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SUMMARY

The engineering of mixed-solvent formulations and their evaporation conditions are key to reproducible 

perovskite coatings for high-performance photovoltaics. Here, we report a lumped-parameter evaporation 

model to predict the evolution of a perovskite ink liquid film over time (solvent ratio, solute concentration, 

and film thickness). The drying-rate model is validated via in situ film-thickness measurements, and the pre

dicted transient liquid film state is mapped as a process path. These methods allow for the prediction of pro

cess sensitivity to local environmental factors and the understanding and visualization of a broader process

ing parameter space enabled through the coupling of process and ink engineering. Process maps are applied 

to create a new framework for scalable perovskite coating development with a goal of improving the repro

ducibility and transferability of perovskite fabrication. This approach is demonstrated with blade-coated 

FA0.83Cs0.17PbI3 photovoltaic devices, improving the photovoltaic conversion efficiency from 17.5% ± 

1.7% to 20.3% ± 0.6%.

INTRODUCTION

While solution-processed metal halide perovskites (MHPs) offer 

the potential for thin-film photovoltaics at low cost, the perfor

mance of scalable processes and modules have consistently 

lagged behind those of spin-coated devices.1,2 At the lab scale, 

identifying the correct process parameters and associated pro

cess paths is often a labor-intensive Edisonian effort that must 

be re-optimized when scaling up or transferring to a new 

processing environment. A process path refers to a specific evo

lution of compositional states a liquid film undergoes during dry

ing. Achieving a dense, compact thin film is essential for realizing 

high-performance solar cells and modules. Thus, to ensure pro

duction of high-quality MHP films, experienced researchers are 

known to intuitively adjust the formulations ‘‘on-the-fly’’ in 

response to changing environmental variables such as ambient 

temperatures, solvent vapor levels, or humidity.

To develop more robust and reproducible processes, two 

techniques have emerged as standard practice in the field: (1) 

using mixed-solvent ink formulations and (2) implementing a 

rapid-evaporation ‘‘quench’’ step.3 Mixed-solvent systems, 

such as the combination of N,N-dimethylformamide (DMF) with 

dimethyl sulfoxide (DMSO), are thought to be effective for 

widening the process window because the more volatile solvent 

(DMF) helps control the evaporation dynamics, while the more 

strongly coordinating solvent (DMSO) directs the crystallization 

pathway for optimal film formation.4–9 The ‘‘quench’’ step refers 

to techniques that accelerate the removal of solvent, such as by 

exposing the wet film to an anti-solvent,10 vacuum,11 heat,12 or 

additional convection (e.g., air knife or nitrogen gun).13,14 A 

hold period of slow drying prior to the quench is also thought 

to stabilize a precipitating amorphous ‘‘sol-gel’’ state before 

crystallization has begun, impacting final solid-film microstruc

ture and device efficiency.15–17 However, it remains challenging 

to quantitatively track how the precise composition of the film 

(solvent ratios and concentration) changes during the solvent 

removal and film formation process. Developing a quantitative 

understanding of how film composition evolves during drying is 

critical for the field to develop a first-principles approach to the 

selection of process conditions.

Measuring the film composition and crystallization kinetics 

during evaporation is nontrivial, requiring custom tools or access 

to synchrotron light sources.9,18 Currently, the most accessible 

approaches couple in situ film-thickness measurements with 

evaporation models to predict the solvent composition and con

centration over time.19–21 However, these methods have only 
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been validated in carefully controlled laminar flow channels, 

often using solvent coatings without solute or single-solvent 

perovskite inks. Techniques such as in situ ellipsometry or 

white-light interferometry can offer subnanometer resolution 

but are challenging to adapt for drying perovskite coatings. 

More specifically, these techniques are hindered by the pro

cesses of nucleation and growth, which lead to inhomogeneous 

refractive indexes in the drying film that compromise the mea

surement.22,23 Confocal chromatic sensors do not rely on 

changes in refractive index and therefore do not suffer from 

the same drawbacks as interferometry and ellipsometry.24 How

ever, their use in characterizing complex drying films in the 

perovskite literature is limited.

In this work, we use both white-light interferometry and 

chromatic confocal sensors to validate an isothermal 

lumped-parameter drying model that was previously used 

for single-solvent drying.21 The model is expanded to include 

multi-solvent drying effects without the use of complicated 

fitting parameters. The coupling of model and film height mea

surement allows for the prediction of film composition as a 

function of time. The model only requires a single experimen

tally determined parameter, the mass-transfer coefficient (β), 
from dynamic film-height-versus-time data to capture the 

characteristic convective environment of the coating setup. 

