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Summary  
The rapid improvement in perovskite solar cells’ (PSCs) power conversion efficiency (PCE) has prompted the 
interest to bring the technology toward commercialization. Capitalizing on existing industrial processes facilitate 
the laboratory-to-production-lines transition. In this work, we prove the scalability of thermally co-evaporated 
MAPbI3 layers in PSCs and mini-modules. With a combined strategy of active layer engineering, interfacial 
optimization, surface treatments, and light management we demonstrate PSCs (0.16 cm2 active area) and mini-
modules (21 cm2 active area) achieving record PCEs of 20.28% and 18.13%.  Un-encapsulated PSCs retained ~ 90% 
of their initial PCE under continuous illumination at 1 sun, without sample cooling, for over 100 h. Looking 
towards tandems and building integrated photovoltaic applications, we have demonstrated semi-transparent mini-
modules and colored PSCs with consistent PCEs ~ 16% for a set of visible colors. Our work demonstrates the 
compatibility of perovskite technology with industrial processes and its potential for next-generation photovoltaics.
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Introduction 
Undertaking the substantial electricity de-carbonization compelled by the Paris Climate Agreement by 

2020 1, while meeting the ever-increasing energy demands,  requires disruptive developments of renewable 

energy. Given the enormous solar irradiance received on the Earth, photovoltaic is one of the most 

appealing options to meet the immediate needs at a similar competitive cost as fossil fuels-generated 

electricity.  

In this regard, metal-halide perovskites have recently emerged as one of the most promising low cost 

photovoltaic 2-5 and optoelectronic 6-9 technology. Indeed, their excellent optoelectronic properties, such as 

long carrier diffusion length, low defect densities, and high carrier mobilities 10-14 and their versatility in 

producing high-quality thin films15-17, have been the key aspects to drive the development of this 

technology. Since the advent of the first perovskite solar cells (PSCs) in 2009,18 their power conversion 

efficiency (PCE) has reached 25.2%.19 In addition, the unique band-gap tunability of perovskite absorber 

has been explored for engineering semi-transparent PSCs (ST-PSCs) with suitable optical bandgap to 

complement the absorption of Si solar cells for high-efficiency tandem solar cells.20-27 Moreover, highly 

efficient ST-PSCs have shown great potentials as building integrated photovoltaic (BIPV) architectonic 

elements to improve buildings and city landscapes aesthetics while harvesting solar energy.28,29  

On the other hand, the best-performing PSCs are yielded by the favored lab-scale solution-processed 

techniques on small scale (~0.1 cm2) devices.30-34 Most of the advancements in those PSCs architectures 

are unfortunately not transferable to the fabrication of perovskite solar modules (PSMs) which are instead 

necessary for field-applications and to reduce generated power production cost. 

Indeed, when PSCs are scaled up to larger active areas, the most significant PCE losses are due to the 

increased series resistance, caused by the limited sheet conductivity of most transparent-conductive oxides 

as well as by the non-uniformity of the active layer over larger areas. The high resistivity can partially be 

compensated/recovered by connecting thin strips of PSCs, in series connection, into PSMs.  The serial 

connection is enabled by multiple scribing on the PSMs, resulting in optical losses due to the dead aperture 

area, mechanical and laser scribing methods have been commonly used to minimize the inactive areas.35,36 

Meanwhile, most of the research efforts on PSMs have been poured into engineering large-area perovskite 

thin film with low defect density, large crystal grain, and low surface roughness. In this regard, blade-

coating37-41 spray coating,42 slot die coating,43,44 spin-coating with anti-solvent,45-55 one-step,56-59 two-

steps,60-62 and hot casting63 methods have been successfully implemented to deposit high quality, large-area 

perovskite thin films. Recently, Qi and co-workers developed a hybrid chemical vapor deposition and 

cation exchange (HCVD-CE)64,65 method combined with spin-coating for depositing large area perovskite 

thin films. A solvent- and vacuum-free route, where amine complex precursors are rapidly converted to 

perovskite phase with a simple pressure application step, have been demonstrated to fabricate PSM with an 

active area of 36.1 cm2 achieving a certified PCEs of 12.1%.66 Nevertheless, the development of high-

quality transporting/interfacial layers for PSMs is also equally important to ensure efficient carrier 
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extraction from the active perovskite layer.39,46-48,51,53,54,59,61,67 Huang et. al. also demonstrated efficient PSM 

realized by surfactant-assisted blade-coating achieving 15.3% over an active area of 33 cm2. 68 Di Carlo 

and co-workers employed 2D materials as charge transporting/extraction layers, demonstrating PCEs of 

13.4% on PSMs with an active area of 108 cm2.47,67 Besides, proper interfacial treatments also enabled 

depositing high-quality poly(3-hexyl) thiophene (by bar-coating) and SnO2 nanoparticles (by electrostatic 

self-assembly spin-coating) as transporting layers, delivering PSM with record  PCEs of 17.1%( stabilized 

16.1%) 59 and 15.3%46  for PSMs with active area of ~25 cm2. Moreover, Grancini et al69 recently 

demonstrated 10x10 cm2 PSMs (active area ~ 47.6 cm2) fabricated by a fully printable industrial-scale 

process. These PSMs exhibit 11.2% efficiency and stable for more than 10,000 hours, an important 

milestone towards the commercialization of perovskite photovoltaic. Table S1 summarizes the high 

performances (PCE>10%) large areas PSCs and PSMs with active areas larger than 10 cm2 fabricated with 

different perovskite compositions and deposition methods.  

