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Cooperative Research and Development Final Report 

Report Date: March 4, 2025 

In accordance with requirements set forth in the terms of the CRADA agreement, this document 

is the CRADA final report, including a list of subject inventions, to be forwarded to the DOE 

Office of Scientific and Technical Information as part of the commitment to the public to 

demonstrate results of federally funded research.  

Parties to the Agreement: Tandem PV 

CRADA Number: CRD-20-16914 

CRADA Title: Scribe and Interface Modification for Stable Halide Perovskite Modules 

Responsible Technical Contact at NREL: 

Joseph Luther | Joey.Luther@nrel.gov 

Name and Email Address of POC at Company: 

Colin Bailie | cdbailie@tandempv.com 

Sponsoring DOE Program Office(s): 

Office of Energy Efficiency and Renewable Energy (EERE), Solar Energy Technologies Office 

Joint Work Statement Funding Table showing DOE commitment: 

Estimated Costs 
NREL Shared Resources  

Government In-Kind 

Year 1 

Year 2, Modification #1 

Year 3, Modification #2 

Year 4, Modification #3 

$318,027.00 

$131,973.00 

$.00 

$.00 

TOTALS $450,000.00 

Executive Summary of CRADA Work: 

This project provided funding to NREL/Tandem PV by EERE-SETO and has the goal of 

improving perovskite module stability by at least a factor of 2 without sacrificing initial 

efficiency. This will be demonstrated using 3”x3” minimodules and will be tested according to 

the Innovation and Entrepreneurship Center (IEC) standards and demonstrated using outdoor 

testing. A CRADA was established between NREL and Tandem PV to address the goals for the 

funded effort. 

mailto:Joey.Luther@nrel.gov
mailto:cdbailie@tandempv.com
mailto:Joey.Luther@nrel.gov
mailto:cdbailie@tandempv.com
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CRADA benefit to DOE, Participant, and U.S. Taxpayer: 

• Assists laboratory in achieving programmatic scope, and/or 

• Enhances the laboratory’s core competencies, and/or 

Summary of Research Results: 

Here were the tasks under the CRADA that supported a DOE award.  All the tasks were 

conducted. A description of the work and results are in the attached award report. 

Task 1: Barrier materials identification and coating 

Identify and test barrier materials and compatibility with perovskite cell materials  

Description: This task focused on the following 

• Identify barrier material candidates (literature study) 

• Develop inks for deposition of the top candidates 

• Test compatibility and performance of top candidates. 

• Analysis used for this: (SEM), x-ray diffraction (XRD), Profilometry, UV-VIS 

transmission/reflection, conductivity, X-ray photoelectron spectroscopy (XPS). 

Multiple barrier materials were identified.  

Barrier materials required the following properties: 

1. Prevent diffusion of cell stack elements. Diffusion may be measured by multiple 

methods, including but not limited to XPS depth profiling, Auger spectroscopy, and 

SIMS. 

2. No chemical interaction with cell stack materials, i.e., no change in functional properties. 

Changes to functional properties may be measured by multiple methods, including but 

not limited to UV-Vis absorption, 4-point probe, scanning electron microscopy (SEM), 

atomic force microscopy (AFM) roughness, and solar simulation of solar cells. 

3. Provide some conductivity (P2) or insulation (P3). Conductivity/insulation properties 

may be measured by multiple methods, including but not limited to test structures 

including diodes and transistors, hall measurements, 4-point probe measurements, and 

non-contact mobility measurements. 

Solution processable without damaging the materials it is being deposited on. Damage may be 

measured by multiple methods, including but not limited to UV-Vis absorption, 4-point probe, 

profilometry, AFM roughness, and solar simulation of solar cells. 
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Task 2: Module Development 

Implement the barrier materials into functional modules 

Description: This task is focused on the implementation of the identified barrier materials into 

3”x3” mini modules. The barriers can be deposited locally in the scribe lines by, e.g., inkjet 

printing, or can be applied as a uniform coating on top of the to-be-protected layers through, e.g., 

blade or slot-die coating. The size of the module allows for each module to have several cells 

connected in series through their interconnects. Modules with and without barrier materials were 

made so that a direct comparison can be performed. Both module types were optimized for 

maximum power conversion efficiency (PCE) performance, and it is expected that the modules 

with and without barriers will have very comparable efficiencies. This allows for a good 

comparison of the stability of the modules. Even though the barrier inks developed in task #1 are 

developed with the deposition techniques in mind, as part of this task it is expected that some 

further optimization of the ink is required to achieve the appropriate wetting, adhesion, and 

material quality. 