The model is used to develop parametric process paths that 

characterize the state of the drying film over time, i.e., solvent 

composition and solute concentration. Each process path in 

the model is found to represent a unique evolution of states, 

meaning that paths do not cross and initial ink composition 

largely predetermines the states accessible during drying. 

Process sensitivity is then quantified by comparing predicted 

evaporation rates based on variations in coating environment 

parameters, such as temperature, pressure, and solvent at

mosphere. The process paths are not necessarily predictive 

of final film properties but rather capture formation conditions. 

We suggest that minimizing variations to the dynamic pro

gression of drying liquid films along a process path will 

result in more reproducible and transferable processes. 

Furthermore, plotting process paths to a two-dimensional 

(2D) process map (solvent ratio versus solvent concentration) 

provides a framework for rational experimental design 

toward the development of scalable, high-performance MHP 

photovoltaics.

RESULTS AND DISCUSSION

Mixed-solvent evaporation model

A mixed-solvent, isothermal, lumped-parameter evaporation 

model is used to relate the change in film height and composition 

over time with the experimental convective environment, pro

cess conditions, and initial film composition. The generalized 

governing equations are described in the Note S1 and can be 

extended to any solvent blend with an arbitrary number of com

ponents. The evaporation model only requires that the vapor 

pressure and approximate molar volumes of each pure compo

nent are known at the desired experimental conditions. In this 

work, two solvents (DMF and DMSO) and a perovskite salt are 

used to form a three-component system, given by

∂ϕDMF

∂t
=

β
h(t)

[

(ϕDMF − 1)
p

vap

DMFVDMF

RT
xDMF +

p
vap

DMSOVDMSO

RT
xDMSO

]

;

(Equation 1) 
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∂h
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p

vap
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p
vap

DMSOVDMSO

RT
xDMSO

)

;

(Equation 3) 

where t is time, h is film height, R is the gas constant, T is tem

perature, ϕi is the volume fraction, p
vap

i is vapor pressure, Vi is 

molar volume, and xi is the mole fraction of solvent i in the wet 

film. Note that the use of volume fraction simplifies the derivation 

and can conveniently represent both liquid solvent and dissolved 

solute species. The equations are only written in terms of the 

solvents such that the perovskite solute is given by ϕsolute = 

1 −
∑

ϕi. Here, a film is considered fully dried when ϕsolute = 

0:999. The mass-transfer coefficient, β, is an empirical param

eter and must be measured experimentally, while all other pa

rameters may be determined beforehand based on the known 

solvent properties, ink recipe (solvent ratios and concentration), 

and process parameters (coating thickness and temperature).25

β has units of m/s and quantifies the rate of solvent evaporated 

as a function of the convective environment for a given geometry 

and air flow rate. Note that others have devised a similar 

model whereby the mass-transfer coefficient depends on the 

solvent properties.14 However, we show in the supplemental 

information that in the dilute limit a single mass-transfer coeffi

cient is justified (see Note S1).

Equations 1, 2, and 3 are simplified with three important as

sumptions: (1) that the liquid film is well mixed; (2) that the film 

and drying environment are isothermal; and (3) that the liquid 

and vapor species are ideal, and therefore there is no change 

in volume upon mixing. Assumption (1) implies that the impact 

of drying-driven vertical concentration gradients in the film are 

negligible. This assumption is validated using the mass-transfer 

Biot number (Bim), which compares the vertical drying timescale 

with the vertical diffusion timescale.25,26 In this work Bim = 

0:14 ≪ 1, indicating that diffusion in the vertical direction is 

fast compared to drying and can be ignored (see Note S2). 

Assumption (2) is justified by taking into account the thinness 

(≤ 5 μm) of coated perovskite films and the heat transfer from 

the preheated glass substrate (see Note S3, Figure S3, and 

Table S1). The effect of the enthalpy of vaporization on film tem

perature for a 5-μm solvent film on a glass slide held at 40◦C is 

negligible. Note that the enthalpy of vaporization could have an 

effect if there is poor contact between the glass substrate and 

the heat source. Finally, assumption (3) is supported by the 

similar polarity of the two solvents under consideration in this 

study. However, this assumption is not always valid. Even in 
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the case of nonideality, it is important to note that the trends and 

conclusions of this work would be unchanged. While additional 

complexity could be introduced into these models to more 

closely match specific coating conditions, the current assump

tions are shown to be sufficient to understand the dynamics of 

evaporating perovskite films, and we believe the simplicity of 

these models offers the greatest utility to the coating and photo

voltaics communities.

Model validation via in situ film-thickness 

measurements

In situ film-thickness measurements are required to parame

terize and validate the lumped-parameter evaporation model. 

