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ABSTRACT 

Satellite miniaturization continues to create lower cost, faster paced, and higher risk tolerant options for space 

missions. While very capable, the size of these small spacecraft has restricted both advanced missions as well as small 

spacecraft traveling deeper into space. To improve technical and distance capabilities, more work (i.e. sensing, 

processing, communication, power generation, etc.) must be done from less resources (i.e. mass, volume, surface area, 

etc.). This is a particularly difficult challenge for power generation. To achieve higher power generation without 

significantly affecting spacecraft size, mass, and volume, traditional solar array concepts are being adapted to fully 

thin-film assemblies. Many of the thin-film materials that are used in these assemblies have been tested to simulated 

space environments on the ground, but little data exist for on-orbit performance and survivability. Herein, results from 

an in-space materials exposure experiment are detailed. This mission was conducted on the ‘Materials International 

Space Station Experiment Flight Facility’ and included copper indium gallium (di)selenide solar cells, inverted 

metamorphic multijunction solar cells, as well as various coatings thereof. Current-Voltage data taken both before and 

after the mission exposure are presented and compared to ground test results to elucidate degradation mechanisms and 

recommend development needs to extend the lifetime of these thin-film photovoltaic assemblies.  
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1. INTRODUCTION 

Satellite miniaturization continues to create lower cost, faster paced, and higher risk tolerant options for space missions 

[1-3]. Small spacecraft continue to grow in popularity and are of significant interest to government, scientific, 

exploratory, and commercial missions alike [4, 5]. NASA currently classifies small spacecraft or “SmallSat” to be 

spacecraft with a mass less than 180kg, which incorporates minisatellites, microsatellites, nanosatellites, picosatellites, 

and femtosatellites [1]. The large body of research and development within government, academia, and industry has 

greatly advanced small spacecraft technologies and, as a result, their mission capabilities [1-3]. However, the electrical 

power systems remain a bottleneck in small spacecraft bus design, mission capability, and operational distance from 

the sun. This drives the need for advanced power generation, storage, and distribution architectures.  

 

To achieve higher power generation without significantly affecting the spacecraft resource allocation, traditional solar 

array materials and their supporting deployment mechanisms are being adapted to do more from less. One option to 

accomplish this is through the utilization of thin-film materials. The use of thin-film based solar arrays for spacecraft 

applications has long been recognized as an advantageous power generation option [6-11]. Thinner materials yield 

mass savings, equating to lighter launch loads and more payload allocation. Perhaps, more importantly for small 

spacecraft, their mechanical flexibility lends itself well to advantageous stowage and deployment designs. These 

benefits make thin-film arrays an exciting prospect to solve the inherent small spacecraft challenges discussed above. 

Though several larger scale thin-film or partial thin-film arrays are in development [12], sub-kilowatt thin-film arrays 

– optimized for small spacecraft – remain in need. The Lightweight Integrated Solar Array and anTenna (LISA-T) 

(Figure 1), being developed at NASA’s George C. Marshall Space Flight Center [13-15], seeks to fill this technology 

gap.  

 

 
Figure 1: Depiction of LISA-T planar array configuration. 

 

The LISA-T array has been ground tested to ‘Technology Readiness Level 6’, meaning subsystem prototypes have 

been tested in relevant, simulated space environments such as particulate radiation, thermal cycling, atomic oxygen, 

and the like [15]. To better understand these results as well as to further build an operational performance and 

survivability model, a Low Earth Orbit (LEO) exposure test was conducted. The Materials International Space Station 

Experiment Flight Facility (MISSE-FF) was utilized for this experiment. The MISSE-FF is a modular and robotically 

serviceable external facility that is located on the International Space Station (ISS) Express Logistics Carrier-2 Site 3 

(ELC-2 Site 3) [16]. It provides ram, wake, zenith, and nadir exposures in the LEO environment at the ISS altitude 

[16]. Samples are sent and installed in the flight facility and are later retrieved and returned to Earth for further study. 

Of significant advantage to MISSE-FF is that samples are exposed to the true, combined environments of space – i.e. 

particulate radiation simultaneously with thermal cycling, atomic oxygen, ultraviolet radiation, and the like. This 

contrasts to the typical single, sequential exposure of ground testing – i.e. particulate radiation then thermal cycling, 

atomic oxygen, ultraviolet radiation, and the like. Herein results from the MISSE-FF mission comprising LISA-T core 

materials, solar cells, and stack-ups thereof are detailed. 