To accelerate the market-entry of perovskite technology, the processing of the active materials should be 

performed with an established and widely adopted coating technique in the semiconductor industry. The 

vacuum-based physical deposition method, as exemplified by the commercialization of the fully 

evaporated organic light-emitting diodes for display and lighting applications, is an industrial scale method 

that allows the sequential deposition of functional materials to form a multi-layers’ architecture. The real 

challenge for producing high-quality vacuum-deposited perovskite thin films arises from the complicating 

multiple sources co-deposition processes, where the deposition rates of every precursor must be precisely 

tuned to get a stoichiometric composition for the formation of perovskite. However, the method is still to 

offer multiple advantages over the solution-processed counterparts as the higher purity of the sublimed 

materials a precise control of the deposited film thickness and the last but not least the elimination of toxic 

solvents for thin-film formation.  

Previously, Snaith and co-workers were the first to demonstrate a 15.4% PSCs based on thermally 

evaporated perovskite active layers, achieved by co-evaporation of the organic and inorganic precursors.70 

With the prototypical methyl-ammonium (MA) lead iodide active layer, Bolink and co-workers 

demonstrated fully evaporated PSCs with efficiencies of 16.5% and 20.3% achieved for the p-i-n and n-i-p 

architecture (active area ~ 0.1 cm2), respectively.71 The same team has further demonstrated the versatility 

of the co-evaporation method, demonstrating of high performance mixed Cs, formamidinium (FA), and 

MA triple cations perovskite solar cells with efficiency over 16%.72 Up to now, only hybrid deposition 

methods based on a combination of vacuum deposition of the inorganic components and solution/solvent 

vapor deposition of the organic precursors have been implemented to deposit large-area (>100 cm2) 

perovskite thin films,73. The hybrid deposition methods have been also utilized to achieve a conformal 

coating of perovskite on a fully textured silicon surface enabling a monolithic 2-terminal perovskite/silicon 

tandem solar cell 21 and monolithic triple-junction perovskite/perovskite/silicon tandem solar cells.74 Here 



 

 

we demonstrate highly efficient MAPbI3 PSCs where the active perovskite layer was deposited by thermal 

co-evaporation. Our approach to improve the overall PSCs performances is based on a combined strategy 

of active layer engineering coupled with effective surface treatment, charge extraction enhancement and 

optical light-dispersion minimization. The best PSC architecture gives the highest PCE of 20.28% (active 

area ~ 0.16 cm2), and no losses observed in open-circuit voltage and short-circuit current when the active 

areas have been scaled to 4 cm2. The un-encapsulated PSCs also show a PCE stability ~90% under 1 sun 

(AM 1.5G) continuous illumination for over 100 hours. The optimised device architecture is transferable 

from lab-scale prototypes to large-area mini-modules, enabling the demonstration of PSMs with PCE > 18% 

and active area ~21 cm2 representing the most efficient reported to the best of our knowledge. Finally, we 

show that the same architecture can directly be utilized in fabricating ST-PSCs and semi-transparent PSMs 

(ST-PSMs) with an active area efficiency of 16.8% and 11.2% achieved from active area of 0.16 cm2 and 

16 cm2, respectively. For the first time we also demonstrate thermally evaporated coloured PSCs. Our 

work proves the scalability and versatility of thermal co-evaporation methods in realizing PSMs 

representing a critical step with industrial standard for the commercialization of perovskite technology.  
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Results and Discussion 
 

Figure 1a shows the planar n-i-p architecture of the perovskite solar cell (PSC) structure implemented in 

this work.  A MAPbI3 film, deposited by thermal co-evaporation process of PbI2 and CH3NH3I (MAI) as 

illustrated in the inset of Figure 1a, is used as absorbing layer. The details of the experimental conditions 

are provided in the experimental section. A planar architecture is the best device structure for evaporated 

perovskites as they cannot fully infiltrate into a mesoporous structure. PSCs architectures implemented in 

this work incorporated a fluorine doped tin oxide (FTO) coated glass as substrate and bottom electrode and 

either compact TiO2 or SnO2 films as electron transport layers (ETL). A thin PCBM layer has also been 

used on top of the ETL to achieve a better carrier-selective interface with the co-evaporated MAPbI3 

absorber layer. Indeed, in agreement with previous results in planar architectures, with spin coated 

perovskites, 49, 50 the PSCs’ PCE significantly improved and the hysteresis reduced, Figure S1 and Table 

S2. Spiro-oMeTAD has been used as a hole transport layer (HTL) and a 100 nm gold film as the top 

electrode. Full details of the fabrication process are provided in the experimental section. The vacuum 

deposition process of hybrid metal-halide perovskite is still challenging due to the need for precise 

simultaneous control of the evaporation rates of each precursor during the co-evaporation process to reach 

high quality and well-performing perovskite films. The most critical step is the control of the very volatile 

MAI within the chamber.  To optimize the co-evaporating deposition, the evaporation temperature of PbI2 

was fixed at 260 oC and the PbI2:MAI ratio was controlled by changing the MAI evaporation temperature 

from 90 oC to 120 oC. The thin films were first characterized in terms of morphology, Figure S2a, steady-

state optical properties (absorption and photoluminescence, PL), Figure S2b, and time-resolved PL 

(TRPL), Figure S2c.  Subsequently, they were implemented into a solar cell structure, Figure S3. 

Evaporation temperature between 100 oC and 110 oC can guarantee the operation windows where the best 

device performances and reproducibility can be achieved. Specifically in this work, we kept the MAI 

evaporation temperature at 100 oC for all the fabrication procedures. Indeed, this condition guarantees a 

good film quality in terms of morphology and a sharp absorption and the highest PSCs performances can 

be achieved. Figure S3.  The X-Ray Diffraction (XRD) spectra of a co-evaporated MAPbI3 thin film at the 

optimized conditions of 100 oC, presents the polycrystalline MAPbI3 perovskite pattern with intense diffraction 

peaks at 14.1o, 28.2o and 33.2o corresponding to the (110), (220) and (310) and directions, respectively, Figure S4a. 

