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Light reflection from the glass surface of a photovoltaic (PV) module is a significant source of energy
loss for all types of PV devices. The reflection at the glass and air interface accounts for ~4% of the total
energy. Single layer antireflection coatings with sufficiently low refractive index have been used, such as
those using magnesium fluoride or porous silica, but these are only effective over a narrow range of
wavelengths. In this paper, the authors report on the design, deposition, and testing of multilayer
broadband antireflection coatings. These coatings reduce the weighted average reflection over the
wavelength range used by thin film CdTe devices to just ~1.22%, resulting in a 3.6% relative increase in
device efficiency. The authors have used multilayer stacks consisting of silica and zirconia layers
deposited using reactive magnetron sputtering. Details of the stack design, sputter deposition process
parameters, and the optical and microstructural properties of the layers are provided. Antireflection
coatings on glass exposed to the outdoors must not degrade over the lifetime of the module. A
comprehensive set of accelerated environmental durability tests has been carried out in accordance with
IEC 61646 PV qualification tests. The durability tests confirmed no damage to the coatings or
performance drop as a result of thermal cycling or damp heat. All attempts to perform pull tests resulted
in either adhesive or substrate failure, with no damage to the coating itself. The coatings also passed acid
attack tests. Scratch resistance, abrasion resistance, and adhesion tests have also been conducted. The
optical performance of the coatings was monitored during these tests, and the coatings were visually
inspected for any sign of mechanical failure. These tests provide confidence that broadband
antireflection coatings are highly durable and will maintain their performance over the lifetime of the
solar module. All dielectric metal-oxide multilayer coatings have better optical performance and superior
durability compared with alternative single layer porous sol-gel coatings. Thin film CdTe devices are
particularly problematic because the antireflection coating is applied to one side of the glass, while
device layers are deposited directly on to the opposite glass surface in the superstrate configuration. In
thin film CdTe production, the glass is exposed to high temperature processes during the absorber deposi-
tion and the cadmium chloride activation treatment. If glass precoated with a broadband antireflection
coating is to be used, then the coating must withstand temperatures of up to ~550 °C. Surprisingly, our
studies have shown that multilayer silica/zirconia antireflection coatings on soda lime glass remain unaf-
fected by temperatures reaching 600 °C, at which point mild crazing is observed. This is an important
observation, demonstrating that low cost glass, which is preprocessed with a broadband antireflection
coating, is directly useable in thin film CdTe module production. © 2017 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.orgllicenses/by/4.0/). [http://dx.doi.org/10.1116/1.4973909]

I. INTRODUCTION

Antireflection coatings are used in conjunction with pho-
tovoltaic (PV) devices to reduce reflection from the air—glass
interface. Commercial coatings for solar modules must be
durable on a time-scale comparable to the industry standard
for solar modules, which are normally provided with a 25
year warranty. Any solar cell technology must undergo rig-
orous testing to ensure that solar modules can endure deca-
des of outdoor exposure. Antireflection coatings applied to
solar modules must have equivalent durability.
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A variety of tests are available to assess the durability of
surface coatings. For example, nanoindentation scratch tests
can be used to measure the scratch resistance of a coating,l
whereas the pull test and crosshatch test are useful to evalu-
ate the adhesion of the coating. Additionally, in the case of
precoated glass, resistance to the high temperatures involved
in the solar cell deposition is necessary.” A coating resistant
to all forms of mechanical and environmental damage can be
considered durable. Resistance to weathering damage associ-
ated with using the solar module outdoors in the field can be
determined using tests such as damp heat (DH),> cyclic
humidity,” and acid attack.* Acceptable durability is consid-
ered to be the ability of the coating to withstand exposure to
subsequent module manufacturing processes, long term envi-
ronmental exposure, and operational maintenance work.

®
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Single layer antireflection (AR) coatings using magnesium
fluoride (MgF,), or porous silica with sufficiently low refrac-
tive index, have been used on solar cells and solar modules.
However, these coatings are only effective over a relatively
narrow wavelength range. Additionally, as MgF, is hydro-
philic, it has poor durability to weathering and is therefore
unsuitable for outside use and has been used only to increase
light transmission into champion devices.” Porous silica coat-
ings, normally deposited by sol—gel deposition methods, inte-
grate air pockets into the coating to lower the overall
refractive index. This results in reduced scratch-resistance and
coating hardness.® Commercial porous sol—gel coatings use
resins to improve adhesion. However, the improvements
made for adhesion and scratch-resistance may compromise
the optical properties. These more mechanically stable sol-gel
coatings have reduced antireflection properties when com-
pared to basic porous silica, as their complex porous/netlike
structure increases light scattering and absorption due to
increased density.°

We report on the design and durability of broadband
antireflection coatings consisting of all dielectric multi-
layers of metal-oxides. We have investigated the perfor-
mance, durability, heat resistance, microstructure, and
adhesion of silica/zirconia multilayer antireflection coat-
ings (MAR), deposited using reactive magnetron sputter-
ing. Some details of the stack design, sputtering process
parameters, and the optical and microstructural properties
of the layers have been provided previously,” but further
details are provided here.