2. EXPERIMENTAL SETUP 

Figure 2 depicts the LISA-T MISSE-FF mission plate. In total, 25 samples were tested. Group (a) are bare and witness 

materials including CORIN XLS with a glass additive, Novaclear with a polyhedral oligomeric silsesquioxanes 

(POSS) additive, Optinox SR with POSS additive, and a Kapton covered radiation dosimeter. Group (b) are copper 



 

indium gallium (di)selenide photovoltaic devices (supplied by Ascent Solar) [17]; bare cells as well as cells coated 

with CORIN XLS, CORIN XLS with ceria additives, and CORIN XLS with glass additives were included. Lastly, 

group (c) are inverted metamorphic multijunction (IMM) photovoltaic devices (supplied by Microlink Devices) [18]; 

bare cells as well as cells coated with Optinox SR and Optinox SR with a POSS additive were included.  

 

 

Figure 2: LISA-T MISSE-FF mission plate (a) bare materials and witness samples, (b) copper indium gallium (di)selenide 

solar cells, (c) inverted metamorphic multijunction solar cells.  

The LISA-T MISSE-FF plate flew for 1-year on the Zenith facing side of the carrier during the MISSE-10 mission. 

The experiment was completely passive, meaning performance and other key measurements were made in the lab 

both pre and post Zenith exposure; no active measurements were made on-orbit. The mission plate spent a total of 

6,000.9 hours opened and exposed, with some of that time in sun, some in eclipse, and some in a solar shadow caused 

by the flight facility orientation. The MISSE sample carriers were closed during visiting vehicle operations, to 

minimize contamination; however, the LISA-T samples remained under the vacuum of space and experienced some 

thermal cycling and particulate radiation exposure, but no Ultraviolet (UV) or Atomic Oxygen (AO) exposure, during 

these times. Table 1 summarizes the estimated material exposures per relevant environment.  

 
Table 1: MISSE-10 LISA-T Mission Plate Environmental Exposure Summary 

Environment Estimated Exposure Source 

Ground Exposures   

Bake Out 60°C for 24hrs at 10-6 Torr Lab, as measured in chamber 

Humidity  
<50% Relative, <24 hours 

exposure 
Lab, tracked by humidity sensors 

On orbit Exposures   

1MeV-eq Electron 

Radiation 

~4.40x1012 e-/cm2 1MeV 

equivalent 

LEO, as estimated by SPENVIS, 

includes electrons, trapped proton, and 

solar proton components 

100keV Proton 

Radiation 
~ 6.40x1010 p+/cm2 

LEO, as estimated by SPENVIS, single 

low energy breakout given for reference 

Ultraviolet Radiation ~3,000 ESH 
LEO, as estimated by solar exposure 

measurement and shadow modeling 

Atomic Oxygen 1.66x1020 atoms/cm2 LEO, as measured by Kapton Witness 

Thermal Cycling ~5,840 cycles -40 to +40°C LEO, as measured on mission plate 

 



 

6 

Environments were either directly measured or estimated based on modeling data. The bake out environment was 

directly measured as run in the ground chamber. Relative Humidity (RH) exposure was minimized, but not eliminated. 

The approximate exposure was estimated by using RH sensors as samples were open in the laboratory environment. 

Note, once integrated to the mission plate, the assembly was stored in a nitrogen purge bag. It remained in this bag 

through spacecraft integration, launch, and delivery to the ISS. Total radiation dose was measured on orbit via a 

dosimeter which was included on the LISA-T plate (Figure 3) and was further broken out into estimated electron and 

proton components via the SPENVIS [19] modeling suite. The 1MeV equivalent electron fluence is used for analysis 

herein and includes the total electron contribution, the total trapped proton contribution, as well as the solar proton 

contribution as defined by SPENVIS. Ultraviolet radiation has components of both measurement and estimation. The 

plate’s solar exposure was tracked and measured on orbit, however, shadowing from ISS components and the MISSE-

FF also occurred and was accounted for via modeling. Atomic oxygen was measured directly by utilizing a Kapton 

witness (Figure 3). The atomic oxygen erosion of Kapton is well known [20, 21] and pre/post measurements of the 

witness sample enabled determination of the mission exposure. Lastly, thermal cycles were measured on orbit directly 

on the mission plate via thermocouple devices.  