First, simple drying-rate measurements with pure solvent films 

are used to determine β, which is found to sufficiently parame

terize the evaporation model. In Figure 1A, the change in film 

height over time was measured via white-light interferometry. 

The experimentally measured film heights are shown as points, 

while a dashed line shows the linear fit used to determine β. After 

accounting for the difference in vapor pressure between DMF 

(p
vap

DMF = 1:34 kPa) and DMSO (p
vap

DMSO
= 0:22 kPa) at a coating 

temperature of 40◦C, both solvents show β = 0:003 m/s. Addi

tional measurements for β with pure DMF and DMSO are given 

in Figure S6. An average β≈0:003 ± 0:0006 m/s was obtained 

across 30◦C–60◦C.

A confocal probe was used to measure the change in film 

height for solute-containing coatings to avoid issues with 

changes in optical properties with time. Unlike interferometry, 

the confocal probe measures the change in distance from the 

probe to the surface of the evaporating film (i.e., the air gap), 

which does not depend on the film’s refractive index and is 

therefore a more robust and simpler measurement for systems 

with precipitation or crystallization. Due to the differences in 

the experimental setup, the mass-transfer coefficient for 

confocal measurements was different than that of interferom

etry, β = 0:007 ± 0:003 m/s for pure DMSO, indicating a higher 

air flow. It is important to note that all evaporation measurements 

were conducted in a nitrogen-atmosphere glovebox with a 

three-sided enclosure around the coating stage and all sources 

of convection (fans and purge valves) turned off. Thus, the evap

orative environment is more controlled than typical coating 

stages, but the measured mass-transfer coefficient may vary 

significantly under less-controlled evaporative environments. 

When measured under identical environments, β values 

measured via interferometer and confocal probe were compara

ble, with a relative standard deviation of 17% of the mean 

(Table S2).

The lumped-parameter evaporation model requires inputs for 

the initial film height, material composition, and the experimen

tally determined value of β. Model predictions were validated 

against multi-component drying experiments. Three representa

tive compositions were tested and are shown in Figures 1B–1D: 

a mixed solvent (DMF/DMSO), methylammonium lead iodide 

(MAPbI3) perovskite salt in single solvent (DMF), and a 

A B C D

E F G H

Figure 1. Experimental in situ film-thickness measurements and comparison with evaporation-rate modeling 

(A) Pure DMF and DMSO measured via interferometry with β determined by linear fit. 

(B) 50:50 (v/v) DMF/DMSO mixed solvent drying film measured via interferometry (points). 

(C) 1 M MAPbI3 in DMF measured via confocal probe (points). 

(D) 1.6 M FA0:83Cs0:17PbI3 in 84:16 (v/v) DMF/DMSO measured via confocal probe (points). For (B)–(D), solid lines represent model predictions, where β was 

measured prior to coating using only pure solvents. Insets display results on time-linear coordinates. 

(E–H) Model predicted component volume fractions corresponding to (A)–(D), respectively. Schematic and images describing the experimental setup are pro

vided in Figures S4 and S5.
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formamidinium-cesium lead iodide (FA0:83Cs0:17PbI3) perovskite 

salt in a mixed solvent (DMF/DMSO). The FA0:83Cs0:17PbI3 in 

DMF/DMSO ink shown in Figure 1D is the same composition 

used to make the control devices shown in Figure 4. Figure 1B 

shows excellent agreement between model predictions (solid 

lines) and experimental data collected via interferometry. The 

time axes are displayed logarithmically to highlight the model ac

curacy at short times. Figure 1B shows two distinct evaporation 

regimes: the initial, faster-evaporation regime is predominately 

governed by DMF, while the later regime is dictated by the evap

oration of DMSO. This is displayed explicitly in Figures 1F and 

1H, which show that the relative volume fraction of DMSO in

creases as the film dries. Figure 1D demonstrates that the 

same co-solvent evaporation physics governs the evaporation 

rates of solute-containing inks. Note that the film height does 

not go to zero but approaches an average dry film thickness.21

The minor discrepancies between model and data observed at 

early times is most likely due to disruptions in the film height dur

ing movement of the film from the coating station to the confocal 

probe station.

Process paths describe unique evaporation process 

trajectories

A process path with its specific evolution within the process map 

of a liquid film can be constructed to capture the dynamic states 

of a drying film. The validated evaporation model is used to pre

dict the rate of progression along the process path. First, 

Figures 2A and 2B describe the change in ϕsolute and %DMSO 

in the solvent fraction as a function of time for various β. Slower 

convective evaporation rates (lower β) take longer to dry, but the 

shape of the curve is fixed by the initial composition of the film. 