MAR coatings avoid the mechanical issues that arise
from reducing the packing density of a material because a
layer with a very low refractive index is not required. Metal-
oxide dielectric coatings also have high hardness coefficients
and very low extinction coefficients. MAR coatings manipu-
late the reflections from different layers within the coating to
create destructive reflective interference, thereby increasing
the transmission of light into the cell. MAR coatings are ver-
satile and can be optimized for use over specific wavelength
ranges. Consequently, MAR coatings of varying designs
have been optimized for use on thin film CdTe solar cells,’
perovskites,8 amorphous silicon,® crystalline silicon,” and
copper indium gallium di-selenide (CIGS).'°

Il. THIN FILM CDTE PHOTOVOLTAIC DEVICES

Thin film CdTe PV technology is an attractive alternative
to the dominant crystalline silicon (c-Si) based PV due to its
low manufacturing costs. Recently, significant progress has
been made in the device technology. First Solar, Inc., has
reported 22.1% cell and 18.6% module level conversion effi-
ciencies.'''? The reported efficiencies were the result of a
continuous industrial development. This rapid progress has
been made after the record efficiency stagnated at 16.5% for
10 years (2001-2011).

CdTe is a II-IV semiconductor material with a band gap
of ~1.45eV. A 2 um thick absorber is typically used for
solar cell fabrication. Thin film CdTe used in devices is a
polycrystalline material and can be deposited by a number of
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techniques, including electrodeposition, evaporation, close
space sublimation (CSS), vapor transport deposition (VTD),
and magnetron sputtering.'*'® VTD is currently the most
commonly used industrial technique for thin film CdTe PV
manufacturing and was used for the record cell and module
fabrication. The deposition of the semiconductor is carried
out at temperatures that range from 200 °C for magnetron
sputtering to 550°C (Ref. 17) for techniques such as CSS
and VTD.'®"

Thin film CdTe solar modules are deposited in the super-
strate configuration on float glass coated with a transparent
conducting oxide such as NSG-Pilkington TEC glass. TEC
glass is coated with fluorine doped tin oxide. It is available
in a variety of thickness options, offering different levels of
transmittance and conductivity to accommodate different
types of PV absorbers. A typical thin film CdTe device con-
sists of a CdS/CdTe heterojunction as shown in the simple
configuration in Fig. 1. The CdS acts as an n-type window
layer and is necessary to form the p-n junction.

lll. BROADBAND MULTILAYER ANTIREFLECTION
COATINGS: DESIGN AND FABRICATION

Thin film CdTe PV modules experience reflection losses
due to the difference between the refractive index of the
glass superstrate and the air. The front surface reflections are
responsible for losses of over 4% of the incident light. The
reflection losses can be reduced by the application of an AR
coating. The simplest option is to deposit a single layer
refractive index, matching AR with a material with a low
refractive index. MgF, has a low refractive index (n=1.34
at 550nm).*” A thin film of MgF, provides an effective AR
coating over a narrow range of wavelengths. However,
MgF, is a soft material and suitable for laboratory use only.
Porous silica is another single layer option, although long-
term stability can be an issue for this type of coating due to
potential problems with water ingress.”’ MAR coating is a
more complex design but effective over a broader wave-
length range. The design of a MAR coating is based on high/
low refractive index material pairs and does not require a
material with a refractive index lower than glass.

94.1nm SiO2
133.9nm Zr0:

30.4nm SiO2

18.8nm ZrO2

Glass

FiG. 1. Schematic diagram of the MAR coating design on a CdTe device,
the refractive index of the glass superstrate is n=1.51 at 550 nm.
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A. Coating design principles

The design of a broadband antireflection coating uses a
combination of materials with low and high refractive index.
The low index material used is almost always thin film silicon
dioxide (SiO,) with a refractive index of ~1.46 at 550 nm. A
wide choice of materials is available for the high index thin
films and these are listed in Table I together with their impor-
tant optical and mechanical properties. The choice of high
index material depends on the application, but is often a com-
promise between optical properties, durability, and cost. For
applications on solar modules, the durability is a key consider-
ation. For this reason, we have chosen to use zirconium diox-
ide (ZrO,) which has exceptional scratch resistance and is
relatively abundant and low cost. Titanium dioxide (TiO,) is
another economically viable option.

