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Standard layer-by-layer solution processing methods constrain lead–halide perovskite device 

architectures, as the layer below the perovskite must be robust to the strong organic solvents used 

to form the perovskite, while the layer above has a limited thermal budget and must be processed 

in non-polar solvents to prevent perovskite degradation. To circumvent these limitations, we 

develop a procedure where two transparent conductive oxide/transport material/perovskite half 

stacks are independently fabricated and then laminated together at the perovskite–perovskite 

interface. Using UV-visible absorption spectroscopy, external quantum efficiency, X-ray 

diffraction, and time-resolved photoluminesence spectroscopy, we show that this procedure 

improves properties of the perovskite layer. Applying this procedure, semi-transparent devices 

employing two high-temperature oxide transport layers were fabricated, which realize an average 

efficiency of 9.6% (maximum: 10.6%) despite series resistance limitations from the substrate 

design. Overall, the developed lamination procedure curtails processing constraints, enables new 

device designs, and affords new opportunities for optimization. 
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Since emerging as a viable material for use in photovoltaic devices in 2009, lead–halide 

perovskites have attracted an enormous amount of attention due to their near-ideal photovoltaic 

properties1 and low-temperature solution-based fabrication.2,3 Process and composition 

optimization has spearheaded advancements in material stability4 and led to an unprecedented 

rise in efficiency from 3.8%5 to 22.6%6 in just eight years. Despite their excellent performance, 

many aspects of these devices need further investigation due to the complex interplay between 

the perovskite layer and other device material layers that impacts the details of their formation7–

10 and resulting device behavior.11,12 Gaining a fundamental understanding of these matters will 

be essential in progressing from material stability to device stability and reducing non-radiative 

losses in photovoltage.13,14 Nonetheless, these topics have not been adequately studied, in large 

part because standard solution deposition methods15,16 create solvent compatibility issues and 

thermal budgeting constraints that limit the materials and architectures that can be applied in 

devices; for example, most metal oxides cannot be deposited on top of the perovskite layer using 

conventional solution processing.17 The use of a lamination procedure in which two 

independently-processed perovskite half stacks are laminated together circumvents a number of 

these process limitations and can be applied to a wide range of materials used in perovskite 

optoelectronic devices.18 This work focuses on the development of such a lamination procedure, 

evaluation of its impact on the structural, optical, photophysical, and electronic properties of the 

perovskite layer, and demonstration of its ability to produce functioning devices. To establish 

and optimize processing conditions, a tin oxide (SnOx) electron transport material (ETM), nickel 

oxide (NiOx) hole transport material (HTM), fluorine-doped tin oxide (FTO) coated glass 

substrates, and two methylammonium lead triiodide (CH3NH3PbI3, MAPI) perovskite active 

layers are utilized. 
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Due to the complex interplay between the perovskite and other device material layers, minor 

changes in substrate preparation, solution stoichiometry, deposition parameters, and annealing 

conditions have been shown to alter film formation and composition,9,19–22 such as the amount of 

lead iodide (PbI2) present in films. Using the CH3NH3PbI3 (100) and PbI2 (001) peak area ratios 

obtained from powder X-ray diffraction (XRD), the ratio of CH3NH3PbI3-to-PbI2 in each half 

stack was maximized so that the presence of PbI2 could be used as an indicator of the following 

thermal degradation pathway22–26 in laminated devices: 

CH3NH3PbI3 (s) + heat ⇌ CH3NH2 (g) + HI (g) + PbI2 (s)  (Equation 1) 

Note that while the reaction above is reversible and occurs at temperatures as low as 100 °C, two 

of the three reaction products are capable of 

off-gassing in standard geometry, driving the 

reaction forward as predicted by Le Chatelier’s 

Principle. In contrast, the lamination process 

utilized here should encapsulate the products 

gases formed in thermal decomposition 

between the two glass substrates, balancing 

Equation 1 and preventing it from proceeding.

By forming a smooth charge transport layer, 

utilizing a MAPI solution with an optimized 

MAI to PbI2 ratio, and annealing the resulting perovskite for at least 15 minutes at 100 °C, MAPI 

films with little to no PbI2 were sucessfully produced on both SnOx and NiOx (Figure 1). These 

films should be ideal for lamination, as the formulation utilized is known to produce films with 

Figure 1. PbI2 (001) [2θ = 12.8°] and MAPI 

(100) [2θ = 14.2°] XRD peaks for MAPI thin

films on smooth SnOx and NiOx as a function 

of perovskite annealing time. 
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low surface roughness.16 Additionally, these films are of high quality, as evidenced by their 

performance in standard device architectures (Figure S5).  

