29 cP. 

These values all agree with the reference viscosity measurements (see Table 1), with a variation to an acceptable degree. As the 

viscosity may change during spin-coating, the slight discrepancy between the viscosities derived from first data points and 

Meyerhofer plots can be justified, but there can also be slight errors in the solution concentrations that would affect the result. 

 

Figure 3. 2D transflectance heat maps during spin-coating for (a) 1.2 M, (b) 1.0 M, and (c) 0.8 M precursor concentration. With decreasing concentration, the crystallization onset 

occurs earlier. (d) Extracted thickness prior to crystallization for the three concentrations. (e) Meyerhofer plots for the three different concentrations. The y-axis intercept of the 

linear extrapolation represents the evaporation rate. (f) Evolution of the spectrally averaged transflectance signal for the three measurements (colored lines). The dashed colored 

lines indicate that the rate of crystallization decreases with increasing concentration.  

Figure 3f displays the averaged transflectance signal to probe the onset of perovskite thin-film crystallization. Contrary to our initial 

intuition, that solutions with concentrations closer to supersaturation should exhibit an earlier onset of crystallization, precursor 

solutions with higher concentrations exhibit a later and less steep onset of crystallization also apparent from the 2D heat maps 

shown in Figure 3a-c. However, from the y-axis intercept of the linear extrapolation in the Meyerhofer representation of the 

thinning rate as a function of d3, the evaporation constants E was determined to be 0.07 µm/s for the 1.2 M solution, 0.11 µm/s 

for the 1.0 M solution and 0.18 µm/s for the 0.8 M solution. From just the linear approximation of initial thinning behavior, the 

solution concentration can be expected to change more rapidly for the lower concentration solution in a given time interval. This 

indicates that solutions of lower concentration would reach oversaturation more rapidly, which is consistent with the earlier onset 

of crystallization. This is consistent with the considerably higher viscosity of higher concentration perovskite precursor solutions 

and also suggests a strong solvent-solute interaction in highly concentrated perovskite solutions with a substantial fraction of 

solvent molecules bound by perovskite precursor salts.29  

 From the changes in transflectance signals in Figure 3 f, the crystallization onset appears to proceed in two distinct stages 

and cannot be described by the Avrami model.58,59 In addition, the initial crystallization rate seems to depend on solution 

concentration. This suggests that the perovskite is formed faster from lower concentration precursor solutions, and more 

perovskite seems to be formed in the first stage of crystallization judging by the relative difference in signal intensity. As the ‘triple 

cation’ perovskite solution contains multiple species, we infer that crystallization proceeds via intermediates of different 

compositions, which will be further discussed in relation to the evolution of PL signals in the next section. 



We hypothesize that for lower concentration solutions, an excess solvent is more easily removed, and the precursor solution 

complexes are in an ideal state to form perovskite thin films. In addition, the evaporation of solvent molecules out of the wet-film 

from higher concentration solutions might be limited by mass transfer through the wet-film/air interface.60 

 The examples are shown here illustrate the capabilities of optical monitoring to track the evolution of thin-film formation 

with the potential to extract further details by more elaborate signal analysis, such as fitting the absorption signatures to evaluate 

the evolution of the bandgap and concentration and distinguishing scattering from absorption. 

 

3.3 Insight into anti-solvent induced crystallization with PL  

 We investigated the effect of dispensing an anti-solvent drip during the spin-coating of the triple cation perovskite 

precursor solution. 1 mL of ethyl acetate was deposited at 35 seconds into the process. Figure 4a shows a 2D heat map of the 

evolving transflectance where, in contrast to data shown in Figure 2 and Figure 3, a clear absorption onset around 750 nm of the 

perovskite absorber can be observed after the anti-solvent drip is deposited. Note that these measurements were carried out with 

the reflective silver side of the substrate facing down. For this reason, the initial phase of spin-coating does not exhibit the 

interference patterns used for the determination of wet film thinning discussed in the previous two sections. In the supporting 

information, we are showing an example comparing the effect of the silver mirror on the substrate facing up or down. 

The 2D heat map suggests the presence of periodic signatures that may stem from interference fringes indicating that the sample 

has a smooth surface morphology after anti-solvent drip deposition, which is corroborated by a low transflectance signal below 

the bandgap.  