A very tiny peak (less than 4% as compared to the perovskite peak) at 12.4o is the PbI2 signature, similarly to what 

has been observed previously in thermal evaporated MAPbI3 films. 75 The highly asymmetric XRD peak at 14.1o 

shows that the co-evaporated MAPbI3 is crystallized in the tetragonal phase. Since the XRD measurements have 

been performed in air and high relative humidity (around 70% RH) conditions, we cannot exclude that the 



 

 

formation of the tetrahedral phase has been accelerated by the environmental conditions as clearly demonstrated by 

Palazon et al.76  

To further improve the efficiency of the PSCs, we implemented a surface treatment strategy based on 

methylammonium iodide (MAI) and potassium acetate (KAc) aiming to improve the charge transport at the 

grain boundary. 77 The details of the treatment optimization and experimental procedure can be found in the 

experimental section.  The idea is to locally reduce the nonstoichiometric composition which would lead to 

the presence of under-coordinated species. 78 The evaporation of organic cations and halides can leave few 

intrinsic point defects, such as Pb–I anti-site defects (PbI3
−), resulting from growth or processing 

conditions.79 These under-coordinated sites are detrimental to the performance of solar cell devices. The 

introduction of the potassium ion, K+ in the KAc, can improve the grain boundary conductivity through the 

immobilization of the uncoordinated species resulting the growth process of the perovskite as the halide 

excess (I-) and anti-sites (PbI3
-) through complexing with potassium on the surface, with a similar 

mechanism as the one described by Abdi-Jalebi et al. 78 The surface sensitive X-ray photoelectron 

spectroscopy (XPS) measurements on treated-MAPbI3 confirm the presence of K+ potassium on the thin 

film surface, Figure S5. The time of flight secondary ion mass spectrometry (TOF-SIMS) analysis also 

shows that the potassium can deeply penetrate homogenously in the films being able to improve the 

conductivity along with the thick MAPbI3 sample, Figure S6. The bump of increased potassium intensity 

at the boundary of perovskite and SnO2 can be ascribed to interfacial effects as the K+ ion yields in the two 

materials, driven by different material properties such as the electron affinity.80 As expected, the X-Ray 

Diffraction (XRD) pattern of the treated-MAPbI3 thin film shows a significantly increased perovskite peak, 

as compared to the pristine MAPbI3 thin film indicating a better crystallization of the treated-MAPbI3 film 

and the reduced PbI2 excess, Figure 4a. It is worth to note that from the XRD signal we rule out the presence 

of KPb2I5 as we cannot observe an extra peak around 11.7o after the treatment.  Moreover, following 

Scherrer equation 42, using the full-width half maximum of the peak (110) at 14.1o, it has been possible to 

estimate larger crystal sizes for the treated-MAPbI3 film as compared to the untreated film, Figure S4b, 

and Figure S4c.   

The absorbance spectra of the co-evaporated MAPbI3 before and after the treatment procedure, Figure 1b, 

presents a sharp absorption peak corresponding to a bandgap of 1.61 eV as estimated from the Tauc plot 

for both the films, Figure S7. Consistently the photoluminescence (PL) peak at 780 nm does not shift 

before and after treatment but the total photoluminescence intensity increases suggesting the effectiveness 

of the defect passivation and a reduction in non-radiative recombination, as shown in the inset of Figure 

1b. Similarly, the time-resolved-photoluminescence (TRPL) measurements on MAPbI3 and treated-

MAPbI3 thin-film on glass (Figure 1c) show an enhanced fluorescence lifetime with an average 

characteristic decay time of  ~170 ns to ~360 ns, in agreement with an improved film quality and a low 

surface and bulk defects density in the treated-MAPbI3 films. The results of the fitting procedure are 
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reported in Table S3.   The Scanning Electron Microscopy (SEM) images, in the inset of Figure 1c, also 

show that the combined MAI and KAc treatment effectively improved the film morphology as proved by 

the reduced presence of pin-holes and the increased grain sizes. Indeed, the grain size distributions, Figure 

S8 shown that the mean size is around 100 nm and 160 nm for the pristine MAPbI3 and treated-MAPbI3 

films respectively.  This trend is in agreement with the trend estimated from the XRD spectra in Figure 

S4b. Moreover, the larger grains are visible all through the thickness of the film by the cross-sectional 

SEM images of the treated films within a device, Figure S9, consistently with the deep penetration of the 

K+ demonstrated by the TOF-SIMS measurements.  

Injection properties of co-evaporated MAPbI3 thin film on the electron transport quenching layer have 

been studied by TRPL. Both ETLs effectively quench the fluorescence emission, reducing the fluorescence 

lifetimes to 41 ns and 28 ns on TiO2 and SnO2 layer respectively, Figure S10. Assuming that charge-

carrier quenching occurs only at the extraction layer interface with 100% efficiency we have also estimated 

an electron diffusion length of 560 nm using a simple diffusion-limited quenching model in a bilayer 

system.81 Moreover to investigate the effect of the surface treatment on the MAPbI3 excited states we 

performed transient absorption spectra of pristine and treated-MAPbI3 films over the same spectral region 

showing a pronounced photo-bleaching peak band at 770 nm in agreement with the spectral position of the 

absorption feature and pervious results 82,83, Figure 1d and 1e. The lifetime of the photo-bleaching peak is 

significantly increased after the MAI+KAc treatment from 100 ns to 320 ns, confirming the effectiveness 

of the treatment to reduce the charge recombination, Figure S11 and Table S4. 