Once optimized, the half stacks were laminated together using a hot press at ~300 psi and 150 

°C for 20 min as described in the Supplementary Information (SI). To gauge the effect of 

lamination on the perovskite active layer, a series of analyses were conducted including UV-

visible absorption spectroscopy, external quantum efficiency (EQE), XRD, and time-resolved 

photoluminesence spectroscopy (TRPL).  

Absorption spectra were obtained for FTO/SnOx-or-NiOx/MAPI half stacks, laminated 

samples, delaminated samples, and FTO/SnOx-or-NiOx references using the transmission and 

reflection spectra calculated from data acquired using an integrating sphere. To account for 

varying perovskite and glass thickness while maintaining the shape and location of the band 

edge, curves were linearly normalized as described in the SI. As shown in Figure 2a, the 

absorption data indicates that lamination decreases the band gap of the perovskite and maintains 

or sharpens the features at the absorption band edge, corresponding to a modification of the 

conduction and/or valence band edge structures and associated defects.27 Subsequent 

delamination at the SnOx/MAPI interface (described in the SI) appears to further reduce the band 

gap of the perovskite and partially revert the shape of the band edge back to its pre-laminated 

form. Consequently, delaminated samples should serve as a reasonable qualitative metric for the 

effects of lamination. 

Changes in absorption were confirmed using EQE measurements on a FTO/SnOx/laminated 

MAPI/NiOx/FTO device and a control FTO/SnOx/MAPI/Spiro-OMeTAD/MoOx/Al device 

fabricated without lamination as described in the SI. To compare the shape of the EQE band 

edges, spectra were again normalized as above. The red shift measured with EQE, shown in  
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Figure 2. Characterization of pre-laminated half stacks, laminated stacks, and delaminated stacks 

used to gauge the effects of lamination including: (a) absorbance spectroscopy, (b) external 

quantum efficiency, (c) X-ray diffraction of PbI2 (001) and MAPI (100) peaks, (d) X-ray 

diffraction of MAPI (200) and (210) peaks, and (e) time-resolved photoluminescence 

spectroscopy.  
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Figure 2b, agrees with that of the absorption measurements within the resolution of the 

instrument (~5 nm). To ascertain what extent the changes in the optical spectra correlate to 

structural changes induced by the lamination process, pre-laminated half stacks fabricated with 

typical annealing conditons, pre-laminated half stacks with additional thermal annealing, and 

delaminated half stacks were analyzed via XRD. Results, shown normalized to the most intense 

peak for clarity in Figure 2c and 2d, display three main trends for the laminated devices: a 

decrease in the full width at half maximum of all peaks attributed to MAPI, an increase in the 

MAPI (200)-to-MAPI (210) ratio, and an invariance in the PbI2 (001)-to-MAPI (100) ratio. Note 

that improvements of similar magnitude are not seen in devices with additional thermal input. 

This suggests that something particular afforded by lamination and successive delamination 

results in increased crystallinity and an orientation of domains to favor the (100) crystal 

orientiation with no detectable thermal decomposition. Although measured on delaminated 

stacks, the results are consistent with other measurements, providing evidence that changes to the 

electronic structure arise in part by a change in morphology.   

To correlate these optical and morphological changes to a functional property of the 

photovoltage, time-resolved photoluminesence spectroscopy was conducted on glass/MAPI 

samples, glass/laminated MAPI/glass samples, and glass/delaminated MAPI samples. As 

lifetimes are known to correlate with excitation intensity,28 analysis was conducted using 450 nm 

wavelength excitation through the glass face of each sample with constant excitation fluence. 