This is illustrated by Figures 2C and 2D, which collapse the 

curves in Figures 2A and 2B when time is scaled by h0=β, respec

tively. Thus, a process path is constructed by plotting solvent 

fraction versus solute fraction, as shown in Figure 2E, such 

that time is implicit. While this study focuses on DMF/DMSO- 

based devices, common mixed-solvent systems like those 

with N-methylpyrrolidone (NMP) and dimethylacetamide 

(DMAc) can also be modeled as long as the solvent vapor pres

sures are known. To demonstrate the universal applicability of 

this methodology, Figure 2 was recreated for DMF/NMP and 

DMAc/DMSO mixtures in Figures S7 and S8. Detailed validation 

and experimental studies using these solvent systems are the 

subject of future work.

There are two important takeaways from the process-path 

map: (1) each process path is determined by the starting ink 

composition; and (2) process paths do not cross. Thus, the paths 

are unique, which also means that if a starting ink composition is 

created at a solvent ratio and solution concentration that over

laps with an existing process path, both films will ultimately 

follow the same path for the remainder of drying. Process param

eters that affect convection, such as air flow rate and atmo

spheric pressure, only change the rate at which we move along 

a process path, not the trajectory. This is illustrated in Figure 2E 

A B

C D

E

Figure 2. Film composition and process paths calculated by the evaporation model 

(A–D) (A) Solute volume fraction and (B) %DMSO in remaining solvent versus time of an evaporating film at various β. (C) and (D) show that results in (A) and 

(B) collapse to a single curve over dimensionless time ( t̂ = t=τc, with characteristic timescale τc = h0=β, see Note S1), respectively. 

(E) Process map with paths showing change in %DMSO and ϕsolute during drying. Time is implicit, and arrows indicate progression of time along process 

path. All points are spaced at 20-s intervals, and each film starts at ϕsolute = 0:05; h0 = 20 μm, and T = 40◦C except for one curve, which starts at ϕsolute = 0:2 and 

h0 = 5 μm.
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using symbols to represent regularly spaced 20-s intervals for 

two different mass-transfer coefficients. The larger the mass- 

transfer coefficient, the faster the drying and larger the distance 

between 20-s intervals. The dashed line in Figure 2E represents 

the estimated saturation limit for a mixed-halide perovskite 

(ϕsolute ≈0:6) in a 4:1 mixture of DMF and DMSO, above which 

nucleation will occur.27 In practice, the solubility boundary is a 

function of the solvent composition (%DMSO) in the film and 

must be determined under the relevant process conditions for 

each solute-solvent system. This is the subject of ongoing 

work but is outside the scope of the current study.

Process paths are relatively insensitive to processing condi

tions once an initial state has been established. For example, 

the process path is a very weak function of temperature. This 

arises because the relative vapor pressures of each solvent 

depend similarly on temperature. More specifically, for a 100◦C 

change in temperature, the ratio of vapor pressures only change 

by a factor of 2 (Figure S9). Thus, the major effect of changing 

temperature is an increase in evaporation rate. Process paths 

are shown in Figure S9 for 20◦C–100◦C, representing a wide 

range of experimentally relevant temperatures. However, 

different temperatures could affect the final film morphology in 

ways not predicted by the model, due to changes in solubility 

and the kinetics of nucleation, ripening, and crystal growth.28–30

Thus, conventional wisdom has correctly identified that engi

neering of solvent ratio and concentration is the most effective 

way to move around the process map.31–33

Because evaporation rate does not change the process path, 

implementing a convective gas quench, as commonly discussed 

in the literature, does not change the process path.10–14 Instead, 

a quench step, as shown in Figure 3A, would only be expected to 

accelerate the evolution of states of a drying film along a given 

path. However, if the process path crosses the saturation 

boundary during the quench, the accelerated drying could affect 

final film morphology. In other words, a quench step may only be 

expected to affect the final film morphology if the new evapora

tive conditions of the quench persist on or after the film has 

begun precipitation or nucleation. However, applying a quench 

step before precipitation or nucleation, as in most blade-coating 

studies, is only expected to decrease the time to saturation. This 

last point is tested in Figure 4.

A quantitative understanding of the solvent evaporation dy

namics and the process-map framework offers valuable insight 

into early-stage process development. For example, spin 

coating SnPb MHP devices typically requires highly concen

trated inks (>2 M) to achieve thicker absorber layers (1–2 μm). 