The J-V curves of the champion PSCs including both the pristine MAPbI3 (black line) and the treated-

MAPbI3 (blue-line) are reported in Figure 2a. The PSC employing a pristine thermally evaporated 

MAPbI3 reached a PCE of 19.13%, while the treated-MAPbI3 PCS showed a consistent improvement for 

all photovoltaic parameters (Jsc, Voc, and FF) achieving a PCE of 19.91%. The complete data sets are 

reported in Table 1. The increased Jsc agrees with a charge recombination reduction as proved by the 

higher PL and the increased TRPL lifetimes. Moreover, both TOF-SIMS and cross-section SEM have 

shown that the MAI+KAc treatment can penetrate thought all the perovskite films allowing to improve the 

grain interstitials and also to modify the top and bottom surfaces improving the interfaces with the charge 

transport layers. Both these effects will lead to an improvement in the FF. A similar effect of post-

treatment by anions and cations on improving FF has been reported by Zheng et al..84 The PSC internal 

photo conversion efficiency (IPCE) is shown in Figure S12. 

 

Consequently, PSCs performances have been further improved to a PCE of 20.28% by introducing a thin 

layer (100 nm) of LiF as an antireflection coating on top of the glass substrate of the treated-MAPbI3 PSC. 

Indeed, the LiF layers minimize the reflection losses in the PSC, as shown in Figure S13, increasing 

significantly the photons entering in the SCs and consequently maximizing the J sc (from 22.6 to 23.3 



 

 

mA/cm2) The statistical distributions of the PCSs PCE realized in three different conditions are shown in 

Figure 2b and the corresponding statistics for all photovoltaic parameters (Voc, Jsc, and FF) of the same 

cells are reported in Figure S14. Moreover, the reverse and forward J-V curves for the champion PSCs in 

the three different conditions, shown in Figure S15, also demonstrated that the K+ addition significantly 

reduces the hysteresis, in agreement with what has been previously observed for spin-coated PSCs treated 

with K+. 77,85,86  The figures of merit for the champion PSCs in the three configurations measured in the 

backward and forward scan and the corresponding hysteresis values are reported in Table S5 together with 

mean PCE (PCEmean) defined as the mean value of the PCEs measured in both the scanning directions. The 

PSCs were also studied in the low-intensity illumination regime to investigate the charge recombination 

behavior for the treated and untreated perovskite. The pristine and treated-MAPbI3 PSCs Voc trend as 

function the light intensity, Figure S16,  fitted with a linear equation has shown a slop of respectively 1.95 

KBT/q  and 1.87 KBT/q, where KB is the Boltzmann constant, T is temperature and q is the electric charge. 

The smaller slope of treated-MAPbI3 PSCs indicates that the charge recombination in perovskite layer was 

reduced by the treatment.87 To further probe the effect of our treatment on the charge recombination 

electrical impedance spectra (EIS) were measured at 0.9 V in dark for both MAPbI3 and treated-MAPbI3 

PSCs, Figure 2c. The EIS were fitted using the equivalent circuit shown in the inset of Figure 2c, where 

Rrec represents the perovskite recombination resistance, Ccon contact capacitance, Rdr the dielectric 

relaxation resistance and Cdr capacitance of the perovskite film. 88 In the Nyquist plot both the PSCs show 

a double circle shape where the low-frequency arc is associated with the dielectric relaxation while the 

other one to the drift-diffusion/ recombination processes. Treated-MAPbI3 PSCs show a significantly 

larger circle, as compared with the one of the untreated MAPbI3 PSCs, due to a larger Rrec consistently with 

consistent with the reduction of charge recombination observed in the in the treated-MAPbI3 film as 

compared to the untreated films.  

Moreover, stablizied power output tracking under 1 sun illumination of un-encapsulated PSCs proved the enhanced 

stability of the treated-MAPbI3 PSCs as respect to the pure MAPbI3 PSCs, Figure 2d. Indeed, the treated-MAPbI3 

PSCs could retain around 90% of their initial PCE for over 100 hours. The improved stability can be ascribed to the 

reduction of the under coordinated I- and anti-sites PbI3
-, by using the K+ treatment, eliminating the defects on the 

surface and at the interface.79,89,90 Indeed, the degradation of perovskite films was generally initialized at the defect 

sites at the film surface and grain boundaries where the molecules have the highest activity and diffusivity. Thus, 

the defects passivation at the interface or inside perovskite film could significantly improve device stability. 

Moreover, contact angle measurements also demonstrate that the treated-MAPbI3 samples to be slightly more 

hydrophobic due to the reduced number of defects, as compared to the respect to the pristine MAPbI3, making it 

more suitable to humid environments, Figure S17. 

The state-of-the-art record PCEs values of PSCs have been reported on active areas of ~ 0.1 cm2 while the 

increase of the areas generally results in a significant reduction of the PCE as shown by the values reported 

in Table S1. However, to make PSCs suitable and interesting toward commercialization, achieving high 
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PCE on large areas devices is critical.  The main reasons behind the consistent efficiency decrease over 

larger areas are the higher chances of including dust particles and impurities/defects during the solution 

process preparation procedures, the thin film uniformity reduction, and the electrodes’ increased resistivity. 

In comparison, the thermally evaporated deposition process is performed in intrinsically clean high-

vacuum environments which together with the high film uniformity achievable over a large area, this 

technique complies with the basic requirements for up-scaling the perovskite solar cells technologies. 

Figure S18 shows MAPbI3 thin films of different sizes thermally evaporated simultaneously. The cross-

sectional SEM images (Figure S19) of 4 cm2 samples show that the perovskite layer thickness at the center 

and edge (highlighted areas in Figure S19b and Figure S19c), varies less than 2% over the 4cm2 active 

area confirming the good potentiality of deposition technique in fabricating highly efficient large-area 

devices. For comparison, we have also reported the cross-sectional SEM images for the TiO2 based solar 

cells, Figure S20. This high uniformity on a large area is a key requirement for scaling up the cells and for 

the possibility to fabricate high-quality perovskite on a standard 6-inch silicon wafer for 2-T 

perovskite/Silicon tandems, which represent the most promising approach to reach PCEs above 30% while 

keeping the Levelized Cost Of Energy (LCOE) low.   