Task 3: Durability testing 

Perform timed degradation testing in controlled environment and outdoors. 

Description: This task tests the modules made in task #2 under various environmental stress 

protocols. Most importantly, the modules were tested according to standards in IEC 61215 

(damp heat and thermal cycling). For these tests, the modules’ performance are measured before 

the stress test and then tested again after the stress. Additionally, the modules are tested to 

demonstrate how they behave under real-life conditions. When possible, modules are placed 

under load and tested regularly over a period of 2000 hrs. 

Task 4: Encapsulation 

Collect literature on encapsulated perovskite cells for various device stacks and determine the 

one best compatible with available equipment. 

Description: This task focuses on identifying an encapsulation method that minimizes 

degradation of the cell stack, i.e., the device layers. This task looks at glass-glass 

encapsulation using encapsulant materials, e.g., EVA, and edge seals, e.g., butyl rubber with 

getters. The identified material does not have to be the best material, but it should reduce 

degradation to a level that allows for deconvolution of the degradation caused in the PV stack 

versus degradation caused in the module interconnects. The encapsulation method tested uses 

devices with the same stack as used for the modules in task #3. 
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Task 5: Stakeholder engagement 

Conduct interviews with stakeholders and use acquired knowledge to maximize outcome of the 

project. 

Description: For this task, several entities (manufacturers, suppliers, and end users) were 

interviewed. Questions for them were regarding their interest in and concerns with the product. 

This allows us to prioritize the research and ensure that the final product matches best with what 

can be done, what is available, and what is required to make this a commercial success. 

References: 

None 

Subject Inventions Listing: 

None 

ROI#:  

ROI 19-80 (patent application in process) Chemical Vapor Deposition with Surface Modifier for 

Perovskite Encapsulation 

ROI 19-76 (U.S. Provisional Patent Application Serial No. 63/059,441) Compositions and 

Methods for Stabilizing Perovskite Interfaces 

ROI 18-106 (U.S. Patent Application Serial No. 16/571,344; PCT Application No. 

PCT/US19/51235) Mixed Three Dimensional and Two-Dimensional Perovskites and Methods of 

Making the Same 

  



5 

This report is available at no cost from NREL at www.nrel.gov/publications. 

Research Performance Progress Report (RPPR-1) 

Federal Agency Department of Energy 

Award Number CPS Agreement # 37251 

Project Title 
Scribe and Interface Modification for Stable 
Halide Perovskite Modules  

Principal Investigator 

Name: Joseph M. Luther 

Title: Senior Scientist  

Email address: Joey.Luther@nrel.gov 

Phone number: 303-384-6497 

Business Contact 

Name: Colin Bailie 

Title: CEO 

Email address: cdbailie@tandempv.com 

Phone number: 214-289-4070 

Submission Date Date:  

DUNS Number DUNS Number 

Recipient Organization National Renewable Energy Laboratory 

Project Period Start: 10/1/2020 End: 8/31/2022 

Reporting Period Start: 2/15/2022 End: 6/31/2021 

Report Term or Frequency  

Submitting Official Signature Electronic signature (i.e., Adobe Acrobat) 

Major Goals & Objectives1:  

The goal of this project is to improve perovskite module stability by passivating exposed scribe 

lines. Our hypothesis is that scribe-induced degradation is a major culprit for the stability of 

perovskite modules and through developed protection of the exposed area in scribes, we hope to 

improve the operational lifetime of perovskite modules, by a factor of 2 without sacrificing 

initial efficiency. This will be demonstrated using 1x3” mini modules and will be tested using JV 

scans and maximum power point tracking (MPPT).  