However, spin coating highly concentrated inks is challenging, 

as both the coating and quench processes must be executed 

with greater precision due to the rapid crystallization of 

the film. Recently, Abdollahi Nejand et al. demonstrated a 

A B C

D E

Figure 3. Evaporation process sensitivity predicted by evaporation model 

(A) Schematic of general coating and drying process for perovskite thin films. Sensitivity of relative evaporation rate to (B) film temperature, (C) atmospheric 

pressure, (D) solvent ratio, and (E) solvent saturation of drying atmosphere. Dotted vertical and horizontal lines correspond to the same reference process 

condition.
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blade-coated tandem module using a 40% diluted ink based on 

their champion spin-coated device recipe (9:1 [v/v] DMF/ 

DMSO).34 The process-map framework reveals that without ad

justing the DMF/DMSO ratio in the starting ink, the diluted ink fol

lows a different process path during drying. This difference in 

solvent composition may, in part, help to explain the observed 

differences between their spin-coating devices and blade- 

coating devices. The process-map framework also shows that 

by carefully tuning the concentration and solvent ratios in the 

starting ink, it is possible to identify a set of dilute ink formulations 

that follow the same process path. This work suggests that scal

able solution-processing techniques, such as blade coating, 

may offer better control over thicker coatings and more consis

tent crystallization, making them more suitable for the early 

research and development of SnPb devices compared to spin 

coating.

Sensitivity of process dynamics

The rate at which a drying film moves along a process path de

pends only on β;T ;pvap, and h. Figures 3B–3E show predicted 

evaporation rates relative to a 5-μm film coated with an initial 

ink composition of 20% solid volume fraction, 84%:16% DMF/ 

DMSO, coated at 40◦C, 101 kPa (1 atm), and β = 0:003 m/s in 

a solvent-free (0% DMF) atmosphere. The same plots in total 

drying time (s) are given in Figure S10). As expected, evaporation 

rate depended most strongly on the drying temperature. 

Figure 3B shows the percent change in evaporation rate. For 

every 1◦C away from 40◦C, there is a roughly 5% shift in evapo

ration rate. Figure 3C shows that transferring processes between 

sites of different elevation could significantly affect the evapora

tion rate. Notably, moving from a facility at sea level (0 m) to the 

National Renewable Energy Laboratory (NREL) in Golden, Colo

rado (∼1,600 m elevation) changes the evaporation rate by more 

than ∼10%. Finally, Figures 3D and 3E illustrate how the solvent 

content in the coated film and drying air can significantly influ

ence the evaporation rate. At low %DMSO, the evaporation rates 

become increasingly sensitive to the initial solvent formulation in 

the liquid phase. For the vapor phase, Equation 3 was derived, 

assuming that the bulk drying air is solvent free, i.e., ybulk = 0. 

However, enclosed evaporation environments or long-running 

continuous processes can create a concentrated solvent atmo

sphere around the evaporating film, suppressing the evaporation 

rate. While controlling the local solvent environment is chal

lenging in practice, this offers a potential strategy to widen pro

cess windows and is the subject of ongoing work.

An important source of process sensitivity not discussed here 

is the variability in coating-film thickness, which would propor

tionally affect process timing. In slot-die coating, controlling 

the film thickness depends on the level of control over web 

speed, gap height, substrate thickness, and ink-dispense 

rate.35 For example, a 1-μm decrease in the coating thickness 

would reduce the total drying time by 20%, which is roughly 

equivalent to a 4◦C shift in film temperature or 10% difference 

in the initial %DMSO content. The total drying time as a function 

of film height is also provided in Figure S10). Relative changes in 

evaporation rate provide a way to systematically compare pro

cess variables that have fundamentally different units of mea

surement. Understanding the evaporation rates within the 

context of the process maps highlights the impact that environ

mental process conditions can have on the reproducibility and 

transferability of scalable thin-film solution processing.

Process-map framework uncovers process- 

performance relationships

The process map offers a rational basis for designing experi

ments to determine the effect of different parameters on final 

film morphology and device performance. Note that the evapo

ration model is solely based on the solvent evaporation dy

namics and does not directly predict ideal processing condi

tions, morphology, or optoelectronic properties. Rather, the 

A B C

D E

Figure 4. Experimental process paths and corresponding device performance 

(A) Process-map design space indicating initial ink composition (squares) and state of the film at gas quench (labeled circles). Median and quartile box-and- 

whisker plots for (B) open-circuit voltage (VOC), (C) short-circuit current density (JSC), (D) fill factor, and (E) power-conversion efficiency (PCE) of photovoltaic 

devices made corresponding to process paths in (A). The box-and-whisker plots show the forward (red) and reverse (blue) scan data for each device. Repre

sentative current-voltage characteristics for champion devices are provided in Figure S11.
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model captures the evaporative environment and drying pro