Figure 3a and Figure 3b show the dark, illuminated forward and reverse current density-voltage (J-V) 

curves of the champion PSCs with 0.16 cm2, 1 cm2 and 4 cm2 active area, incorporating SnO2 and TiO2 as 

ETL respectively. The photovoltaic values corresponding to the reverse J-V curve are given in Table 2. 

The PSCs employ a treated-MAPbI3 and no antireflection coating. The highest PCE of 19.91% is 

measured on the device with a 0.16 cm2 active area and SnO2 ETL, while for the same device area with a 

TiO2 ETL a champion PCE of 18.75% was achieved. Very interestingly, increasing the active areas from 

0.16 cm2 to 1 cm2 and 4 cm2 for both the SnO2 and TiO2 both the Voc and Jsc remain mostly unaffected, 

with relative variations between 1 and 2% as compared to the values of the 0.16 cm2 PSCs. However, the 

PCE drop for the 4 cm2 SnO2 based PSCs from the initial 19.91% to 16.59% mainly is due to the FF drop, 

from 77.89% to 66.11%. Similar effects on the J-V curve properties can be found for the TiO2 devices 

(Table 1). The drop in FF is proportional to the increase in the active area and corresponds to the high 

resistivity in the transparent conductive oxide (TCO). These data further confirm the good quality and high 

uniformity of the thermally evaporated MAPbI3 thin films over large areas and confirm that PCE the losses 

over large areas are ascribable almost entirely to the high electrode resistance. Shelf-stability tests on both 

TiO2 and SnO2-PSCs stored for 110 days in a controlled environment with 35% humidity proved that both 

PSCs retained 98% and 87% of their initial efficiency respectively, Figure 3c.   

To minimize the FF loss due to the high resistivity of the TCO while moving towards large-area solar 

devices, we implemented PSM design including 6 sub-cells connected in series. Indeed, the sheet 

resistance loss can partially be compensated/recovered by connecting thin strips of PSCs, in series 

connection, into PSMs.  The serial connection is however enabled by multiple scribing (commonly known 



 

 

as P1, P2, and P3 scribes) on the PSMs, resulting in an inevitable optical and absorption loss due to the 

inactive aperture area. Mechanical and laser scribing methods have been previously used to minimize the 

inactive area, with record Geometrical Fill Factor (GFF) larger than 95%.35,36 

 

Generally speaking, the mini-module configuration increases the Voc of the full device and decreases the 

absolute current flow in the TCO due to the series connection of individual subcells.  Consequently, this 

configuration reduces energy losses due to the increased current and high resistivity over larger areas. To 

fabricate the PSM the FTO glass was initially etched by an Nd: Yag fiber laser (λ=1064 nm, w=40 μJ) to 

separate the cells (P1) and create sub-cells with the width of 9 mm. Following the SnO2, of perovskite and 

Spiro-OMeTAD depositions, the layers were manually scribed (P2). Finally, a 0.5 mm wide tape was used 

to form the overall mask (P3) to define the active area before the top electrode deposition. Figure 4a 

shows the image of one PSM with an active area of the 21 cm2 and the total area 36 cm2. The PSM J-V 

measurements are shown in Figure 4b. As expected, the Voc could reach 6.71 V indicating that each 

separate sub-cell delivers on average Voc as high as 1.12 V, consistently with the one measured on small 

area PSCs. The total current density was 3.68 mA/cm2, which is equivalent to 22.1 mA/cm2 in each 

independent sub-cell, just 2% (0.5 mA/cm2) lower than the current density values measured on the small 

area PSCs (Table 3, Figure 3). The highest PCE of 18.13% has been obtained in the backward scanning 

mode while PCEmean reached 17.17%. 

As we have implemented a narrow strip for each cell and manually scribing, the GFF is just around 72%.  

Full laser scabbing would allow to further improve the PCE of the PSM.  The un-encapsulated module 

showed good stability retaining above 85% of the initial PCE after 8000s at maximum power point 

tracking under continuous illumination in high relative humid conditions (RH=70%), Figure 4c.  The 

PSMs showed decent long-term stability in the different conditions analyzed. Indeed, PSMs kept at 65 OC 

showed an initial fast decrease of PCE followed by a steady behavior maintaining 80 % of the initial PCE 

after ~100 hours, Figure 4d. Additionally, PSMs provide an impressive shelf-stability retaining over 95% 

of the initial PCE when stored in a controlled environment with 35% humidity throughout ~60 days, 

Figure 4e.  

 

In view of PSCs and PSMs applications in tandem configuration and building integrated photovoltaic, both 

semi-transparent ST-PSM and ST-PSCs have been fabricated for the first time using a thermal evaporation 

deposition method. The device architecture is the same as the opaque PSCs and PSMs described earlier, 

where just the top gold electrode was substituted with a semi-transparent electrode including a 1 nm Ag 

and a ~195 nm thick ITO layer. 91-93 A 16 cm2 semi-transparent PSM, Figure 5a, achieved a PCE of 11.2% 

with Voc of 5.65 V (1.13 V for each cell), Jsc of 4.11 mA/cm2 (20.5 mA/cm2 for each cell) and FF of 48.3%, 

Figure 5b. The lower PCE of ST-PSM as compared to the opaque PSM is mainly driven from the drop of 