While the glass backside of the laminated sample certainly results in varied amounts of 

attenuation and scattering, all perturbations were intensity-independent and therefore should not 

affect lifetime. Despite optimal sample orientation and constant fluance, variations in the density 

of free charge carriers generated during excitation are expected due to the differences observed 
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in absorption. Although lifetimes at shorter time scales are heavily perturbed by complex free-

carrier density-dependent effects, such as band gap renormalization29 and bimolecular 

recombination30, longer time scales where trap-mediated recombination processes dominate 

recombination kinetics are expected to have smaller intensity dependence. Consequently, the 

logarithm of the intensity is highly linear after the initial several nanosecconds as shown in 

Figure 2e. To account for this, data was truncated for fitting to exclude points prior to 20 ns, such 

that a single-exponential fit produces small residuals (see SI). Consistent with the hypothesis that 

lamination improves the electronic structure and reduces defects/traps within the perovskite 

layer, The results show that, consistent with the hypothesis that lamination improves the 

electronic structure and reduces defects/traps within the perovskite layer,  laminated samples 

exhibit longer carrier lifetimes of ~53 ns, compared to ~41 ns for the delaminated device, ~39 ns 

for the pre-laminated device with normal thermal input, and ~32 ns for the pre-laminated device 

with additional thermal input. Therefore, lamination appears to beneficially alter the material 

quality of the perovskite layer by likley reducing the concentration of defects/traps and 

improving the charge-carrier dynamics and morphological sturcture. 

Together, the observed narrowing of the X-ray diffraction peaks, red shift of the absorption 

and external quantum efficiency data, and the increase in photoluminescence lifetime suggest 

that lamination beneficially alters the material quality of the perovskite layer, likley by reducing 

the concentration of defects/traps and improving the charge-carrier dynamics. Although the 

improvement in electronic properties is clear, further investigation is underway to ascertain what 

extent these improvements are due to better structure, stoichiometry, and passivation at the 

surfaces/interfaces. 
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To demonstrate the newfound flexibility in 

device architectures afforded by lamination, 

devices which feature all-oxide transport 

layers (SnOx/MAPI/NiOx), an architecture 

that is generally inaccessable by 

conventional solution processing methods, 

were fabricated. A detailed optimization of 

substrate design and charge-transport layers 

was beyond the scope of this study; 

therefore, a simple substrate design (shown 

qualitatively in Figure 3a and with 

dimensions in the SI) was adopted. TEC 15 

FTO substrates were patterned via laser scribing, coated with either NiOx or SnOx and 

perovskite, and laminated as described in the SI, resulting in ~25 mm2 semi-transparent devices 

with a non-optimal ~800 nm thick MAPI active layer. The average device demonstrated a power 

conversion efficiency (PCE) of 9.6%, open-circuit voltage (Voc) of 950 mV, short-circuit current 

density (Jsc) of 20.2 mA/cm2, fill factor (FF) of 50.0 %, shunt resistance (Rsh) of 1044 Ω, and 

series resistance (Rs) of 59 Ω. The J–V curve and corresponding parameters of the champion 

device are shown in Figure 3b. While these devices realize PCEs that are not competitive with 

standard processing, the predominant efficiency loss can be attributed to the Rs (~59 Ω), which is 

much larger than that observed in devices that utilize a geometrically well-designed architecture 

(< 5 Ω). This high Rs, which is responsible for losses in measured voltage and thus has a 

detremental impact on the FF, is caused by the architecture utilized to facilitate the lamination 

Figure 3. (a) Device TCO architecture utilized 

to create devices (b) and champion device J–V 

curve and corresponding parameters. 
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process rather than the impact of lamination on the active layer itself. Namely, the use of two 

offset substrates with TCO pads causes the extracted current to flow an extra distance of at least 

7.5 mm through a 5.0 mm or 6.5 mm wide TCO on each side, where major resistive losses of 

~40 Ω occur (15 Ω/Square). Reducing Rs by using thicker TCO layers, a shorter distance from 

the active area to charge collection area, bus bars, or another strategy should drastically improve 

the measured PCE.  

It is evident that a combination of pressure and heat is capable of bonding the two perovskite 

thin films together. Devices made using this method perform at reasonable efficiency in the 

primitive device architecture implemented here and the absorption, EQE, XRD, and TRPL 

results all indicate slight improvements in properties of the laminated perovskite active layers, 

even when compared to samples with additional thermal input at 100 °C. These improvements 

are above and beyond those seen with additional thermal input at 100 °C. Additionally, they do 

not appear to be caused by pressure, as the pressure-induced red-shift documented in MAPI 

occurs at two orders of magnitude greater pressure (~0.18 GPa)31 and is accompanied by changes 

