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Abstract: Reflection from the front glass of solar modules causes over 4% optical loss leading to a significant decrease 

in module efficiency. Single layer solution gelation (sol-gel) anti-reflective (AR) coatings are effective over a 

narrow range of wavelengths, whereas reflection losses can be reduced over a broader wavelength when 

multilayer broadband AR coatings are applied. In this work, three different multilayer AR coatings including 

4-layer SiO2/ZrO2, 4-layer SiO2/ITO, and 6-layer SiO2/ZrO2 were deposited using magnetron sputtering. The 

abrasion resistance is important because the coatings will be subject to regular cleaning cycles. A variety of 

abraders including Felt pad, CS-10 and CS-8 under different loads are used. The optical performance and 

durability of these coatings were analyzed using a spectrophotometer, optical microscope, scanning electron 

microscope, and scanning white light interferometer. No damage was observed after abrasion of the coatings 

with a felt pad under 1 and 2 N loads. However, there was a slight increase in Weighted Average Reflection. 

When coatings were tested with CS-10 and CS-8 abraders, coatings with ZrO2 resulted in higher scratch 

resistance in comparison to coating with ITO. However, all-dielectric broadband AR coatings are more durable 

and have better optical performance compared to single layer sol-gel coatings. 
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1. INTRODUCTION 

Generating electricity from photovoltaic (PV) systems is becoming a mainstream energy source. As 

deployment of solar increases, PV asset managers are starting to focus on operation and management 

(O&M) issues including the long-term performance durability and costs of maintenance. Losses in 

efficiency caused by the module cover glass are a major problem in solar utilities. The reflection losses 

from the front surface due to the refractive index difference between air and the glass substrate are >4% 

which limits the current generation from PV modules [1]. The first theory of reflection was derived in 

1907 by Rayleigh [2]. To achieve low reflectance of a single layer anti-reflective (AR) coating, the 

thickness should be a quarter of the wavelength of incident light [3]. Single layer AR coatings are used 

in the PV industry and have gained significant market share to mitigate reflection losses [4,5]. 

Application of an AR coating can decrease these optical losses and increase the power output. However, 

the durability of the AR coatings exposed outdoors is a significant issue since PV modules are warranted 

for between 25 and 30 years [6,7]. Single layer porous silica coatings rely on the introduction of voids 

to achieve a low refractive index. The voids introduce vulnerability to water ingress and also reduce 

abrasion resistance, and these single-layer coatings have been found to be vulnerable to abrasion testing 

that simulates regular cleaning of modules [8,9]. Multilayer, all-dielectric, AR coatings have been 

developed to overcome these limitations [10]. 

The PV industry is dominated by crystalline silicon (c-Si) and thin film solar cells including copper 

indium gallium di-selenide (CIGS) and cadmium telluride (CdTe) thin film devices [7]. The light is 

absorbed by soda lime glass at 350 nm and below this wavelength [11]. Thin film CdTe solar cells have 

a direct band gap of 1.45 eV and they can absorb wavelengths up to 850 nm. Therefore, wavelengths 

between 350 nm and 850 nm are used for power generation in thin film CdTe solar cells. [12] The losses 

caused by reflection are  ̴ 4% over a broad spectral range leading to an equivalent  reduction in the short 

circuit current (Isc) [13]. These losses can be reduced by ~70% relative using an AR coating [12]. Si 

absorbs light over a broader spectral range 350 nm to 1150 nm and a different design of AR coating is 

required.  Recently a 6-layer coating design was reported that reduces the Weighted Average Reflection 

(WAR) by 2.3% absolute [14].  

There are several techniques for depositing AR coatings such as solution gelation (sol-gel) [3], 

[15,16,17], thermal evaporation [15,16,18], sputtering [5,15,16], and electron beam [15,16,18]. Single 

layer sol-gel AR coatings are commonly used in the PV industry due to their low cost and fast 

manufacturing [16]; however, they minimise reflection at a single wavelength [16]. Sol-gel deposition 

methods require a low refractive index material, which can lead to lower  scratch resistance [8]. 

Improving the scratch resistance of the sol-gel AR coatings may increase the refractive index and reduce 

the AR effect [8]. The mechanical properties such as hardness of coatings depend on the thickness of 

the material, where the hardness decreases with increasing the thickness [19].  