 

 

Figure 3: Images of dosimeter + Kapton witness setup (a) on orbit via the flight facility camera and (b) post flight 

laboratory image.   

3. MEASURED RESULTS 

Figure 4 shows the pre and post images of the LISA-T MISSE mission plate. Many coloring differences can be 

observed in the material groups as well as the metal plate itself.  

 

 

Figure 4: Pre-flight (a) and post-flight (b) images of the LISA-T flight plate.  

CIGS Solar Cells  

Figure 5 shows sample pre- (a) and post- (b) images of the CIGS assemblies: (i) bare CIGS, (ii) CIGS with CORIN 

XLS, (iii) CIGS with CORIN XLS and glass nanoparticle additives, and (iv) CIGS with CORIN XLS and ceria 

additives.  



 

 

Figure 5: Pre- (a), post- (b) flight, and device under test (c) of the CIGS MISSE samples. (i) is a bare CIGS cell, (ii) CIGS 

with CORIN XLS, (iii) CIGS with CORIN XLS and glass nanoparticles, and (iv) CIGS with CORIN and Ceria additives. 

Figure 6 shows pre- and post-IV curves for each of the CIGS assemblies. Measurements were taken on 4-wire Air 

Mass-0 setup (Figure 5c) which was carefully controlled via three mechanisms. First, the spectral components and 

integrated intensity of the light source were controlled via measurement from a spectroradiometer. Second, each 

individual measurement was controlled with a simultaneous, real-time measurement of a ‘control’ solar cell to monitor 

test-by-test fluctuations. Finally, witness samples were maintained for each flight solar cell and were also measured 

as Devices Under Test (DUTs). These witness samples saw all the same ground environments as well as the same 

handling as the flight samples – the key difference being that they were stored under nitrogen while the flight samples 

were exposed in space. This allowed pre- and post-IV differences to be isolated to the space environments and gave 

further control on the I-V measurements. Table 2 summarizes the primary results of these measurements.  

 
Table 2: Degradation data for LISA-T MISSE flight assemblies. The percentages represent post divided by pre. 3x 

samples measured for each.    

 Pmax Isc Voc FF 
Coating 

Thickness 

CIGS Bare 77.5% 96.0% 96.3% 83.8% 0µm 

CIGS CORIN XLS 92.2% 98.6% 98.3% 95.1% 12.3µm 

CIGS CORIN XLS w/ Glass 

additive 
92.1% 90.4% 101% 100% 24.9µm 

CIGS CORIN XLS w/ Ceria 

additive 
86.6% 92.3% 96.7% 97.1% 11.0µm 

      

IMM Bare 78.3% 94.5% 90.6% 91.3% 0µm 

IMM Optinox SR 79.0% 80.1% 98.2% 100.4% 20.4µm 

IMM Optinox SR w/ POSS 

additive 
77.0% 75.1% 96.8% 105.9% 27.5µm 

  

In Figure 6a a large degradation of the bare CIGS device can be observed. Degradation in short circuit current (Isc), 

open circuit voltage (Voc), fill factor (FF), and, thereby, max power (Pmax) is noted (Table 2), with ~77.5% output 

power reaming after the LEO flight. The addition of both CORIN XLS as well as CORIN XLS with glass to the 

modules significantly increased the power remaining to ~92% (Figure 6b, c). Unexpectedly in comparison, the 

addition of CORIN XLS with ceria showed a more modest improvement to 86.6% (Figure 6d).  
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Figure 6: Pre- and Post-flight I-V data for (a) bare, (b) straight CORIN, (c) CORIN with glass additives, and (d) CORIN 

with ceria additives. 