 In Figure 4b we show a 2D heat map of the PL evolution of the perovskite during spin coating on a glass substrate where 

an anti-solvent drip is applied at 35 seconds to induce crystallization. The expected perovskite PL signature of the material 

composition investigated would be a peak around 760 nm. Immediately after the anti-solvent drip, PL emission appears at shorter 

wavelengths (around 720 nm), after which it slowly red-shifts throughout the 180 s spin-coating period (peak position is indicated 

in the PL heat map with a black dashed line). It is noteworthy that even after nearly 3 minutes of spin-coating, the peak has not 

reached the expected position at 760 nm and is still red-shifting. Since 180 s is far longer than typical spin-coating recipes,61 it 

suggests the formation of the perovskites is ongoing long after an anti-solvent drip has been applied and first completed during 

annealing, as discussed in the next section.  

 We calculated the relative PL quantum yield (PLQY) by dividing the transflectance signal measured at the excitation 

wavelength (470 nm) with the integrated PL signal. Figure 4c shows the evolution of this relative PLQY after the AS-drip has been 

applied where two distinct peaks with similar relative PLQY at around 45 s and 90 s are observed. Both the transflectance and 

photoluminescence spectra show that the bandgap of the first and second rel. PLQY maxima change towards lower bandgaps (red 

and green traces in Figures 4e & 4f). There is also a noticeable difference with respect to the spectra acquired at the end of spin-

coating at 180 s (blue trace, Figures 4e & 4f).  

The evolution of absorption onset was evaluated from the inflection point of the absorption onset (acquired by taking the 

derivative of the transflectance spectrum) as proposed by Kirchartz et al.62 The evolution of the absorption onset correlates with 

the evolution of the PL peak position extracted from fitting an asymmetric Voigt line shape to the spectrum (Figure 4d). As the thin 

film crystallizes, the difference between absorption onset and PL peak position the two diminishes. Comparing Figures 4e & 4f, we 

can see that the absorption onset gradually shifts toward lower energies, whereby re-absorption of the PL could be an explanation 

for why the PL spectrum at 180 s (blue) compared to that at 90 s (green) has a lower intensity at shorter wavelengths.  

 It is generally assumed that the anti-solvent induces almost instantaneous crystallization within a few seconds.33,63 Our 

results unravel an indeed quite complex formation mechanism. The rapid increase of PL intensity indicates a rather instantaneous 

crystallization of perovskite crystals on the surface of the wet-film induced by the anti-solvent drip.64,65 These initial crystals exhibit 

a high PLQY and higher bandgap indicating the formation of bromide-rich perovskite seed crystals. We interpret the intermittent 

decrease in rel. PLQY as the partial dissolution of the initial nuclei in the remaining solvent.21,66–68 Consecutively, more iodide 

becomes incorporated into the perovskite phase indicated by the spectral redshift of the second PL intensity maximum shown in 

Figure 4. The consecutive decrease in PL intensity is consistent with the formation of a continuous perovskite thin film. Charge 

carriers are increasingly likely to recombine non-radiatively as they can reach defects in adjacent grains via diffusion.69,70 We 

summarize these processes in the schematic in 4g. Our result highlight the value of optical monitoring to track the evolution of 

compositional changes during film formation.  

Note that in standard spin-coating procedures, the sample would be moved to a hotplate for thermal annealing after 40 s of 

spin-coating. This would likely lead to the thermal quenching of samples in a state where not all iodide is incorporated into the 

perovskite phase, which we will illuminate further in follow up work to this study. Hirselandt et al. (see submitted draft) discusses 

the role and effect of anti-solvent drip timing on the film formation mechanism and resulting device performance variation 

comparing the “triple cation” recipe investigated here also to compositionally simpler methylammonium lead iodide (MAPbI3) 

precursor solutions. [Hirselandt et al., see manuscript included for referees] 

 
 

 



 

Figure 4. 2D heat maps of (a) transflectance and (b) PL extracted during spin-coating of the perovskite on glass for 180 s where an anti-solvent (ethyl acetate) was dripped at 35 s to 

induce crystallization. (c) PL peak intensity (red circles) and peak asymmetry coefficient (blue circles) for the entire measurement extracted using the asymmetric Voigt line shape 

(Equations (6) and (7)). (d) Comparison between the PL peak position extracted from peak fitting (dashed line) and the absorption onset (solid line) is representative of the PL peak. 