Project Results and Discussion2:  

First Year (BP1) Review 

In the first budget period of the scribe passivation project eight barrier materials were developed 

and tested to be compatible with the perovskite active layer as well as the hydrothermal 

liquefaction (HTL), emissions-to-liquids (ETL), and contact layers (TASK 1). These inks were 

developed to be inkjet-printed for localized coatings to infill perovskite module scribes. We 

developed three stressor tests that compared spin-coated barrier materials directly on perovskite 

to compare the effectiveness of a barrier to reduce degradation and the conversion of the 

 
1 See EERE 355 FARC Section IA2a 

2 See EERE 355 FARC Section IA2b 
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perovskite to lead iodide. The three stressor tests developed were a water drop test, a heat test, 

and a light soak test. 

The water drop test involved dropping 12 L deionized (DI) water droplets directly on the 

perovskite, or perovskite with a barrier layer, to visually test how quickly a conversion takes 

place. DI water on perovskite converts the phase from black to yellow within 3 to 4 seconds. The 

heat test involves placing perovskite samples directly on an 85C hot plate and comparing 

conversion times of the black to yellow change. Similarly, the light soak test is placing 

perovskite samples under an AM1.5 spectrum lamp (at about 0.7 suns) in ambient light and 

timing the conversion. 

Many barrier materials were able to slow the yellowing of the perovskite from the water drop to 

the order of minutes, and many barrier materials were capable of effectively reducing 

degradation for the light soak test, but many initial barrier materials were incapable of 

significantly reducing degradation due to the 85C hot plate. Eventually we tested CYTOP, an 

expensive, commercially made fluoropolymer. On its own, CYTOP performed well with all 

three tests, but when layered in combination with a terpineol and polyethyleneimine (TERPEI) 

solution, we got very effective results. The combination of CYTOP and TERPEI, in that order, 

led to what we call a super barrier (SB). 

The SB was extremely effective for all three tests. Water droplets were incapable of penetrating 

through the barrier films and would slide off the film like a windowpane if the sample was tilted. 

Furthermore, water drops left negligible damage if the droplet was left on the sample until it 

dried. For both the heat and light soak tests, our developed SB was also extremely effective. To 

the eye, there was an unnoticeable change to the SB sample after many hours of both the heat 

and light soak tests.  

Fig. 1 shows the difference between a control perovskite without a barrier layer and a perovskite 

coated with our developed SB. Ultraviolet-visible (UV-Vis) percent transmission data was taken 

to quantify the effectiveness of our barrier layer. Data was taken after 30 minutes of intense heat 

of 140C to imitate potential lamination and packaging temperatures. Then data was taken again 

after 160 hours at 85C. Fig. 1A and 1B clearly indicate with UV-Vis what is clear to the eye in 

Fig. 1C; that the control, after being subjected to 85C for 160 hours, had completely converted 

to a nearly transparent film, whereas the perovskite with our developed SB had not changed 

phases. To quantify the change, the absolute value of the change in percent transmission was 

calculated in comparison to after 30 min at 140C and after 160 hours at 85C. These values are 

displayed in the table in Fig. 1, suggesting that the control had degraded eight times more than 

our SB-coated sample. 
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Fig. 1: UV-Vis comparison of a control perovskite and a SB coated perovskite when on a hot plate 

for 30 min at 140℃ and after being on a hot plate for 160 hours at 85C. 1A: UV-Vis percent 

transmission graph of uncoated perovskite control at three allocated times. 1B: UV-Vis percent 
transmission graph of SB coated perovskite at three allocated times. 1C: Image of control 

perovskite and SB coated perovskite after 160 hours at 85C. 1D: Table of absolute value of the 

change of percent transmission values at allocated times. 

Up to this point, the CYTOP, TERPEI SB was the most successful barrier layer that we had 

developed. However, there are significant issues with this barrier layer beyond its experimental 

capabilities. CYTOP is not only very expensive (estimated $6,000 for 250 mL) but also had 

major lag times for shipping and therefore was concerning to be considered and applicable 

material for large-scale production. At this point the project was halted and renegotiated. 