Jsc (20.5 mA/cm2 instead of 22.1 mA/cm2) and FF (48.5% instead of 73.44%) ascribable to the reduction of 
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reflection and conductivity of ITO electrode. Further improvement can be achieved by improving ITO 

conductivity and applying a metal finger electrode on top of ITO. Looking forward to building integrations, 

colorful ST-PSCs are desirable for many aesthetically appealing architectonics integrations.  Here we 

realized colorful thermally evaporated PSCs just by tuning the thickness of the ITO electrode which 

consequently modifies the reflection peak of the ST-PSCs.94 The approach of tuning the transparent 

electrode thickness appears to be the simplest and most effective way to tune color without introducing 

additional layers and/or fabrication processes. Maintaining a high and consistent PCE by changing the 

color appearance of the ST-PSCs can be challenging since light loss due to color reflection and series 

resistance increase in thin ITO electrodes are difficult to overcome.  In this work small devices with an 

active area of 0.16 cm2 achieved a champion PCE of 16.83% with Voc of 1.00 V, Jsc of 21.9 mA/cm2, FF of 

76.83%, Figure S21, and with ITO thickness of 210 nm. 

Furthermore, varying the ITO thickness from 115 to 220 nm the PSCs PCEs statistics show very consistent 

values, Figure 5c. The statistics of the all photovoltaics parameters are shown in Figure S22, confirming 

that PCE drop is mainly due to the FF drop with the increased sheet resistance of the thinner ITO, which 

can be reduced by introducing metal grids on top of ITO electrode The photovoltaic champion only a slight 

variation up to 1.5%, as shown in Table 4.  By changing the ITO thickness, the color of the PSCs can be 

tuned to produce distinctive colorful hues across the entire visible light spectrum as light-green, orange, 

pink, violet, blue, deep-green and yellow interestingly, as shown in the inset of Figure 5c. The change of 

color is due to the variation of the reflectance spectra as shown in Figure S23. Their corresponding CIE 

1931 color coordinates are reported in Table 4 and visually represented in Figure S24. 

Conclusions 

In this work, we have shown that our combined effort on thermal evaporation deposition optimization, 

surface treatment, interfacial passivation, and optical management allowed us to demonstrate MAPbI3 

small area evaporated PSCs in n-i-p configuration with PCE of 20.28%. Even more interestingly, scaling 

the PSCs up to 4 cm2 we have also not observed any significant losses in the Voc and Jsc, confirming the 

high potential of realizing architecture for large-area solar cells. We have also translated the optimized 

architecture to PSM with an active area of ~ 21 cm2 which achieved a PCE > 18%.  The same device 

structure can be utilized in fabricating ST-PSCs and ST-PSM with a PCE of 16.8% and 11.2% for active 

areas of 0.16 cm2 and 16 cm2, respectively. For the first time, we also demonstrate thermally co-evaporated 

colorful PSCs which can deliver consistent PCEs around 16% for a wide range of colors. 

To the best of our knowledge, the PCE value of 18.13% for PSMs is among the highest ever reported for 

perovskite-based devices above 10 cm2 fabricated with any deposition technique as clearly shown in 

Figure 6a and Table S1. Moreover, from a broader perspective, our work clearly shows the proficient 



 

 

scalability of the thermal co-evaporation approach, Figure 6b. Indeed, although the PCEs of the thermally 

co-evaporated PSCS smaller than 1 cm2 are still lower than the record values obtained by spin coating for 

similar sizes, the PCE losses when the sizes are scaled up above 10 cm2 are considerably smaller than the 

ones obtained with any other methods (i.e. PCE drop of ~10% for thermally co-evaporation as compared to 

~40% for solution-processed devices scaled up from 0.16 cm2 to 21 cm2). These results are very promising 

for the realization for highly efficient modules with typical areas of 256 cm2. 

At the same time, the versatility of the thermal co-evaporation method in realizing semitransparent PSCs 

and PSMs makes this technology suitable for a variety of applications as tandem solar cells and BIPV, 

bringing the commercialization of perovskite technology one step closer. 

Experimental 

Substrate preparation  

For single cells, FTO glass (15 Ohm/square) was covered partially by thermal tape and the uncovered area was 

etched by Zn powder and HCl. For mini-modules: FTO glass (15 Ohm/square) was etched by 1024 nm Nd: Yag 

fiber LASER. Then the substrates were cleaned by using ultra-sonication with soap (Decon 90) in deionized water, 

deionized water, and subsequently ethyl alcohol each for 15 min and then dried by flowing nitrogen gas. This is 

followed by a UV-ozone treatment (Novascan PSD Pro Series) for 20 min at room temperature.  

Electron Transport layer 

SnO2: The solution for SnO2 layers was prepared by dissolving 0.05 M SnCl2
.2H2O (Sigma-Aldrich) in anhydrous 

ethanol, then 10 μl of 0.1M InCl3 stock solution in ethanol was added to 1 ml SnCl2 solution to get a 2% (molar 

ratio) doped SnCl2
.2H2O solution. SnO2 layer was prepared by using a two steps spin-coating program (1500 r.p.m. 

for 10 seconds and 5000 r.p.m. for 10 seconds). The substrate was preheated at 80oC for 10 min and subsequently 

heated to 180oC for 60 min to convert the SnCl2 to the planar SnO2 layers. 

TiO2: The solution for the TiO2 compact layer was prepared by mixing 11g tetrabutyltitnate, 45g anhydrous ethanol, 

3.5 g diethanolamine, and 1.5 g deionized water. TiO2 layer was prepared by using a 1 step program (5000 r.p.m. 

for 20sec). The substrate was preheated at 80oC for 10 min and subsequently heated to 500oC for 60 min to form 

the planar TiO2 layers. 

PCBM: The PCBM solution was made by dissolving 3 mg of PCBM (Sigma) in 1 ml of Chlorobenzene (CBZ) 

(Sigma-Aldrich). The substrates are treated with UV-Ozone for 20min at 100oC. The PCBM layer is deposited by 

spin coating PCBM solution at 3000 r.p.m. for 30 seconds. 