(e) Transflectance and (f) PL spectra at the three points in the time indicated by the colored arrows in panel (c). (g) Schematic showing the formation process during spin-coating as 

the precursor solution converts into a crystallized film prior to annealing.  

3.4. Describing the full process 

As a concluding step, we here summarize the insight gained from the analysis of optical features recorded during spin-coating 

discussed in the previous section and also include the annealing step for the standard “tripe-cation perovskite” recipe widely 

employed in the literature.18,61 This recipe is commonly used for the fabrication of both p-i-n and n-i-p perovskite solar cells, 

enabling power conversion efficiencies > 20% (see SI).11 Ethyl acetate is used as anti-solvent which is applied after 25 s of spin-

coating at 4000 rpm (5 s ramp) After AS treatment, spin-coating continues for an additional 15 seconds before the sample is 

transferred to the hotplate for an annealing step at 100 °C for 1 hour (transfer taking a few seconds). The middle and bottom rows 

show the transflectance and PL data respectively for both spin-coating and annealing. 

 The thickness of the wet film is around 1.25 μm prior to the deposition of the anti-solvent (Figure 5a). After, the 

interference pattern changes, although it remains rather constant for the remaining 15 s of spin-coating, suggesting a drastic 

change in the refractive index and/or thickness of the film. As discussed in the previous section, the PL peak position evolves from 

720 nm right after the deposition of the anti-solvent drip (Figure 5c). Compared to a later drip time of 35 s used in the previous 

section, the peak width stabilizes quite quickly, where there is still some asymmetry observed. 

 When transferring the sample to the hotplate, the absorption signal rapidly becomes dominated by spectral features that 

indicate fast and complete crystallization of a perovskite thin film within 5 seconds of annealing. It is evident that the main 

transformation to a perovskite thin film occurs within the first few seconds of annealing, which can also be observed by the naked 

eye. In comparison, the PL peak (Figure 5d) first broadens and then becomes narrower during annealing. We note that the PL 

intensity during spin-coating was substantially higher than during annealing, and results shown utilized exposure times 4 times 

higher in order to detect a measurable signal. The PL intensity exhibits a drastic reduction of the PL yield in correlation with the 

crystallization of the film measured with UV-Vis (Figure 5b).  



 The increasing absorptance measured below the bandgap (> 760 nm) can be explained by the emerging microstructure 

of the film, which causes the incoming light to scatter more.71 The reduced PL yield can be an effect of charge carriers more 

effectively diffusing to defects in a fully condensed thin film46,72,73 but could also reflect changes in the escape probability of 

photons out of the crystalline thin film. In addition, this could be due to change in the doping density of thin films during annealing 

as discussed by Suchan et al. While we here opted for a fixed annealing time, follow up work correlating spectral changes during 

annealing with resulting solar cell devices performance could be very interesting to further optimize the preparation protocol. 
 

 

Figure 5. Transflectance during (a) spin-coating and (b) annealing. The thickness is extracted from the interference fringes prior to the AS drip, which is only faintly observed in (a). 

2D heat maps showing the evolution of PL during (c) spin-coating and (d) annealing. The calculated viscosity is shown in (c) ,where we indicate the transition between thinning being 

dominated by flow to evaporation (orange and yellow lines). 2D heat maps showing the PL evolution during (c) spin-coating and (d) annealing where the dotted lines relate to the 

PL peak and its widths acquired from fitting an asymmetric Voigt line shape.            

 



Conclusions 

We demonstrate a facile way to in-situ process monitoring for the optimization of deposition strategies and gaining 

a deeper understanding of formation mechanisms. Our fibre-optics based setup was designed to have a small 

footprint to be easy to integrate into common process equipment such as spin-coaters and slot-die coaters. Using 

this setup, we here present our insight gained on key formation stages from solution to thin film of “triple cation” 

perovskite semiconductors. We demonstrate a novel approach to acquiring the dynamic viscosity optically, which 

provides an easy way to assess rheological properties of precursor inks under relevant process conditions. 