Milestone 1 Review 

For the first milestone, the first step of the proposal had the general goal to take a wider look at 

materials and, rather than focus on localized inkjet printing, expand to doctor blading blanket 

coatings of barrier materials. First and foremost, to better understand the potential options, an in-

depth literature review was conducted. An Excel spreadsheet of literature reports for potential 

barrier materials used was shared with the DOE, and eight barrier materials from this list were 

selected and tested. The selected barrier materials were from material classes including styrenes, 

acrylates, carbonates, and siloxanes with an aim to identify a simpler/cheaper and effective 

coating material.    

We then evaluated the eight-barrier material’s ability to stabilize perovskite thin films under 

degradation mode tests developed in BP1 of the project as described above. Bare perovskite 

films were scribed to the indium tin oxide (ITO) surface both mechanically and by using a laser, 
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then coated with each barrier material. Optical mapping was used to examine the scribe area. In 

addition to the three stressor tests as described in BP1, a fourth test of the combined stressor of 

heat and humidity was added. 

Each of the barrier-coated films was placed under illumination of ~0.7 sun AM1.5 spectrum 

under ambient laboratory atmosphere for at least 50 hours and evaluated for color loss, indicating 

the time it takes for conversion from the perovskite phase to lead iodide. The films were also 

subjected to elevated temperatures of 85C for at least 100 hours, evaluating the amount of color 

loss or the time it takes for conversion from the perovskite phase to lead iodide. The third test 

was a water drop test measuring the time it takes for the water to penetrate and convert the 

perovskite phase to lead iodide. The 4th test was a combined heat and humidity test using a 

homemade controlled humidity apparatus on a hot plate to imitate an 85/85 chamber. Each 

degradation mode was evaluated with each barrier layer being compared to an uncoated 

perovskite and a PMMA- coated sample as controls.  

Table 1 below lists the eight barrier materials that were decided to be applicable from literature 

and were developed and tested. All the solution-processed barriers were deposited by blade-

coating, and each ink went through optimization experiments to ensure the best film formation 

for each barrier tested. Table 1 also shows the end results of all the tests and the times for 

conversions to take place. Numbers highlighted in red did not exceed the stability rate of the 

uncoated perovskite control. Numbers highlighted in green did exceed the stability rate of the 

uncoated perovskite control. 

Table 1: Comparison of the eight barrier materials coated onto bare perovskite samples with 
mechanical and laser scribes. An uncoated perovskite converts phases in four seconds from the 

water drop test, in 48 hours for the heat test and light test, and in 168 hours in 85/85 test. 
Conversion times well above the control were considered successful and are highlighted in green. 

Tests ran for 1,176 hours total. 
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The results of the four barrier layer tests compared to the perovskite control gave insight on the 

best barrier materials and which materials we wanted to select for the next milestone. Of the barrier 

materials tested PS, PMMA, SiOx, and Al2O3 were selected to study further on perovskite modules. 

Milestone 2 Review 

Having tested eight barrier materials, it was clear that four were exceeding the others. While the 

PEI/CYTOP SB worked well, cost and complexity issues led to the material’s elimination from 

the study. The four barrier materials that are not only capable of passing our stressor tests but 

also are also economical and commercially abundant are PS, PMMA, SiOx, and Al2O3. These 

barrier materials were then tested on the performance of perovskite modules and how they affect 

performance, if they infill or completely cover the exposed scribes, and their optical properties.  

Perovskite solar cells and components of perovskite solar cells were exposed to the potential 

barrier materials and their respective solvents. Each of the layers within a perovskite module is 

susceptible to degradation due to the interaction with the barrier material or its solvent. 