Perovskite layer  

The MAPbI3 perovskite film was deposited on the prepared PCBM/SnO2(TiO2)/FTO glass substrates using a co-

evaporation deposition method. The substrates are connected to a rotating (10 rpm) base plate, an average target 

substrate distance of 30 cm and without temperature control (i.e. floating temperature) in a chamber pumped down 

to a base pressure of 8*10-6 Torr. The perovskite is deposited by co-evaporating PbI2 powder (TCI) and MAI 
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powder (Lumtec) in effusion sources. The PbI2 source was fit at 260oC and MAI source varied from 90, 100, 110 to 

120 oC, respectively, the total deposition time was around 120 min. QCM deposition rates are not given due to the 

instability of the QCM readings likely caused by an MAI background pressure. The MAPbI3 perovskite film was 

post-treated by 20 mM KAc and MAI (1:1 in molar ratio) mixed solution in IPA. The as-prepared film and post-

treated film were annealed at 100 oC for 30 min.    

Hole Transport Layer and Electrode 

The Spiro-OMeTAD solution is prepared by dissolving 72.3 mg of Spiro-oMeTAD powder (Lumtec) in 1 ml of 

chlorobenzene and stirring it until it is uniform. Add 28.5 ul of TBP solution and 17.5 uL 

bis(trifluoromethane)sulfonamide lithium salt solution (520mg/ml Li-TFSI in ACN) and stir for 10min. The Spiro-

oMeTAD layer is deposited by spin coating at 3000 r.p.m. For single cells, a 100 nm gold electrode was deposited 

onto the Spiro-OMeTAD layer with difference shape shadow masks by using thermal evaporation or a 200 nm ITO 

layer was deposited by sputtering. For mini-modules, the P2 process was done by manually scribing, the P3 process 

was finished by using 0.5 μm wide tape as a mask. 

Characterizations 

The XRD patterns of the MAPbI3 and treated-MAPbI3 thin films (~100 nm thick) were recorded using X-ray 

diffraction (XRD; Bruker D8 Advance XRD). The XPS spectra were recorded by an X-ray photoelectron 

spectroscopy (XPS; Kratos AXIS Supra XPS). The film morphology was characterized using SEM (FESEM; 

JEJOL JSM-7600F). UV-vis absorption spectra and transmittance spectra were taken on a Hitachi U-3501 

ultraviolet/visible/near-infrared spectrophotometer. The steady photoluminescence spectra were measured by 

Spectro-fluorophotometer (Shimadzu, RF-5301PC), under the excitation of 520 nm light source with an intensity of 

≈30 mW cm−2.  

TRPL dynamics were collected using the micro-PL setup, employing a Nikon microscope, and using a Picoquant 

PicoHarp 300 time-correlated single-photon counting (TCSPC) system. A picosecond pulsed laser diode, Picoquant 

P-C-405B, λ = 405 nm with 2.5 MHz repetition (40 Hz frequency divided by a 16 factor) rate has been used as the 

excitation source. The excitation fluence was <2 J/cm2. The emitted fluorescence signal was coupled to an 

avalanche diode synchronized with excitation laser via TCSPC electronics. Overall, the full width at half maximum 

of the system instrument response function is around 50 ps. 

Transient absorption (TA) measurements MAPbI3 and treated-MAPbI3 thin films (~750 nm thick) were performed 

using Helios (Ultrafast Systems, LLC) pump-probe setup in transmission mode. The 400 nm pump pulses were 

generated from a 1kHz regenerative amplifier (Coherent Legend, 150 fs, 1 kHz, 800 nm, 1mJ) passing through a 

BBO crystal by second-harmonic generation. The amplifier was seeded by a mode-locked Ti-sapphire oscillator 

(Coherent Vitesse, 80 MHz). The white light probe was generated by focusing 800 nm laser onto a 2 mm thick 

sapphire crystal. A 750 nm short-pass filter was placed before the probe focusing onto the sample.  Also, a 450 nm 

long-pass filter was used to block the excitation beam from entering the detector. By chopping the pump and 



 

 

adjusting the time delay between pump and probe, only pumped induced transmission change in the white light 

spectrum can be collected. The excitation fluence was 1.7 J/cm2 

The current density–voltage (J–V) curves were measured under simulated AM 1.5 sunlight (Newport) which is 

calibrated by a standard silicon solar cell. The effective areas were determined by metal aperture masks with 

different size for J-V measurement. The incident photon-to-current conversion efficiency (IPCE) was measured by 

using a PVE300 (Bentham), with a dual xenon/quartz halogen light source in DC mode Newport Oriel Sol3ATM 

solar simulator with a 450-watt Xenon lamp. Dark scan 1.2 V to -0.1 V. Forward scan -0.1V to 1.2V. Reverse scan 

1.2 V to -0.1 V. The EIS spectra and stabilized power output track are measured by an Autolab machine 

(PGSTAT302N, Software version- NOVA 1.11). 
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Main Figures Titles and Legends  

 

Figure 1: Thermally co-evaporated MAPbI3 thin films. (a) The schematic architecture of the planar PSC layers 

stack. The inset shows a schematic illustration of the PbI2 and MAI thermal co-evaporation process. Thermally 

evaporated pristine MAPbI3 (black line), treated-MAPbI3 (blue line) thin films characterizations: (b) absorption and 

PL spectra (in the inset); (c) TRPL decays. Top-view SEM images are reported in the inset. Transient absorption 

spectra temporal evolution of (d) thermally evaporated MAPbI3 and (e) treated-MAPbI3 films. (see also Figure S4, 

Figure S5, Figure S6, Figure S7, Figure S8, Figure S9, Figure S10, Figure S11, Table S1 and Table S4) 

 

Figure 2: Thermally evaporated MAPbI3 planar PSCs.(a) champion PSCs J-V curves in backwards scanning 

mode; (b) PCEs statistical distributions; (c) Nyquist plots measured at 0.9 V in dark and (d) normalised PCE (PCEn) 

versus time under continuous illumination in nitrogen for MAPbI3 PSCs. Pristine thermally evaporated MAPbI3 

(black), treated-MAPbI3 (blue) and treated-MAPbI3+ LiF antireflection coating (red).  