Counterintuitively, we show that the crystallization onset occurs later for precursor solutions with higher 

concentration, which we attribute to a strong interaction of ionic precursors with solvent molecules and mass 

transfer limitation of solvents out of the wet film during spin-coating. With photoluminescence (PL), we were able 

to demonstrate the formation of intermediate species and how these contribute to the relative PL yield. Such 

measurements may be of importance in optimizing the open-circuit voltage as it directly relates to the PL quantum 

yield. Being able to control these properties at an early stage of device processing is of crucial importance. We 

foresee that optical monitoring tools like the one presented here will become increasingly used for studying 

processes as well as quality control in industrial manufacturing. With such a small footprint and ease of 

implementation, this tool can be readily integrated into many experimental setups to give insight into different 

stages of solution processing of semiconductors. We are currently conducting several follow-up projects in our team 

e.g., on the formation of mixed bromide/iodide semiconductors from solution74, the timing of the anti-solvent drip 

on film formation and device performance (Hirselandt et al., see paper attached), the effect of interrupting spin-

coating at different points in time on device performance, and we are integrating the setup into our slot-die coater 

for in-line process monitoring. 
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Figures

Figure 1

(a) Schematic representation of the measurement setup in which only the re�ectance probe is inside the
glovebox. A white light source (halogen lamp) is used for absorptance measurements a,nd one of three
available LEDs (emission peak at 365 nm, 470 nm, or 625 nm) is used for photoluminescence (PL)
generation. The re�ectance probe can be placed directly above either the spin-coater or hot plate. Light is
detected with a USB spectrometer (Ocean Insight) prior to which an LED appropriate long-pass �lter is
placed for PL measurements to �lter out the excitation. (b) Schematic demonstrating the thinning and
progression from solution to a crystallized �lm during spin-coating. The schematic also illustrates the
three types of measurements we can employ during this process, where we can measure the interference
pattern (extracting thickness), the absorptance, or in a separate measurement, the PL.



Figure 2

2D Heat maps showing the evolution of the interference pattern with different spin-coating parameters of
a 1.2M perovskite solution: (a) 2000 rpm and (b) 6000 rpm. Both use a 5 s ramp. Both maps are plotted
with the same z-scale according to the color bar at the top. (a1,b1) 1D spectra extracted at t = 18 s for
both measurements showing the different number of fringes as well as the calculated thickness using
Equation (2). (c) Evolution of absolute thickness for all spin-coating speeds with the different thinning
regimes identi�ed: ejection, �ow, evaporation. (d) The �ow constant, K, extracted using Equation (4)
plotted as a function of time where an increasing K indicates the regime when thinning is dominated by
�ow (solid circles) and each measurement where linear �ts are made to the �rst �ve data points
(indicated by solid circles). The slope of the line determines the �ow constant, K, from which viscosity
can be extracted.



Figure 3

2D trans�ectance heat maps during spin-coating for (a) 1.2 M, (b) 1.0 M, and (c) 0.8 M precursor
concentration. With decreasing concentration, the crystallization onset occurs earlier. (d) Extracted
thickness prior to crystallization for the three concentrations. (e) Meyerhofer plots for the three different
concentrations. The y-axis intercept of the linear extrapolation represents the evaporation rate. (f)
Evolution of the spectrally averaged trans�ectance signal for the three measurements (colored lines). The
dashed colored lines indicate that the rate of crystallization decreases with increasing concentration.



Figure 4

2D heat maps of (a) trans�ectance and (b) PL extracted during spin-coating of the perovskite on glass for
180 s where an anti-solvent (ethyl acetate) was dripped at 35 s to induce crystallization. (c) PL peak
intensity (red circles) and peak asymmetry coe�cient (blue circles) for the entire measurement extracted
using the asymmetric Voigt line shape (Equations (6) and (7)). (d) Comparison between the PL peak
position extracted from peak �tting (dashed line) and the absorption onset (solid line) is representative of
the PL peak. (e) Trans�ectance and (f) PL spectra at the three points in the time indicated by the colored
arrows in panel (c). (g) Schematic showing the formation process during spin-coating as the precursor
solution converts into a crystallized �lm prior to annealing.



Figure 5

Trans�ectance during (a) spin-coating and (b) annealing. The thickness is extracted from the interference
fringes prior to the AS drip, which is only faintly observed in (a). 2D heat maps showing the evolution of
PL during (c) spin-coating and (d) annealing. The calculated viscosity is shown in (c) ,where we indicate
the transition between thinning being dominated by �ow to evaporation (orange and yellow lines). 2D
heat maps showing the PL evolution during (c) spin-coating and (d) annealing where the dotted lines
relate to the PL peak and its widths acquired from �tting an asymmetric Voigt line shape.
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