Perovskite submodules were built on 1”x3” substrates. Selected barrier materials were then blade 

coated onto perovskite submodules and inspected for degradation. Most importantly, the PCE of 

the module, using modules with a PCE floor of 10%, had to be maintained within 1% (absolute) 

of the starting efficiency (for example, a 12% module must be above 11% after coating).  The 

stacks were then investigated by optical microscopy, optical profilometry, SEM, stylus 

profilometry, and JV scans under solar simulation. Stylus and optical profilometry, as well as 

SEM, were used to investigate the P3 and P4 scribes and confirmed they are filled with the 

barrier materials with more than the minimum thickness of 50 nm. Optical constants were 

measured by ellipsometry to identify the optical constants of the barrier films. 

Module Barrier Layer Performance Test 

The most important goal for milestone 2.2.1. was achieving a PCE within 1% of the pre-coated 

performance. To satisfy this requirement, we made two separate batches of 10 1x3” IZO, semi-

transparent modules with seven submodules on each substrate as shown in Fig. 2. These 10 

modules were then aged five days. On the fifth day, all the barrier materials were applied to their 

respective modules. But before any barrier layer treatment was applied, all ten modules (70 

submodules) were measured for pre-deposition measurements. Then, all the materials were 

applied. Two modules were blade coated with PS, and two modules were blade coated with 

PMMA. Two modules were given approximately 50 nm of Al2O3 by atomic layer deposition 

(ALD). Two modules were given approximately 1000 nm of SiOx by thermal evaporation. The 

last two modules were left uncoated without a barrier material to be measured as a control. The 

two control modules remained in the same case as the blade-coated modules to experience the 

same ambient environment through the process. After all the modules were coated with their 

respective barrier materials, they were all measured again for post-deposition performance. 

Fig. 2 shows before and after the deposition of the barrier materials into modules (TASK 2). On 

each module are vertical and horizontal scribes. The vertical scribes are the P1, P2, and P3, used 

to put two solar cells in series to create a submodule. The horizontal scribes are the P4 scribes, 

which separate each module substrate into seven submodules. It is most important to note that 

there is no visible degradation to any of the scribes after the application of the respective barrier 
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materials. As a note, Fig. 2 only shows the first batch of modules that were tested. An entire 

second batch was also made to show repeatability for a total of 20 modules tested, 4 modules per 

treatment. 

 

Fig.2: 10 IZO top contact perovskite modules from the first batch created for milestone 2.2.1. 2A: 
10 completed modules as measured pre-deposition of barrier materials. 2B: 10 modules post-

deposition of respective barrier materials and controls that remained uncoated. Labels in image 
2B indicate the barrier material applied to each module. 

We then verified that the post-deposition PCE is within 1% of the module’s pre-deposition 

performance. Table 2 below shows the truncated version of the JV scan data for before and after 

the barrier layer deposition on the modules. More details of the JV scan data and a version of 

Table 2 that includes each submodule have been included in the appendix. Table 2 shows the 

averages before and after each barrier material deposition. The green boxes are the averages for 

PCE, Jsc, Voc, and FF. The orange boxes are the difference between PCE averages before and 

after the barrier material deposition. All values in the orange boxes are within the milestone 

object of 1% PCE. For the first batch, both PS and SiOx had no influence on the PCE, whereas 

PMMA dropped 0.43% and Al2O3 dropped 0.97%. In the second batch, the only change that was 

made was the Al2O3 deposition temperature was dropped from 60C to 50C, which also led to 

less of a loss in performance to 0.74%. The second batch showed that all PMMA, PS, and SiOx 

had no changes in performance, with each change being within measurement error. The results of 

Table 1 below summarize that the barrier materials PS, PMMA, SiOx, and Al2O3 all affect the 

module performance less than 1% PCE. Furthermore, the performance averages of each of the 

modules were well above the 10% PCE floor requirement. 
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Table 2: JV scan statistics before and after each type of barrier material deposition for two 
batches of 10 modules each. Green rows are the respective averages. Orange rows are the 

changes in performance. All modules post-deposition barrier material performance was within 
1%PCE of the pre-deposition PCE. The full version of the table with all the submodule 

measurements is included in the appendix. 