Utilizing the environments defined in Table 1 as well as the ground testing results in ref [15] the primary causes of 

the on-orbit degradation profile can be understood. The humidity exposure was proven to be of little consequence 

through the witness samples, which saw the same humidity environments but displayed no degradation. It is worth 

noting though, that longer exposures to higher humidity levels can indeed degrade CIGS modules [15]. Similarly, it 

is expected that the thermal ranges seen during the ground bakeout as well as those through on orbit cycling were also 

benign to the CIGS assemblies. While the exact, lowest beneficial thermal treatment temperature is currently not 

known, it is known that post manufacturing treatment as well as post radiation thermal exposure at temperatures as 

low as 100°C actually improve performance and, more importantly here, it is not until much higher temperatures that 

performance is degraded [15]. It is unclear if the 40-60°C temperature exposure benefitted the assemblies but is not 

expected to have contributed to any degradation. The modest electron radiation levels seen during the MISSE exposure 

(~4.40x1012 e-/cm2 1MeV equivalent) were also not expected to have significantly affected the CIGS modules, as can 

be seen in figure 15 of ref [15]. In fact, it is not until fairly high fluences, >5x1014 e-/cm2 1MeV equivalent dose, that 

degradation is noted [15]. This radiation robustness of CIGS has also been reported elsewhere [22, 23]. The same is 

expected for proton radiation. While the current model of trapped protons does not include highly damaging energies 

below 100keV, it is expected that the total fluence at these low energies is well below the 1x1012 p+/cm2 where bare 

CIGS modules begin to degrade. Further, ref [15] shows that the thin-film coatings used herein are robust enough to 

block proton energies <~800keV and protect cells through reasonably high fluences. UV, however, has a significant 

effect on CIGS modules, as seen in ground testing (figure 23 of ref [15]). And, as will be shown below, AO exposure 

is also thought to have significantly contributed to the degradation on the bare modules. 

 

Bare CIGS Modules: Figure 7 shows the I-V of a representative bare CIGS module through accelerated ground testing 

of UV exposure (230 to 400 nm at ~1 to 1.6x equivalent suns). Notably, the degradation of the short circuit in the 

ground tested base CIGS cells was ~3-4% after nearly 3,000 equivalent sun hours (ESH) UV exposure, closely 

matching that of the Isc degradation of the flight samples. This likely accounts for the current loss seen on the MISSE 

flown samples. 



 

 

Figure 7: I-V data of a bare CIGS solar cell through accelerated ground testing of UV exposure. 

Conversely, the open circuit voltage of the MISSE flown bare CIGS module was significantly less degraded with the 

fill factor significantly more degraded than is explained by UV exposure alone, indicating additional, concurrent 

effects (Figure 6a compared to Figure 7). The FF is likely a result of AO exposure and resulting erosion and/or 

oxidation of the top layers including electrode fingers. AO has not been directly tested on bare CIGS modules, 

however, visual erosion and evidence of oxidation on the flight samples is consistent with that of samples left open 

for extended exposure in the laboratory as well as samples put through an intentional, high relative humidity exposure 

ground test. Figure 8a shows an enlarged view of a MISSE flown bare CIGS sample, with the red arrow highlighting 

a particularly noticeable area of erosion and oxidation. Figure 8b shows I-V data for ground tested bare CIGS cells 

held through 80% relative humidity (RH) and 27°C for a 10-day exposure. Coloring change and oxidation evidence 

similar to Figure 8a(i-ii) was noted in this ground test. Figure 8b shows degradation only in the FF, consistent with 

increased solar cell resistances and gives supporting evidence explaining the additional FF decrease of the flight 

samples.  

 

 

Figure 8: (a) MISSE bare CIGS sample (enlarged) pre- (i) and post-flight (ii). (b) Representative I-V response of bare 

CIGS grounded tested in 80% RH, 27°C for 10 days.  

The reasoning behind the unexpectedly lower degradation of the flight sample Voc is unknown. It is speculated that 

the 60°C upper temperatures seen are orbit are enough to anneal benefit the Voc, however, this has not yet been 

attempted in a laboratory test.  

 

Coating the bare CIGS assembly with both CORIN XLS as well as CORIN XLS with glass additives significantly 

improved the LEO environmental stability of the CIGS module. Both coatings showed ~92% power reaming after 

flight, however, the different coatings showed different degradation profiles. As seen in Table 2, CORIN XLS showed 

modest degradation across all three I-V components while CORIN XLS with glass showed degradation only in Isc 

with a slight increase in Voc. 