Reflection losses can be reduced over a broader wavelength by the application of a multilayer broadband 

AR coating [7]. Optical properties are very sensitive to the thickness of the coatings to achieve 

broadband optical performance [19].  The mechanical issues associated with sol-gel can be avoided by 

using multilayer AR coatings. The design can be optimised for the required wavelength ranges using 

low and high refractive index materials [20]. Silicon dioxide (SiO2) has a refractive index of 1.46 at 550 

nm wavelength and it is commonly used as a low refractive index material. SiO2 is chemically stable 

and scratch resistant [21]. There is a variety of high refractive index materials including zirconium 

dioxide (ZrO2), titanium dioxide (TiO2), or niobium pentoxide (Nb2O5). [8] Zr-based materials have 

high hardness, good wear resistance and improved temperature stability [22]. It is a crucial step to select 

the proper material for high index optical properties and durability of the coating. Multilayer AR 

coatings are widely used in the ophthalmic industry to reduce reflection [23], however further 
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investigation is required to adapt these coatings for use on PV modules. Three different coatings were 

used in this study, designated ‘A’, ‘B’ and ‘C’ (Table 1).   

Coating A was designed to be deposited onto the superstrate of thin film CdTe solar cells to reduce the 

reflection losses, and has been shown to provide a 3.6% relative increase in power output. It is a 4-layer 

multilayer AR coating composed of SiO2 and ZrO2. The precise modelled thickness of coating A is 277 

nm [8].  

Coating B was optimized AR within the required wavelength range for silicon (Si) solar cells and this 

coating also limits the increase in the module temperature via reflecting infra-red (IR) radiation. Lower 

operating temperatures will lead to an increase in efficiency. The coating has 4-layer structure using 

SiO2 as a low refractive index material and indium tin oxide (ITO) as a high index material. The precise 

modelled thickness was 274 nm. [24] In Si solar cells, increased operating temperature is responsible 

for a significant loss in efficiency [25]. To address this issue, coating B which reflects IR radiation was 

examined. ITO enables reflection of IR wavelengths at higher than 1300 nm [24]. Coating B which is a 

4-layer multilayer coating comprising ITO and SiO2 was designed to provide required anti-reflectivity 

for Si solar cells.  

Coating C is a 6-layer AR coating for use on Si solar cells. It comprises SiO2 and ZrO2 materials with a 

total precise modelled thickness of 344 nm [14]. It is possible to modify these multilayer AR coating 

designs for other PV absorber materials. 

The performance and durability of these multilayer AR coatings, deposited using pulsed-DC magnetron 

sputtering, have been investigated. Pulsed-DC magnetron sputtering deposits hard, dense thin films with 

excellent uniformity. It is possible to control the thickness of each layer with time only using computer 

control. Abrasion resistance tests have been conducted to evaluate the durability of these coatings. 

Abrader materials including Felt pad, CS-10 and CS-8, all of which are used in industrial standard tests 

to simulate the effects of cleaning processes. The tests with a Felt pad were adapted from BS EN 1096 

[26]. A Felt pad abrader is the least aggressive material used in this study. Whereas, a CS-10 abrasive 

material is a rubber pad which applies a mild to medium abrasion and CS-8 abrader provides a medium 

abrasion [27]. A Spectrophotometer, Optical Microscope, Scanning Electron Microscope (SEM), and 

Scanning White Light Interferometry (SWLI) were used to investigate the optical and mechanical 

performance of the coatings. 

 

2. EXPERIMENTAL 

Multilayer AR coatings were deposited at Loughborough University using pulsed-DC magnetron 

sputtering. A “PV Solar” system (from PowerVision, Ltd.) was used to deposit AR coatings on 5x5 cm 

soda lime glass substrates [28]. The substrates were placed on a rotating carrier and then loaded into the 

deposition chamber via a load lock. Multilayer broadband AR coatings investigated in this study are 

listed in Table 1.  

Table 1. Multilayer AR Coatings and their applications. 

Coating Description Application 

A AR 4-layer SiO2/ZrO2 Thin film CdTe solar cells 

B AR/IR 4-layer SiO2/ITO Si solar cells 

C AR 6-layer SiO2/ZrO2 Si solar cells 

SiO2 has been used as a low index material and ZrO2 which has high scratch resistance was deposited as 

a high refractive index material for Coating A as 4-layer for thin film CdTe solar cell applications. SiO2 

low index material and ITO as a high refractive index material were deposited for Coating B which has 

4-layer and optimised for Si solar cells. Coating C has 6-layer of SiO2 and ZrO2 for Si solar cells. 
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A Taber abrader (5900 Reciprocating abrader) shown in Figure 1 was used to test the linear abrasion 

resistance of the multilayer AR coatings. 

 
 Figure 1. A Taber Abrader 

Felt pad, CS-10 and CS-8 shown in Figure 2 were used as abrader materials for simulating the cleaning 

process.  

 
Figure 2. (a) Felt pad, (b) CS-10, (c) CS-8. 