 

Proof of Infill: SEM of Barrier Materials in Module Scribes 

We next aim to show that the barrier material is in contact with the scribe walls by either fully 

filling the P3 and P4 or by showing a layer of the material at least 50 nm thick coating the walls 

inside the scribes. Optical microscopy and optical profilometry were insufficient methods to 

prove the infill of the scribe because both methods were imaging through the material. Stylus 

profilometry was also insufficient to prove an infill of scribes because the coated layers followed 

a similar geometry of the scribe since all the barrier layers were blanket coated. The best method 

we found to show infill and complete scribe wall passivation was cross-sectional SEM.  

Fig. 3 shows SEM images of the four barrier materials inside P2 and P3 scribes. These four 

images show each barrier material completely covering the side walls of the scribe; therefore, no 

perovskite is exposed. Fig. 3A shows the Al2O3 does not fill the scribe but maintains a precise 

thickness and film uniformity around the edges of the scribe. Figs. 3B, 3C, and 3D show PMMA, 

PS, and SiOx respectively. Each of these three barrier materials completely fills the scribe and 

encases the scribe sidewall with the barrier material. Furthermore, each of the barrier layer films 

in the SEM images maintains uniformity around the scribe corners to provide no ingress or 

egress. The behavior and quality of the films displayed below are representative of their behavior 

and quality throughout the entire 1x3” module substrate. The SEM images in Fig. 3 give the 

evidence needed to prove that the scribes have been fully encased in their respective barrier 

materials. 
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Fig.3: SEM images of Al2O3, PMMA, PS, and SiOx filling P2 and P3 scribes. 3A: SEM image of 
Al2O3 film fully covering sidewalls and bottom of P2 scribe with a known thickness of 50 nm (30K 

magnification). 3B: SEM image of PMMA film filling P3 scribe with thickness varying from 1.33m 

on top of the module to 1.59m in the scribes (20K magnification). 3C: SEM image of PS film filling 

P2 scribe with thickness varying from 1.40m on top of the module to 2.07 m in the scribes (20K 

magnification). 3D: SEM image of SiOx film filling P3 scribe with a known thickness of 1000 nm 
(20K magnification). 

 

Scribe infilling was also evaluated and presented using optical microscopy which provided 
sufficient insight to convince we more rapidly that the material was deposited in the scribe 

without need to utilize electron microscopy.  
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Barrier Films Optical Properties 

We have shown that the barrier films do not affect PCE performance beyond 1% and that the 

films are completely encasing the exposed perovskite in module scribes. The last requirement of 

milestone 2 was to find the optical properties of the barrier films. Ellipsometry measurements 

were taken to understand the barrier films’ refraction index, n, and extinction coefficient, k. 

Films were blade-coated on blank 1x3” microscope slides, with an additional blank microscope 

slide being used as the substrate baseline for the n and k calculations. Fig. 4A shows the four 

barrier materials on blank glass microscope slides. From left to right, the barrier layers are Al2O3, 

SiOx, PMMA, and PS. Aside from SiOx, all barriers are transparent. Future experiments will test 

SiOx thicknesses to optimize percent transmission with module stability. Fig. 4B shows the 

calculated n and k values from ellipsometry measurements using the Cauchy model for Al2O3, 

the Cody Lorentz model for SiOx, the Cauchy model for PMMA, and the GenOsc model for PS. 

The values shown in Fig. 4B represent the values at wavelength 371 nm and at 1596 nm. A 

steady and gradual change between these values occurs within the wavelengths 372 nm to 1595 

nm and is within the range of the listed values. The ellipsometry measurement calculations of n 

and k show that SiOx has the highest refraction index and extinction coefficient. 

 

Fig.4: Ellipsometry samples and calculated n and k values for wavelengths 371nm to 1596nm. 4A: 
Four samples prepared for ellipsometry measurements. From left to right: Al2O3, SiOx, PMMA, 

PS. 4B: The calculated values of the refraction index, n, and extinction coefficient, k. The Cauchy 
model was used for Al2O3, the Cody Lorentz model for SiOx, the Cauchy model for PMMA, and 

the GenOsc model for PS. 