 

CORIN XLS CIGS Modules: Figure 9 shows I-V data for a representative CORIN XLS coated CIGS assembly though 

accelerated ground testing of UV. When compared to bare modules in Figure 7, Voc and FF degrade significantly less 

during the same period. This is due to the protection given by the coating, which absorbs a significant portion of the 
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CIGS damaging UV. However, because of this UV absorption, a yellowing of the CORIN polyimide occurs, 

decreasing transmission and the Isc of the module. Advantageously, The Isc on coated assemblies degrades much more 

slowly than the Voc and FF on uncoated cells, yielding a net benefit through the coating. It is expected that some 

components of the UV band still reached the MISSE flight CORIN XLS modules given the relatively thin coating 

(~12.3µm), contributing to the Voc and FF losses observed. CORIN XLS also gives excellent protection against 

Atomic Oxygen [24], negating the erosion and oxidation effects seen on the FF of bare modules. As observed in 

Figure 5-ii no significant visual difference was seen pre- versus post-flight, in stark contrast to the bare modules.  

 

 

Figure 9: I-V data of a CORIN XLS coated CIGS module through accelerated ground testing of UV exposure. 

The FF degradation of the CORIN XLS CIGS modules can be explained entirely by UV exposure, however, both the 

Isc and Voc cannot. The Isc of the flight CORIN XLS CIGS samples degraded significantly less than expected based on 

ground testing in solely UV exposure – ~90.1% Isc remained after ground testing while ~98.6% remained on orbit. 

This difference is attribute to net positive, synergistic effects of AO erosion. While CORIN does not erode rapidly, it 

erodes nonetheless and it is believed that as the UV yellows the top layers of the CORIN film, the AO subsequently 

erodes some of this damage away, causing the degradation on orbit to significantly lag that of UV-only testing on the 

ground. The Voc on orbit also degraded modestly less than UV-only ground test samples – ~96.4% remained after UV 

ground testing while 98.3% remained on orbit. This is consistent with the lower overall Voc degradation observed from 

the bare CIGS modules and requires further investigation.  

CORIN XLS w/ glass CIGS Modules: While CORIN XLS with glass additive coated CIGS modules showed a similar 

end Pmax to that of straight CORIN XLS (Table 2), the I-V performance details differed. The FF of the CORIN XLS 

with glass showed no change and Voc the showed modest improvement. This variance is believed to stem from the 

unintentional thickness difference of the coatings. It is likely that the additional thickness of the glass doped CORIN 

XLS (24.9µm) blocked more UV and, thereby, further protected the FF and Voc. It is theorized then that thicker 

coatings of straight CORIN XLS would achieve similar results. The improved Voc is again observed consistent with 

bare and straight CORIN modules, with this assembly reaching 101% on the post measurement.  

 

The Isc of the glass doped CORIN XLS, however, significantly lagged that of straight CORIN XLS. Two mechanisms 

are suspected. First, the thicker coating absorbs more UV and yellowed more significantly, decreasing transmission 

and, thereby, Isc. Secondly, and more importantly, a clear visual difference can be seen in the pre- and post-flight 

module images (Figure 10). A hazing is observed and attributed to an interaction between the glass nanoparticles and 

AO. This hazing is reducing light transmission and, thereby, Isc.  

 

Figure 10: Enlarged view of Pre- (a) and Post-flight (b) images of CORIN XLS with glass additive coated CIGS modules. 



 

CORIN XLS w/ ceria CIGS Modules: The CORIN XLS with ceria additive coated CIGS modules showed anomalous 

behavior when compared to straight CORIN XLS as well as CORIN XLS with glass; however, more closely matched 

ground tested modules. Figure 11 shows accelerated ground testing of CORIN XLS with ceria coats modules through 

UV. The degradation profile is consistent to that of the MISSE flight assemblies with the same coating. When 

compared to both straight CORIN XLS as well as CORIN XLS with glass flight samples, however, the CORIN with 

ceria modules did not show the improved Voc when compared to their ground tested counter parts.    

 

 

Figure 11: I-V data of a CORIN XLS with ceria additives coated CIGS module through accelerated ground testing of UV 

exposure. 

IMM Solar Cells 

Figure 12 shows sample pre- (a) and post- (b) images of IMM solar cell assemblies: (i) bare IMM, (ii) IMM with 

Optinox SR, and (iii) IMM with Optinox SR and POSS additives. IMM samples were measured and controlled (Figure 

12c) in the same manner as the CIGS modules.  