See also Figure S12, Figure S13, Figure S14, Figure S15, Figure S16, Figure S17 and Table S5 

 

Figure 3: Photovoltaic characteristics of the up-scaled treated-MAPbI3 PSCs. Dark, forward and backward J–V 

curves of Treated-MAPbI3 PSCs with active areas ranging from 0.16 cm2 and 4 cm2 (a) based on SnO2 and on (b) 

TiO2 as ETL. Normalized power conversion efficiency (PCEn) versus time for SnO2 and TiO2 based PSCs stored at 30% 

humidity and measured in air. (see also Figure S18, Figure S19, Figure S20)  

 

Figure 4: Treated-MAPbI3 PSM Photovoltaics Characteristics.  (a) Image of a 21 cm2 active area SnO2 based 

PSM consisting of series-connected 6 subcells.  (b) Treated-MAPbI3 PSM dark, forward and backward J–V curves. (c) 

Normalized power conversion efficiency (PCEn) versus time under 1 sun continuous illumination at 70% relative 

humidity measured in air. (d) PCEn changes at 65 oC over 100 hours in Argon environment and (e) PCEn over 50 days 

(shelf-stability). PSM stored in a controlled environment with 35% relative humidity and measures at 70% (RH). The 

PSM is un-encapsulated for all the measurements. 

 

Figure 5: Treated-MAPbI3 ST-PSM and ST-PSCs Photovoltaics Characteristics.  (a) Image of a 16 cm2 active 

area SnO2 based ST-PSM consisting of series-connected 4 sub-cells.  (b) ST-PSM dark, forward and backward J–V 

curves. (c) ST-PSCs’ power conversion efficiency as a function of the semi-transparent electrode (ITO) thickness, 

determining the PSCs color appearance. Photograph of the ST-PSCs in the corresponding position of the ITO 

thickness. (see also Figure S21, Figure S22, Figure S23, Figure S24)  

 

Figure 6: PCE of PSC and PSM versus active areas.  (a) Recently reported PCE of PSM with an active area larger 10 cm2 

fabricated with different preparation methods:  solution processes including spin coating, slot die, blade-coating, hot-casting 
spray-coating, (black spheres); hybrid processes as gas-solid reaction and amine pressure (blue rhomboids) and chemical vapor 
deposition (green triangles), thermal co-evaporation (red star)  (b) PCEs record values for each active area in the range from 
0.1 cm2 to 200 cm2.

  



 

 

 

 

 

 

Main Tables and Tables Titles and Legends

Table 2: Small area PSCs Photovoltaic parameters. The Jsc, Voc, FF and PCEs values measured in backward 

scanning mode, of pure MAPbI3, treated-MAPbI3, treated-MAPbI3+ LiF antireflection coating champion PSCs. The 

average PCEs (PCEav)values have been evaluated over 20 PSCs. 

 

 Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

PCEav 

(%) 

MAPbI3 22.3 1.12 76.6 19.13 18.8 

Treated-MAPbI3 22.6 1.13 78.0 19.91 19.3 

Treated-MAPbI3 

+ LiF ARC 
23.3 1.12 77.7 20.28 19.9 

 

Table 3: Photovoltaic parameters of PSCs with active areas ranging from 0.16 to 4 cm2. The Jsc, Voc, FF and 

PCEs values, measured in backward scanning mode, are reported for treated-MAPbI3 champion PSCs based on SnO2 

and TiO2 ETLs.  

 

Table 4: Photovoltaic parameters of PSM with 21 cm2 active area. The Jsc, Voc, FF and PCE values of a treated-

MAPbI3 PSM based on SnO2 are reported for both backward and forward scanning mode. 

Area 

(cm2) Scan direction 

Voc 

(V) 

Jsc 

 (mA/cm2) 

FF 

 (%) 

PCE  

(%) 

PCEmean 

(%) 

21 

Back 6.71 3.68 73.44 18.13 17.17%  

Forward 6.69 3.72 65.06 16.21 

 

ETL Area 

(cm2) 

JSC 

(mAcm2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

SnO2  0.16 22.6 1.13 77.98 19.91 

1 22.2 1.12 76.32 18.97 

4 22.0 1.14 66.11 16.59 

TiO2  0.16 21.8 1.11 77.51 18.75 

1 21.7 1.11 71.10 17.12 

4 21.1 1.12 65.93 15.58 
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Table 5: Colourful ST-PSCs photovoltaic parameters and CIE coordinates. The Jsc, Voc, FF, and PCEs values of 

colorful treated-MAPbI3 ST-PSCs are reported as a function of the ITO thickness together with the correspondent 

CIE coordinates.  

ITO thickness 

(nm) 

Voc 

(V) 

Jsc  (mA/cm2) FF 

(%) 

PCE 

(%) 

CIE  

115 0.988 21.14 73.95 15.44 (0.32, 0.40) 

140 0.990 21.65 70.67 15.14 (0.39, 0.46) 

165 0.972 21.53 74.32 15.56 (0.42, 0.33) 

180 0.988 22.53 71.65 15.96 (0.34, 0.21) 

195 0.963 22.32 75.22 16.17 (0.24, 0.19) 

210 1.000 21.89 76.84 16.83 (0.21, 0.38) 

220 0.990 22.13 73.38 16.09 (0.24, 0.45) 

 