cess, which we suggest is critical to process reproducibility 

and transferability. Determining the optimal process parameters 

for high-quality films still requires device fabrication. Therefore, 

the model and the process map provide a framework to set up 

process development experiments in which process-structure- 

performance relationships can be correlated. Moreover, this 

methodology provides an informed 2D design space and 

method of testing hypotheses rather than just variable optimiza

tion through a more costly blind multi-factor experimental 

design. For example, Figure 4 shows the drying process map 

for a formamidinium (FA) and cesium (Cs) mixed halide perov

skite in a DMSO/DMF mixture. Five conditions were tested 

experimentally on four different process paths to investigate 

the effect of solvent composition, solute concentration, and 

quench timing (hold time between the film deposition and the 

start of the quench) on the performance of blade-coated de

vices. The evaporation model was used to calculate the required 

starting solvent composition and solute concentrations 

(Figure 4A, filled squares) of each ink to achieve a desired pro

cess condition at quench (Figure 4A, labeled open circles). 

Each experimental condition consisted of at least six substrates 

with eight devices per substrate. Conditions 1, 2, and C (control) 

have the same gas quench timing (14 s) and solute concentration 

at quench, but different amounts of %DMSO at quench as indi

cated by the open circles in Figure 4A. Conditions 2 and 3 share 

the same initial ink composition and, thus, process path, but 

have different quench times before saturation of 14 s and 35 s, 

respectively. Finally, conditions 4 and C have the same quench 

timing (14 s) and %DMSO at quench, but different solute 

concentrations.

Conditions 1, 2, and C are interesting test cases because they 

probe the effect of process path on the final device performance. 

One might expect that the three cases would result in different 

device performance because nucleation and growth are occur

ring under different solvent conditions. However, Figure 4E 

shows that, for this process, the %DMSO at quench or satura

tion does not significantly affect the median device PCE. Condi

tions 2 and 3 test the importance of quench time on final device 

performance. For example, Wang et al. found that applying a 

quench step after different hold times during spin coating re

sulted in different crystalline films with varying power-conversion 

efficiency (PCE).17 However, Figure 4E shows that for these 

blade-coated films there is no statistically significant difference 

in the median PCE for two very different quench times, 14 s 

versus 35 s, respectively. The drying model provides one 

possible explanation for similar device performance of condi

tions C, 1, 2, and 3, which is that they all take a similar amount 

of time to dry after the quench (∼13–20 s, see Table S3) and 

thus have similar film-formation dynamics. Since nucleation 

and growth are kinetic processes, the morphology of the final 

film is likely to be affected by the evaporation dynamics after 

saturation. Our previous work linked solid domain morphology 

to evaporation and crystallization dynamics in single-solvent 

inks, showing that evaporation rates mainly determine 

morphology, with faster evaporation leading to more uniform 

films and greater substrate coverage.36,37 Drying times 

were calculated using the evaporation model assuming that 

β = 0:003 m/s before quench and β = 0:03 m/s during quench. 

An order-of-magnitude increase in β is a reasonable approxima

tion for a gas quench, and the relative comparisons will not 

change for different values, since the same gas-quench proced

ure was used for each process.14 These data suggest that the 

overall drying rate is an important correlation to final PCEs in 

blade-coated films, although more work is needed to test this hy

pothesis. It is clear that established processing steps critical in 

spin coating, such as quench timing, do not directly apply to 

all blade-coating processes.

Condition 4 is the only case that shows a significantly higher 

device performance (median PCE) and less variability (interquar

tile range) relative to all other process paths (see Tables S4–S6). 

The reproducibility of condition 4 was further confirmed by the 

final dry film thickness. Condition 4 exhibited the smallest stan

dard deviation in device film thickness as measured by 3D laser 

scanning microscopy (Figure S12), suggesting a more reproduc

ible coating and drying process. The process map and evapora

tion model also reveal two major differences for condition 4 that 

would not be discernible otherwise: nucleation and growth are 

occurring in the largest percentage of DMSO than in any other 

case, and condition 4 has the longest time between quench 

and drying (24.8 s). This suggests that perhaps a slower progres

sion along a process path results in a more reproducible process 

that is less sensitive to quench timing, and that either there is a 

critical percentage of DMSO at saturation that leads to better de

vice performance or that the time from quench to dried film is an 

important parameter. Additional experiments are planned to test 

these hypotheses for more process paths and longer drying 

times and to test whether similar relationships hold in other ink 

systems such as DMF/NMP and DMAc/DMSO. While the scope 

of this study was focused on device PCE, a similar evaluation 

methodology can be used for process-structure relationships 

such as morphology or optoelectronic properties (e.g., pinholes, 

grain size, defect states, device performance, and density of 

states). On a process map, characterization is only comparable 

under identical experimental conditions. For example, under

standing the effect of the coating substrate on final film 

morphology would require constructing separate process 

maps for each substrate. Establishing ideal process conditions 

then involves experimental development across each process 

map to quantify how the substrate growth surface affects 

morphology in the context of the process drying dynamics. 