 

Figure 12: Pre- (a), post- (b) flight, and device under test (c) of the IMM MISSE samples. (i) is a bare IMM cell, (ii) IMM 

with Optinox SR, and (iii) IMM with Optinox SR with a polyhedral oligomeric silsesquioxanes additive. 

Figure 13 shows pre- and post-flight 4-wire IV curves for each of the IMM assemblies. Clear degradation in all three 

assemblies is observed. Per Table 2, all three assemblies degraded to a very similar end state through the flight 

experiment – ~77% to 79% Pmax remaining. However, the degradation profile of both the Optinox SR as well as the 

Optinox SR with POSS assemblies differed significantly from that of the bare IMM. Revisiting the environments 

defined in Table 1 as well as the ground testing results in ref [15] the primary causes of on-orbit degradation can be 

understood. 



 

12 

 

 

Figure 13: Pre- and Post-Flight I-V data for (a) bare, (b) straight Optinox, and (c) Optinox with POSS. 

Consistent with the CIGS assemblies, the humidity exposure was proven to be of little consequence through the 

witness sample measurements, which saw the same humidity environments but displayed no degradation. It is also 

expected that the thermal ranges seen during bakeout as well as on orbit were also benign to the IMM cells. As can be 

seen in figures 17 and 19 of ref [15], the IMM cells can survive temperatures as high as 170°C without degradation 

and, much like the CIGS modules, even exhibit performance improvement with post radiation annealing at least as 

low as 100°C. It is again unclear if the 40-60°C temperature exposure benefitted the assemblies but is concluded the 

thermal exposure did not significantly contribute to any degradation. Also similar to the CIGS modules, the modest 

electron radiation levels seen during the MISSE exposure (~4.40x1012 cm-2 1MeV equivalent) is not expected to have 

significantly affected the IMM assemblies, as can be seen from the ground testing in figure 15 of ref [15]. However, 

in contrast to CIGS modules, the bare IMM cells are significantly more susceptible to low energy proton damage, at 

least at fluences of ~7x1010 cm-2 and likely lower depending on energies [15]. Also in contrast to CIGS modules, the 

bare IMM is not influenced by UV, however, the Optinox SR coating is expected to yellow under exposure, as seen 

in figure 23 of ref [15]. Lastly, AO is known to affect the bare IMM as observed in figure 14 of ref [15], but, again, 

the coatings are expected to provide sufficient protection and even showed some improvement after more significant 

AO exposure (>1.4x1021 cm-2) [15]. 

 

Bare IMM: The bare flight cells showed a significant drop in both Voc and FF after the LEO exposure, while the Isc 

showed a somewhat more modest degradation (Table 2). Low-energy, trapped proton radiation is expected to 

primarily constitute this degradation with a small contribution from neutral AO. Figure 14 shows I-V curves for 



 

ground tested bare IMM through two fluences of 50keV protons. Note, this is only a single energy test whereas on 

orbit multiple low-energies would impact the cells. However, this single energy experiment was done to higher 

fluences than would be seen per energy on orbit – giving good indication as to the expected degradation profile from 

combined low-energy protons. The results are consistent with the bare IMM flight degradation in Figure 13a.  

 

Figure 14: I-V data of a bare IMM cell through ground testing of trapped protons at 50keV. Pristine, 7.1x1010 p+/cm2, and 

1.5x1011 p+/cm2 shown.  

Optinox SR IMM Assemblies: The addition of an Optinox SR coating to the IMM cells did not result in a significant 

improvement to power remaining at the end of the LEO mission. However, the coating did change the degradation 

profile, giving valuable insight into degradation methods and future direction for coating materials engineering. As 

observed in Figure 13b and Table 2 the ending Isc of Optinox SR IMM was signficatly lower than bare IMM while 

both the Voc and FF were signifcantly higher. The latter is consistent with the coating providing protection from the 

low energy proton radiation. Figure 15  highlights this, showing very little degrdation in power remaiming of ground 

tested Optinox coated IMM assemblies under 50keV protons and the same fluences as that shown in Figure 14.  

 

 

Figure 15: I-V data of a Optinox SR coated IMM cell through ground testing of trapped protons at 50keV. Pristine, 

7.1x1010 p+/cm2, and 1.5x1011 p+/cm2 shown. 