The MAR coating requires accurate control of each layer
thickness to maximize destructive interference and minimize
the overall reflection. The coatings are designed using opti-
cal constants derived from spectroscopic ellipsometry meas-
urements. The MAR coatings are designed to minimize
average reflection over the specific spectral range corre-
sponding to the PV absorber band gap. In the case of a CdTe
absorber, the band gap is ~1.45eV, which corresponds to a
wavelength of ~855nm, but CdTe begins to absorb light
less efficiently as it approaches this limit. As glass begins to
absorb at 350 nm, this means that the wavelength range used
by CdTe devices is between350 and 850 nm. In comparison,
a single layer design optimizes at a single wavelength to cre-
ate a “V-coat” AR. MAR coatings are broadband and their
use results in a much greater reduction in average reflection.
The bandwidth can be tuned for the different band gaps used
in various PV absorbers by controlling the thickness of the
layers within the MAR coating.®

The coating layer thicknesses were optimized to reduce
reflection using the optical modeling package “Essential
Macleod” developed by the Thin Film Center, Inc.>’ This
package uses the transfer matrix method to calculate trans-
mittance and reflectance in optical coating systems. The
transfer matrix method allows an optical system that is a
sum of optical matrices to be considered as a single matrix, a
“transfer matrix” as defined in Eq. (1). The transfer matrix
(S) equals the multiplication of interface (/) and layer (L)
matrices, of layer integer <n, multiplied by the interface
matrix of the boundary between the last and penultimate
materials in the system. This method has been shown to be

021201-3

accurate when modeling light through multilayer systems
with distinct boundaries between layers”

m
S = <H1(n1)nLn> 'Im(m+1)' (1
n=1

The thickness of each layer in the four layer design was
optimized to lower the weighted average reflection (WAR)
from the glass—air interface. A WAR is the weighted average
of reflection of all solar photons across the wavelength range
of interest. To calculate accurately the WAR from bare glass
and MAR coated glass, the relative flux of photons in the
solar spectrum at each point in the 350-850 nm range must
be taken into consideration and the wavelengths given
appropriate weightings.® The WAR is described by Eq. (2),
which shows the product of the AM1.5G solar spectrum (®)
and the reflectance (R), integrated over the defined wave-
length range (1)

Amax ®-R

WAR (Jinax, Amin) = J —d )

ZAmin

B. Coating design for thin film CdTe photovoltaics

MAR coatings vary in the number of layers used. The
addition of extra layers when designing MAR coatings results
in lower reflection, but in terms of reflection reduction, the
difference between a six layer and a four layer design is much
less than the difference between a four layer and a two layer
design. Evaluating the benefits of greater reduction in reflec-
tion against the greater material costs and increased coating
complexity, a four layer design was considered optimum for
the 350-850nm wavelength range. Figure 1 shows the
detailed structure of the MAR design on top of a simple CdTe
PV stack. Optical interference does occur in the thin film
CdTe device, but its effect on the MAR coating design is min-
imal. MAR coating designs are not unique and a number of
possible solutions are possible. This design leads to a rela-
tively thin multilayer stack (~277 nm), which is affordable in
materials usage and fabrication time.

C. Performance with angle of incidence

The angle at which light enters a solar cell will vary
depending on the position of the sun. As a result of the sun’s
changing position in the sky and diffuse conditions such as

TaBLE I. Optical constants and important mechanical properties of candidate high index materials for use in MAR coatings.

Coefficient of thermal

Hardness—Vickers Refractive index Extinction Coefficient

Material expansion ( 107%/C) (GPa) (n) at 550 nm (k) at 550 nm
Silicon dioxide (SiO,) 0.4 (Ref. 22) ~12.4 (Ref. 23) 1.46 0
Zirconium dioxide (ZrO,) 13.5 (Ref. 24) ~13.0 (Ref. 25) 2.23 0
Titanium dioxide-anatase (TiO,-a) 8.6 (Ref. 26) ~11.0 (Ref. 23) 2.49 0
Titanium dioxide-rutile (TiO,-r) 8.4 (Ref. 26) ~12.0 (Ref. 27) 2.61 0
Hafnium-oxide (HfO,) 5.9 (Ref. 28) ~14.7 (Ref. 29) 1.93 0
Tantalum pentoxide (Ta,Os) 3.0 (Ref. 30) ~13.7 (Ref. 29) 2.15 0
Niobium pentoxide (Nb,Os) ~3.0 (similar to Ta,Os) (Ref. 30) ~15 (Ref. 28) 2.32 0

JVST A - Vacuum, Surfaces, and Films
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FiG. 2. (Color online) WAR modeled for the MAR coating design and com-
pared with uncoated glass for a range of angles of incidence.

occurs in cloudy weather, the MAR coating must be func-
tional over a broad range of angles of incidence. The MAR
coating reduces reflection at all angles of incidence and is
effective in both direct and in diffuse illumination. The
effect of angle of incidence on WAR reflectance for the
MAR coating design presented in Fig. 1 is shown in Fig. 2.