The stroke length was 30 mm, and speed was set as 60 cycles per minute. A range of loads from 1 N to 

10 N was applied for 50 cycles as shown in Table 2. Lower maximum loads were used for CS-10 and 

CS-8 abraders as they are more aggressive materials.  

Table 2. List of experiments. 

Coating Abrader Loads applied 

A, B, C Felt pad  1 N, 2 N, 5 N, 10 N 

A, B, C CS-10 1 N, 2 N 

A, B, C CS-8 1 N, 2 N 

Following the abrasion resistance tests, the coatings were cleaned with de-ionized (DI) water and a brush 

to remove excess material. A Varian Cary 5000 UV-Vis-NIR spectrophotometer was used to measure 

the reflectance of the coatings before and after the abrasion resistance tests. The wavelength range was 

between 200 to 1200 nm. Eq. [1] was used to calculate the WAR from the measured data [29], where 

𝜆𝑚𝑖𝑛 is the minimum wavelength, 𝜆𝑚𝑎𝑥 is the maximum wavelength, 𝜙 is the photon flux, 𝑅 is the 

reflectance and  dλ is the differential wavelength. 
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𝑊𝐴𝑅 (𝜆𝑚𝑖𝑛 , 𝜆𝑚𝑎𝑥) =  ∫
𝜙 ⋅ 𝑅

𝑅
 𝑑𝜆

𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛

 
[1] 

An Olympus CX41 optical microscope was used to observe the surface degradation of the coatings. The 

magnification of the lenses was x10. An Infinity 2 camera and Infinity Analyse software were used to 

obtain the images. A Jeol 7100 F and Leo 1530 VP Field Emission Gun (FEG)- SEM were used to 

analyse the surface damage caused to the coatings. The samples were pasted with silver on metal stubs 

and then a sputter coater was used to coat a palladium-gold alloy layer on the coatings prior to SEM 

measurements. A Bruker NPFlex SWLI was used to characterize the surface roughness of the coatings 

before and after the scratch resistance tests. Three-dimensional (3D) images were generated, and the 

roughness profile parameters including the root-mean-square (rms) deviation (Rq), and total height (Pt) 

were calculated. 

 

3. RESULTS AND DISCUSSION 

In this study, three types of coatings have been investigated. A Felt pad abrader material was applied to 

the coatings with a force of 1 N for 50 strokes with a speed of 60 cycles per minute and a stroke length 

of 30 mm. There was no visible damage observed. The WAR measurements showed no serious 

degradation as shown in Table 3.  

Table 3. WAR measurements of Coating A, B and C after abrasion resistance tests. 

Abrader Load Coating A Coating B Coating C 

Increase on WAR (%) 

Felt pad 1 N 0.07 0 0 

CS10 1 N 1.5 0.12 0.14 

CS10 2 N 2.26 0.44 0.23 

CS8 1 N 3.2 0.7 0.61 

A CS-10 abrasive material simulates a mild to medium abrasion. This material was used for the scratch 

resistance testing under 1 N and 2 N loads. The increase in WAR is due to minor damage to the 

multilayer AR coating after the testing.  The CS-8 medium abrader showed a more serious increase in 

the WAR measurements. Figure 3 compares the WAR data of three coatings after abrasion with CS-10 

under 1 N and 2 N loads. 

 
Figure 3. Change on WAR as a function of 1 N and 2 N loads applied with CS-10. 
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WAR showed an increase for all the coatings when a higher force was applied. Figure 4 presents the 

optical microscope images of the surface of Coating C; abraded with a Felt pad, CS-10 and CS-8 

respectively under 1 N load.  

 
Figure 4. Optical Microscope images of Coating C abraded with (a) Felt pad, (b) CS-10, (c) CS-8. 1 N force was 

applied. 

The images show that coatings were not severely damaged after the abrasion resistance tests. Coating B 

abraded with Felt pad, CS-10 and CS-8 under 1 N load and the optical microscope images are shown in 

Figure 5.  

 
Figure 5. Optical Microscope images of Coating B abraded with (a) Felt pad, (b) CS-10, (c) CS-8. 1 N force was 

applied. 

It was anticipated that more damage would be observed on Coating B compared to Coating A or C due 

to the inclusion of ITO layers. This may be due to the inclusion of ITO which has inferior hardness to 

ZrO2. In other words, ITO is not as scratch resistant as ZrO2. The optical microscope was also used to 

identify any significant difference observed before and after cleaning the coatings. Figure 6(a) was 

obtained after Coating B was abraded with a Felt pad under 10 N load. Then the coating was cleaned 

with DI water and a brush. As shown in Figure 6(b), residues from the abrader material were cleaned 

and no defect was then visible.  