in XRD patterns32 that are not observed here. Noting that they the improvements seen in 

lamination appear similar to those reported for perovskites synthesized using covered-solvent 

annealing at 150 °C with excess MAI or MACl,15,33 we presume that these enhancements are due 

in part to the prevention or slowing of the thermal decay pathway decribed by Equation 1, 

allowing the thermal budget to be increased without inducing degradation. This decoupling of 

the positive effects of annealing from the negative byproduct of thermally-induced degradation is 

not achievable in standard processing of devices containing MA-based perovskites because 

temperatures sufficient for grain growth22 are also adequate to induce thermal degradation, 

forming PbI2 and organic gases that off-gas to allow degradation to proceed. Although many 
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mechanisms reasonably explain the improved properties of laminated samples, based on 

literature and our observations, it seems likely that the additional thermal input provided by 

lamination is sufficient to (a) cause the mobile A- and X-site ions of the ABX3 perovskite 

structure to inter-diffuse34,35, improving the stoichiometry within the grain by moving impurities 

to the grain boundaries, and (b) to partially thermally decompose the perovskite through a 

reaction similar to Equation 1, volatilizing and trapping in gases capable of partially solvating 

the perovskite between the two impermeable glass slides. These organic gases then mediate the 

bonding of any AX and BX2 impurities at the grain boundaries, increasing grain size and 

improving uniformity.15,33  

This method is supported by the XRD results. Specifically, the thermal load provided by a 20 

minute anneal at 150 °C should be sufficient to thermally decompose the perovskite and thus 

generate large amounts of PbI2,22–26 but the self-encapsulated format of lamination instead 

appears to improve crystallinity without any detectable increase in PbI2. In order to further probe 

this, two half stacks were laminated together inside a butyl-rubber barrier at ~300 psi and 150 °C 

on the hot press for 5 days. While the edges of the substrate showed visible signs of thermal 

degradation, the interior, where gases cannot escape, remained uniform and black rather than 

turning yellow, indicating no significant decomposition to PbI2. This suggests that the bulk of the 

MAPI material is intrinsically stable and off-gassing is required for typical thermal degradation 

pathways (e.g. Equation 1) to proceed.  

We have demonstrated a low-pressure and solvent-free lamination process at the perovskite–

perovskite interface. Using a combination of absorption, EQE, XRD, and TRPL techniques, it is 

shown that the developed lamination process developed marginally improves the electronic 

structure, reduces the number of defects, increases the crystallinity, and enhances the 
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photophysical properties of the perovskite layer. In addition to affording these improvements, the 

lamination platform demonstrated herein is attractive for enabling the integration of two 

completely new sets of devices: (1) devices less sensitive to the typical thermal budgeting and 

solvent compatibility constraints and (2) devices which utilize two different perovskite half 

stacks (e.g. MAPI and CH3NH3PbBr3 or CH(NH2)2PbI3) to form a perovskite–perovskite 

heterojunction or graded band gap. The former was demonstrated here to fabricate semi-

transparent devices employing two high-temperature oxide transport layers, SnOx and NiOx, 

which yielded an average efficiency of 9.6% and a maximum efficiency of 10.6% despite series 

resistance limitations from the substrate design and device structure; the latter is outside the 

scope of this work. Moreover, once optimized, the lamination procedure developed could be 

ideal for creating a self-encapsulated module architecture because the two impermeable glass 

substrates provide barriers that exclude extrinsic chemical species known to degrade the cell and 

trap in components that, if off-gassed, would result in perovskite decomposition.22–26 Finally, 

even in its nascent form, the method demonstrated herein can be employed to provide insight 

into the degradation of halide perovskite solar cells. This is particularly true for interfaces, as the 

independent processing of the two half stacks allows for each perovskite/charge transport 

material interface to be manipulated and analyzed independently prior to the formation of the 

complete solar cell. Combined with newfound access to device material combinations, this 

should allow for further investigation in areas such as the effect of alternate interfaces and 

transport materials and the discrepancy in efficiency between n–i–p and p–i–n architectures. 

Consequently, while optimization of the lamination device architecture is still required to yield 

devices of competitive efficiency, lamination provides a viable route moving forward to curtail 
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solvent incompatibility and thermal budgeting issues, and as such provides new opportunities for 

device optimization in conventional and semi-transparent configurations of interest in tandems.  
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