Impact3:  

Although much work has been done to address Perovskite Solar Cell (PSC) degradation, to 

facilitate TandemPV’s semitransparent PSC module product, we must address degradation and 

performance factors inherent to module interconnects (TASK 3).  

 
3 See EERE 355 FARC Section IA5 
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Our product design uses a non-metallic top contact, so we do not expect metal-migration- 

induced ion exchange at our P2 scribes; many of the most stable modules reported use 

alternatives to metal electrodes such as ours (Yulia Galagan 2020, J. Phys. Energy 2 021004). 

Recent work (ACS Appl Energy Mater. 2019, 2, 6097-6101) indicates that MAI, MAPbI3, and 

FAPbI3 etch ITO interfaces, causing In3+ ions to leach into the perovskite layer in the form of 

InI3. Therefore, we tested for P2-related degradation in our modules, especially contact 

resistance increases that could indicate ion exchange at IZO-perovskite interfaces. 

We blanket-coated barrier materials to protect perovskite materials that have been exposed by 

the P3 scribe. The materials exposed by the P3 scribe can experience accelerated degradation due 

to oxygen exposure, moisture ingress, and the release of volatile perovskite species in the 

presence of heat or light. As seen in Fig. 5, the P3 scribe sees the formation of PbI2 after over 24 

hours of light soaking in the presence of oxygen and moisture. 

 

Fig. 5: After light-soaking under AM 1.5 G solar light for over 24 hours, perovskite near P3 scribe 
degrades to lead iodide. Left: Bright Field image Right: Dark Field image. 

Q3 milestone: Build submodules using 1”x3” substrate with minimum PCE>11% and FF>60% 

coated with the most promising blade coated barrier layer and test its MPPT stability compared 

to submodules coated with a control barrier layer (such as PMMA) as well as submodules without 

a barrier layer demonstrating a 50% improvement in MPPT stability. 

• Use the MPPT system in the Tandem PVs laboratory in California to track the submodule 

performance of modules with and without barrier materials. 
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Identify >2 encapsulation schemes 

This task (TASK 4) was completed early in BP1 and looked at glass-glass encapsulation using 

encapsulant materials, e.g., EVA, and edge seals, e.g., butyl rubber with getters. The identified 

material aimed to reduce degradation to a level that allows for deconvolution of the degradation 

caused in the PV stack versus degradation caused in the module interconnects. However, it was 

decided that encapsulation using glass-glass edge seals was counterproductive to rapidly 

assessing barrier materials. The goal of the barrier materials and scribe infilling was to further 

slowdown the degradation beyond that of the encapsulation. Thus, to more rapidly assess barrier 

and scribe infilling procedures, we elected to study devices and materials without full 

encapsulation to really see the effects of the barrier when exposed to moisture or oxygen, which 

skirted the outer encapsulation scheme.  

Nonetheless, the milestone was completed by evaluating established encapsulation schemes and 

their feasibility to be combined with scribe infilling.  

Scheme one involved the conventional polyisobutylene edge seal to seal a back sheet glass onto 

the substrate. This is a common scheme used in other thin film PV technologies like CdTe. The 

polyisobutylene is impregnated with desiccant to slow the ingress of moisture. This seal provides 

30-year protection when the edge seal is 1 cm wide.  

Another concern is the polymer back sheet, which fills the void between the two pieces of glass 

and holds the top of the perovskite module to that of the back glass. Traditional EVA polymers 

used in this case have shown acetate degradation in perovskite materials but in our instance can 

be replaced with polyolefins. It was determined and reported to DOE that scribe infills proposed 

in this work should not alter the back sheet function in this scheme.  

The second encapsulation scheme involves simple evaporation of silicon monoxide, which was 

leveraging other work done in the Luther group at NREL. It was found that a 1-micron thermal 

evaporation of silicon monoxide on the rear of a finished solar cell provides protection against 

oxygen and moisture, among other things. It was presented that an encapsulation scheme like this 

could either be the infill and encapsulation or could supplement the infill by further 

encapsulating. This scheme is not limited to SiOx, as ALD oxides could also be deposited on top 

of the finished device stack for encapsulation purposes.  