The decreased Isc is again expected to be caused by UV induced yellowing of the Optinox coating. While highly UV 

durable, a 1mil film of Optinox still has a 50% transmission cutoff around 288nm. Figure 16 shows the ground tested 

I-V data of an Optinox coated IMM cell through 2,000 hours of UV exposure. Minor changes in the Voc and FF were 

noted (<1%) with significant degradation in the Isc (~16%); consistent with the flight samples. Thus, while Optinox 

blocked highly damaging low energy protons, it yellowed too quickly provide any net gain in end-of-life performance.   
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Figure 16: I-V data of a Optinox SR coated IMM cell through accelerated ground testing of UV exposure. 

Optinox SR w/ POSS IMM Assemblies: Performance of the Optinox SR with POSS additive coated IMM cells was 

similar to that of straight Optinox SR. The addition of POSS, however, caused a further decrease in Isc and a nearly 

equivalent increases in FF. While Optinox SR with POSS coating cells have not been ground tested, pre and post 

images show some slight hazing (Figure 17) to the exposed area of the coating. This is similar to that of CORIN XLS 

with Glass coated CIGS, but not nearly as pronounced. This haze is again attributed to neutral AO interaction with the 

POSS doping and reduces light transmission to the cell, accounting for the additional loss in current.  

 

 

Figure 17: Enlarged image of Optinox SR with POSS coated IMM post-flight. Coloring enhanced to highlight hazing. 

Note, the unaffected area is that which was mounted under the plate lip and not exposed to AO. 

4. CONCLUSIONS 

The best performing CIGS assemblies, those with a CORIN XLS coating, showed 92.2% power retention after the 1-

year (6,000 hours open and exposed) mission. The primary degradation of bare, uncoated CIGS modules in the LEO 

environment was found to be a combination of AO and UV. Adding the CORIN XLS coating significantly improved 

AO robustness and moderately improved UV resistance. While the CORIN XLS yellowed under UV, degrading Isc, it 

did so more slowly than the Voc and FF degradation of UV on bare modules – providing a net gain. The CIGS cell 

itself is robust to radiation damage, especially to the low fluences seen in LEO. A larger degree of performance 

variation was noted within the CIGS assemblies, indicating the need for tighter manufacturing controls. This work 

shows that CIGS assemblies, like those flown herein, can perform well for shorter term LEO missions, especially 

those with a higher risk tolerance, while further manufacturing control and qualification data is developed. To improve 

performance within LEO for longer duration, less risk-tolerant architectures, thin-film coatings that are robust to AO 

erosion as well as UV radiation are needed. This can be accomplished by coupling the CORIN XLS coating [or similar] 

with UV blocking, reflecting, or even down-converting [25, 26] schemes. Coatings that are optically clear through the 

entire UV band are not an option for CIGS modules as the UV radiation damages the CIGS cells themselves. Beyond 

LEO, this data again indicates the potential for CIGS assemblies to be utilized for shorter-term, higher risk mission 

classes. Atomic oxygen is a concern only to about 1,000km; however, beyond this particulate radiation then begins to 

increase. To improve CIGS assemblies for missions beyond LEO, coating development can neglect AO, however, 

should again focus on UV robustness as well as take appropriate considerations for higher fluences of low energy 

protons. 

 



 

The best performing IMM assemblies, those with an Optinox SR coating, showed 79.0% power retention after the 

mission. However, there was not a significant difference between the power retention of uncoated, Optinox SR coated, 

and Optinox SR w/POSS coated assemblies. The primary degradation of the bare, uncoated IMM in LEO was found 

to be low-energy proton radiation. The addition of the Optinox SR coating significantly improved radiation robustness, 

however, suffered from significant UV radiation yellowing. Ultimately yielding similar power retention performance. 

Similar to the CIGS assemblies, IMM assemblies appear to be viable for shorter term, higher risk missions within 

LEO and beyond. Longevity improvements should again focus on thin-film, flexible coatings that are more robust to 

UV. Coatings that are optically clear through the entire UV band and/or down-converting assemblies are preferred for 

the IMM as these cells utilize a portion of the UV band for power conversion. IMM cells are much more sensitive to 

particulate radiation, especially low-energy protons, and coatings must account for this.   
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