Taken together, these data demonstrate a new strategy toward 

scalable perovskite development. By applying process sensi

tivity analysis and evaporation-rate modeling, we better under

stand how variations in a localized environment can affect a pro

cess and enable the development of a less-sensitive process 

path. The process development methodology of quantifying 

the evaporative environment (β), modeling evaporation process 

paths, and accounting for environmental changes ultimately pro

vides a framework for reducing variability and enabling process 

transfer between variable environments (e.g., laboratories or 

institutions).

This study develops an approach based on a simple lumped- 

parameter evaporation model to quantify the drying behavior in 

perovskite thin films. The model allows the characteristic 

convective environment to be captured by a single parameter, 
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the mass-transfer coefficient (β). This coefficient β was 

measured from evaporation of pure solvent coatings and was 

found to be sufficient to predict the change in film height over 

time for more complicated solute-solvent and mixed-solvent 

systems. The equations presented are easily adapted to predict 

drying of thin films with an arbitrary number of volatile and 

nonvolatile components. Using two in situ techniques (white- 

light interferometry and chromatic confocal distance measure

ments), the variability in β was found to be <20%.

A process map was constructed, capturing every possible 

compositional state of a solution. The evaporation model was 

used to draw process paths, describing the unique progression 

of states (solvent composition and concentration) over time for a 

mixed-solvent perovskite ink. Process paths were found to 

depend on the initial formulation of the film, and once established 

they were surprisingly difficult to shift. The model predicted that 

variables such as temperature only had a limited effect on the 

position of the process path, even over a temperature range of 

80◦C. However, the rate that a specific process progressed 

along its path was proportional to the evaporation rate. The 

model also indicates that the temperature of the drying film 

and β likely have the greatest influence on the variability of the 

evaporation rate. The variability in these dynamics as a function 

of the process environment (e.g., convection, temperature, and 

atmospheric pressure) were hypothesized to lead to variability 

in final device performance. In other words, the robustness of 

a process depends on how much its state changes with vari

ability in process evaporation rate.

Insights from the process-path methodology were applied to 

the development of scalable perovskite processing by engineer

ing ink systems to decouple the effect of solvent ratio and solute 

concentration at the point of film quenching. Of the conditions 

tested, it was found that neither the %DMSO at quench nor 

quench timing significantly impacted the final device efficiency 

but that ink dilution was found to improve the median PCE and 

significantly reduce variability compared to the established con

trol condition. The evaporation model and process maps were 

able to identify two important process differences between the 

dilute condition compared to the other process paths tested: 

that nucleation and growth likely occurred in the highest 

%DMSO and that it took the longest time to completely dry after 

quench. These results suggest that existing recipes could also 

be further improved within this framework. Using the process 

paths developed in this work to couple the effects of ink engi

neering, localized process environment, and processing sensi

tivity will enable the development of more reproducible and 

transferable deposition methods for scalable MHP technologies.

METHODS

Materials preparation

The substrates used were 50 × 50-mm patterned indium-doped 

tin-oxide-coated soda lime glass (<20 Ω/sq) obtained from Col

orado Concept Coatings (CCC). Cesium iodide (CsI, 99.999%), 

ethanol (EtOH, 95%), aluminum oxide nanoparticles, and DMF 

(anhydrous, 99.8%) were purchased from Sigma-Aldrich. Lead 

(II) iodide (PbI2, 99.99%), [2-(3,6-dimethyl-9H-carbazol-9-yl) 

ethyl]phosphonic acid (Me-4PACz, >99.0%), and bathocuproine 

(BCP, purified by sublimation) were purchased from TCI Chem

icals. Carbon-60 (C60, <99.5%) was purchased from Lumines

cence Technology. Formamidinium iodide was purchased from 

Greatcell Solar Materials. The nickel oxide target (NiOx, 99.9%) 

and silver pellets (Ag, 99.9%) were purchased from the Kurt J. 

Lesker Company.