Again, the goal of this task is to identify how the devices with infilled scribes would merge with 

final device encapsulation. Both strategies are additive and not envisioned to affect the role of 

the scribe infilling.  
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Stakeholder engagement 

Tandem PV employee Chris Eberspacher conducted phone interviews with stakeholders and 

reported his findings and conclusions with Program Managers at DOE. This process occurred 

throughout the project (TASK 5). The interview reports detail three categories of engagement 

with three representatives (potential pilot customers, supply chain, and manufacturing experts). 

• Potential pilot customers are intended to assess value 

• Supply chain stakeholders are intended to assess bottlenecks in scaling and  

• Manufacturing experts are intended to assess manufacturing ease/difficulty.  

Perovskite PV offers incredible promise due to its inexpensive processing and high performance, 

but improving stability is required for commercialization. This project addresses a concept to 

improve perovskite PV module stability. As part of this project, a commercial partner is 

interested in using the materials and methods developed in this project in their development of 

perovskite PV. 

During this project, we conducted interviews with potential pilot customers, supply chain, and 

manufacturing experts to assess value, bottlenecks in scaling, and manufacturing ease/difficulty. 

Investor/Customer 

• Customer/investor U.S. utility company in Sept. 2021. The investor funded a portion of 

the cost share on this project. Wants to create a tandem module offering for utility 

customers. 

• U.S. national installer in April 2021. Motivated primarily by efficiency and price. 

Manufacturer proprietary technology and lab results are unimportant to purchasing 

decisions. 

• U.S. regional residential installer in April 2021. Motivated primarily by "watts" and 

warranty. Wants to offer higher-efficiency modules, ergo keen on tandems. Ditto on tech 

& lab results. 

• U.S. regional residential installer in April 2021. Motivated by warranty and 

watts/efficiency. Wants to do pilot testing of tandem modules. Ditto on tech and lab 

results. 

Supply Chain 

• U.S. regional solar equipment distributor in April 2021. It’s primarily by "watts" and 

warranty. 

• Supply chain interviews delayed until down-select barrier layer compositions 

Manufacturing 

• U.S. university researcher in October 2021 confirmed degradation at P3 scribe is limiting 

factor. 

• Manufacturing interviews delayed until down-select blanket versus local barriers 
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Participants & Collaborators4: 

• Kyle Reiter – NREL – Research Technician – Barrier Layer Development and 

Deposition, Stability Testing, Sample and Device Characterization 

• Colin Bailie – Tandem PV – CEO 

• Chris Eberspacher – Tandem PV – Managing Director  

• Timothy Gehan – Tandem PV – Senior Research Chemist / Site Lead – Technical Project 

Oversite, Sample and Device Preparation, Module Scribing, Data Analysis 

• Cody Sharp – Tandem PV – Research Technician – Film coating, Module Film 

Depositions, Perovskite Ink Development 

• David Maloney – Tandem PV – Research Chemist – Sample preparation, Sample 

Characterizations, Perovskite Ink Development 

Appendix 

Table 3: JV scan statistics before and after each type of barrier material deposition for first 

batch of 10 modules each. Green rows are the respective averages. Orange rows are the 

changes in performance. Expanded version of table 2 batch 1. Includes measurements of all 

seven submodules (columns in blue) for each module. 

 

 
4 See EERE 355 FARC Section IA4 
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Table 4: JV scan statistics before and after each type of barrier material deposition for 

second batch of 10 modules each. Green rows are the respective averages. Orange rows are 

the changes in performance. Expanded version of table 2 batch 2. Includes measurements 

of all seven submodules (columns in blue) for each module. Second control module was 

dropped and broke during the study. 

 
 

 

Fig. 6: JV scans before and after each type of barrier material deposition for specific submodule 
as listed in table 4. Forward and reverse scans suggest minimal hysteresis. Post-deposition scans 

are directly in line with pre-deposition scans apart from Al2O3. 
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