 
Figure 6. Optical microscope images of coating B (a) after abrasion with a Felt pad under 10 N load, (b) after 

cleaned with DI water. 
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Cleaning improved the performance of the coating by removing the dust or any particles left from the 

abrasion. However, scratches due to the abrasion resistance tests remain as permanent defects. Figure 7 

indicates the increase in WAR measurements after abrasion with CS-10.  

 
Figure 7. WAR measurements of Coating B after abrasion with CS-10 under 1 N load. 

The forces of 1 N and 2 N were applied on coating B. WAR was measured immediately following the 

abrasion test and then cleaned with DI water and a brush. The data shows that when higher loads are 

applied, the WAR increases. Moreover, cleaning the samples also lowered the WAR due to removal of 

residue.  

Coating B was abraded with a Felt pad under 1 N, 10 N load, and CS-8 under 1 N load. The SEM images 

of the abraded surfaces are shown in Figure 8. Felt pad is a soft material and the most suitable abrader 

for PV cleaning process. However, a range of abrasive materials is required for comparison and testing 

the performance and durability of these coatings. C-10 and C-8 are more aggressive abrasive materials 

used in industry. These types cause severe damages to the coatings. When 1N and 2N loads were applied, 

there were already severe damages on the coatings. The coatings would degrade more and maybe peeled 

off under higher loads such as 5N or 10N. Therefore, we did not run the tests with loads higher than 2N. 

 
Figure 8. SEM images showing the defects on Coating B after abrasion with (a) Felt pad 1 N load, (b) Felt pad 

under 10N load, (c) CS-8 under 1 N load. 

When the Felt pad abrader was applied with a force of 1 N, there were no defects observed on Coating 

B. However, when a 10 N load was applied, the coating was damaged, and peeling was observed. The 

CS-8 abrader under 1 N load also caused scratches on the coating.  

A Felt pad and the CS-8 abrader materials were used with the linear abrasion tester to simulate the 

cleaning effect on Coating C. The Felt pad abrader was applied under 1 N and 10 N loads and CS-8 was 

tested with a force of 1 N. The SEM images are shown in Figure 9(a,b,c), respectively. 
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Figure 9. SEM images showing the defects on Coating C after abrasion with (a) Felt pad under 1 N load, (b) Felt 

pad under 10N load, (c) CS-8 under 1 N load. 

The images do not show any scratches or damage to the coatings. It was observed that while Coating B 

showed severe defects on the coatings, Coating C was more stable after abrasion tests due to its higher 

scratch resistance. Figure 10 demonstrates SEM images of all three coatings after abraded with CS-10 

under 1 N load.  

 
Figure 10. SEM images showing the defects on (a) Coating A, (b) Coating B, (c) Coating C after abrasion 

d with CS-10. 1 N force was applied.  

It was observed that there were several scratches on Coating B. Coating A and C had minor defects and 

fewer scratches however these coatings are more consistent than Coating B. The reason of having less 

damage on Coating A and C is that these coatings have better scratch resistance as they contain ZrO₂, a 

harder material than ITO.  

 
Figure 11. SWLI images showing the scratches after abrasion with Felt pad (a) Coating B under 1 N load, (b) 

Coating C under 1 N load, (c) Coating B under 10 N load, and (d) Coating C under 10 N load. 
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SWLI was used to analyse the surface roughness of Coating A, B and C after abrasion with the linear 

abrasion tester. 3D images were generated to observe the scratches on the coatings. Figure 11 indicates 

the roughness of Coating B and C after abrasion with the Felt pad under applied forces of 1 N and 10 

N.  

The coatings remained quite smooth under 1 N load however the roughness increased when a higher 

force was used. The maximum depth of the scratches occurring on Coating B and C after abrasion under 

different loads is shown in Figure 12.  

 
Figure 12. Maximum depth profile of abraded scratches as a function of loads applied. 

It was observed that when higher loads were applied, the depth of the scratches also increased. SWLI 

images are shown in Figure 13 to compare the roughness of Coating B and Coating C after abrasion 

with CS-8 under 1 N load.  

 
Figure 13. SWLI images showing the scratches on (a) Coating B and (b) Coating C after abraded with CS-8 under 

1 N load. 

CS-8 is an aggressive material therefore is not surprising that there were several scratches observed on 

both coatings. The maximum depth and total height of the scratches of Coating B and C abraded with 

CS-8 under 1 N and 2 N loads are shown in Figure 14.  
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Figure 14. (a) Maximum depth, and (b) Pt profile as a function of loads applied for Coating B and C. 