Thin film and device fabrication

Devices were made on glass substrates coated with indium- 

doped tin oxide. Substrates were first cleaned in a Liquinox deter

gent and water solution, sonicated for 10 min each in deionized 

water, acetone, and isopropyl alcohol, and blown dry with nitrogen 

in between each step. The substrates were then cleaned in a Je

light Company, Inc. Model 30 UV/ozone using ambient air for 

15 min, then immediately transferred into a Denton Explorer 

sputter chamber for nickel oxide deposition. The sputter target is 

conditioned for 1,000 s followed by a 400-s deposition step, result

ing in a nickel oxide thickness of 5 nm. Before use, the nickel oxide 

layer was annealed for 10 min at 300◦C in ambient air with relative 

humidity at approximately 20%–40%. All subsequent deposition 

steps were performed in a nitrogen environment. A 0.5 mg/mL so

lution of Me-4PACz was spin coated on top of the nickel oxide layer 

at 3,000 rpm for 30 s and annealed for 10 min at 100◦C. Thereafter, 

a 0.5 wt % aluminum oxide nanoparticle solution was deposited on 

a Specialty Coating System GP3 spin coater at 6,000 rpm for 30 s 

to improve surface wetting. The substrates were then transferred 

to a Zehntner ZAA 2300 blade coater for deposition of the perov

skite active layer.

The active layer was deposited via blade coating with a nitro

gen quench from an air knife following the blade. The blade 

coater platen was heated to 40◦C prior to coating, which was 

chosen based on a prior temperature-device optimization study 

using the same formulation. The ink was deposited at 7.5 mm/s. 

The air knife was set 0.5 inches (0.27 cm) above and perpendic

ular to the substrate and passed over at 7.5 mm/s with a nitrogen 

flow rate of 6.8 SCFM. The quench timings used for each film are 

reported in Table S3, and corresponding perovskite ink compo

sitions and coating conditions for each device are summarized in 

Table S7. The gap height of the blade was set to 50 μm for the 

control and conditions 1–3 and used 20 μL of solution deposited 

between the blade and substrate. For device condition 4, the gap 

height was set to 75 μm and used 80 μL of perovskite ink. Chang

ing these parameters ensured a final dry film of approximately 

the same thickness across each condition. A Keyence VK- 

X250 series 3D laser scanning microscope was used to measure 

dry film thicknesses after coating. Each film was scribed to iden

tify the substrate surface for an absolute measurement of the 

perovskite film thickness. Once the active layer was deposited, 

the electron-transport layer and the contacts were thermally 

evaporated in an Angstrom evaporator.

Characterization and measurements

J-V scans were measured in an inert nitrogen glovebox with a 

Keithley 2450 source-measure unit. Sweeps were taken from 

− 0.2 V to 1.2 V at a rate of 0.8 V/s. Illumination was provided by 

a class AAA LED G2V solar simulator calibrated with an AM 

1.5G filter. A calibrated silicon reference cell is used to ensure 

the light source is set to the correct intensity before 
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measurements. Spectrum data were measured for both the lamp 

and the calibrated diode, from which a mismatch factor was 

calculated. The lamp is calibrated approximately every 6 months 

and the reference cell approximately every year. Each substrate 

was divided into eight devices with an area of 0.228 cm2 per de

vice. When testing each device, a metal mask is added for an illu

minated active area of 0.14 cm2. Light soaking and maximum po

wer-point tracking were used to ensure each device reached 

steady-state performance before recording the device scans. All 

devices were tested at room temperature in a nitrogen glovebox, 

keeping the oxygen and humidity at 0 ppm during testing. There 

was a small fan placed near the sample stage to keep air flow 

over the sample and to reduce heating effects of the lamp during 

measurements. Devices that were shunted or otherwise affected/ 

nonfunctional were dropped prior to compiling device statistics.

In situ film-thickness measurements

Evaporation rate was measured by either white-light interferom

etry or confocal displacement. Confocal measurements were 

made using a Micro-epsilon IFS2405-01 confocal displacement 

sensor to measure the absolute displacement of the top surface 

of the drying film. A high-resolution probe was required for thin 

films below 10 μm. The drying curves in Figures 1C and 1D 

had an offset of 1 μm applied to the lowest data point to approx

imate the average dry film thicknesses (not shown). Using a sec

ond probe in situ to track the position of the bare substrate would 

allow the confocal probe to produce absolute film-thickness 

measurements. Confocal measurements shown in Figures 1B– 

1D were measured at 30◦C to avoid condensation on the 

confocal probe tip at the required working distance of 100 μm. 

The close working distance did not appear to affect the convec

tive environment around the film, and strategies such as heating 

of the probe can be employed to avoid condensation. Since the 

precise time between coating and the start of data collection is 

unknown in the current setup, a time-shift procedure was 

applied to estimate the delay (Figures S13 and S14). A labeled di

agram of the experimental setup is provided in Figure S5. Inter

ferometry thickness measurements were made using an Ocean 

Insight HR4Pro white-light interferometer with a collimating lens. 

Further details regarding the interferometer peak fitting proced

ure are provided in Figures S15 and S16.

Modeling

All modeling and data processing were performed in Python. A 

list of solvent parameters is also provided for other common 

ink solvents in Table S8.
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