It was observed that when higher loads are applied, the depth of the scratches increased. The maximum 

depth was higher for Coating C and A compared to Coating B. Furthermore, Pt, the vertical length 

between the maximum peak height and maximum valley depth, showed an increase when higher loads 

were applied during abrasion testing. Pt of Coating B was higher than Coating C. Not only scratches but 

also peeling and residues such as remaining abrader material or dust may affect the Pt. This might 

explain the higher Pt for Coating B compared to Coating C.  

SWLI images of all three coatings are compared in Figure 15 and it was surprisingly observed that there 

were deeper scratches on Coating A and C whereas the scratches were not as deep on Coating B although 

more scratches were observed.  

 
Figure 15. SWLI images showing the scratches of (a) Coating A, (b) Coating B, and (c) Coating C after abrasion 

with CS-10 under 1 N load. 

The roughness profile parameters were calculated. The width, maximum depth and mean depth 

parameters of all three coatings abraded with CS-10 under 1 N load are given in Table 4.  

Table 4. Profile parameters of the scratches observed with SWLI. 

Parameters Coating A Coating B Coating C 

Width (µm) 5.364 0.612 5.324 

Maximum depth (µm) 0.323 0.075 0.445 

Mean depth (µm) 0.265 0.071 0.423 

The width of the scratches on Coating A and C were over 5 µm, whereas it was only 0.612 µm for 

Coating B. It was found that roughness increases when more aggressive abrader materials are used or 

higher forces are applied.  

A magnesium fluoride (MgF2) AR coating was designed by NREL however it is not effective over a 

broader wavelength [30]. Moreover, an MgF2 coating is not durable for use in the outdoor environment. 

ZrO2 and SiO2 coatings are more durable and already used in ophthalmic industry [31]. Spin-coated 

ZrO2 and spray-deposited TiO2 MAR coatings were deposited for crystalline silicon solar cells [32]. 
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However, pulsed-DC magnetron sputtering has not been used to deposit uniform and dense MAR 

coatings before. This study shows similar observations with the findings on durability of Coating A, a 

4-layer SiO2/ZrO2 [33]. Moreover, it was extended to analyse and compare the results with Coating B 

composed of 4-layer SiO2/ITO and with Coating C, a 6-layer SiO2/ZrO2. The WAR of coatings abraded 

with a Felt pad under 1 N load were largely undamaged. However, increasing the applied force during 

tests does increase the WAR for all coatings. Using CS-10 and CS-8 abraders increases the WAR due 

to minor defects or scratches caused to the multilayer AR coatings. Optical microscope images show 

that minor scratches occurred on coating C, whereas there was more severe damage observed on Coating 

B. Coating A and C did not show significant damage after testing with the abrader. The surface 

roughness of Coating B and C were smooth after abrasion with a Felt pad under 1N load, however, the 

roughness and the depth of scratches increased when a CS-8 abrader was used. It was unexpected that 

the maximum depth of the scratches on Coating A and C was higher compared to Coating B. However, 

a larger number of scratches were observed on Coating B. The outcomes obtained from this study 

demonstrate that Coating A and C resulted in higher scratch resistance compared to Coating B. However, 

multilayer AR coatings are more resilient and scratch resistant than single layer sol-gel AR coatings. 

 

4. CONCLUSIONS 

Improving the performance and durability of multilayer AR coatings is important for the PV industry. 

These coatings can reduce the reflection losses and improve module efficiency. It is important that these 

coatings withstand environmental stresses and are durable to withstand the cleaning processes applied 

during maintenance. In this study, three different coatings were examined using a linear abrasion tester 

with a variety of abraders under different loads to investigate the effect of cleaning processes on 

multilayer AR coatings. These coatings deposited with pulsed DC are 4-layer SiO2/ZrO2 (coating A), 4-layer 

SiO2/ITO (Coating B), and 6-layer SiO2/ZrO2 (Coating C). Coating A and C were more durable compared to 

Coating B. The results demonstrate that using more aggressive abraders or higher loads caused more 

surface damage and increased surface roughness. The WAR increased for all coatings after the linear 

abrasion resistance test. The outcomes obtained from this study demonstrate that Coating A and C 

resulted in higher scratch resistance compared to Coating B, as they contain ZrO₂ which is more scratch 

resistant than ITO.  However, all of the multilayer AR coatings studied here are more resilient and 

scratch resistant than single layer sol-gel AR coatings which have been shown to be vulnerable to 

abrasion damage. Their adoption by glass or module manufacturers would improve the performance and 

lifetime of PV panels. These coatings will now be tested in outdoor conditions in Turkey to correlate 

outdoor environmental tests with accelerated laboratory tests. 
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