D. Multilayer antireflection coating deposition

Multilayer antireflection coatings can be deposited using
a number of techniques including electron beam evaporation
with ion assist,”® ion beam sputtering,* and magnetron sput-
tering.” These are relatively high energy techniques that
deposit compact thin films with refractive indices close to
bulk values.

The MAR coatings were deposited by reactive magnetron
sputtering using a ‘“PV Solar” system from PowerVision,
Ltd. A three-dimensional layout of the system is shown in
Fig. 3. Prior to being loaded into the deposition chamber,

Plasma Source |Turbomolecular pump|

Substrate
Carrier Rotation

Circular Magnetrons

Coating/Vacuum
Chamber

FiG. 3. (Color online) 3D schematic diagram of the reactive sputtering sys-
tem used to deposit the MAR coatings.
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soda lime glass substrates were cleaned in an ultrasonic bath
in a 50%-50% solution of deionized water and isopropyl
alcohol. After cleaning, the substrates were loaded into the
deposition chamber via a load lock.

The system uses a vertical substrate carrier which rotates
at ~120rpm. The vacuum chamber is equipped with three
vertically mounted 150mm diameter circular magnetrons
and a separate DC plasma source. The rotating carrier can
accommodate up to six 5 X 5cm glass substrates. Two of
the magnetrons were fitted with zirconium metal and silicon
planar targets. The deposition chamber is pumped using a
turbomolecular pump (Edwards nEXT300D) mounted verti-
cally, above the plasma source. The preprocess pressure is
typically 1 x 10~> mbar. Argon working gas is admitted in
front of the magnetrons, and the pressure (2.5 mTorr) is con-
trolled using mass flow controllers (MKS 1179A). Argon
and oxygen gas flows into the plasma source were also con-
trolled by mass flow controllers. During the SiO, deposition,
the gas flow was set at 16 sccm (Ar) and 10 scem (O,). For
the deposition of ZrO,, the gas flow was set to 20 sccm (Ar)
and 6sccm (O,). The operation of each magnetron and all
process parameters are under computer control.

A 120s argon/oxygen plasma pretreatment was used for
surface activation. This pretreatment increases the substrate
surface energy as determined by a water contact angle mea-
surement. Surface activation improves adhesion. The argon
flow to the plasma source was subsequently terminated to
produce an oxygen plasma for oxidation of the zirconium
and silicon layers. A thin layer of metal, typically ~1nm
thickness, is deposited in each pass of the rotating carrier,
which is fully oxidized as it passes through the oxygen
plasma to produce an optical quality oxide. High deposition
rates can be achieved with this reactive sputtering strategy
because the metal layer is deposited using a pulsed DC
power supply (Advanced Energy, Inc., Pinnacle Plus 5 kW)
and hysteresis effects are also avoided.’*® The frequency
of the pulse was set to 150kHz (6.6 us per pulse) for both
materials. The zirconium was sputtered at 1 kW using a
1.5 us (~25% reverse time), while the silicon was deposited
at 1.5kW and 2.5 us (~50% reverse time). The deposition
rate was 0.67 nm/s for SiO, and 0.7 nm/s for ZrO, films at
each position on the rotating substrate carrier. The metal
deposition zone and the plasma oxidation zone are separated
by internal baffles to avoid poisoning of the metal targets.
Layer thickness is controlled using time only since the metal
sputtering rate is highly stable. Quartz crystal monitoring is
not required. The computer control is set to switch between
the magnetrons for preselected times corresponding to each
layer thickness required. Further details of the deposition sys-
tem and the deposition parameters are available elsewhere.’

E. Coating microstructure

Samples for transmission electron microscopy (TEM)
were prepared by focused ion beam (FIB) milling using a
dual beam FEI Nova 600 Nanolab. An electron beam evapo-
rated platinum (e-Pt) over-layer was deposited followed by
an ion assisted layer to define the surface and homogenize
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the final thinning of the samples down to ~100nm. The
TEM analysis was carried out using a Tecnai F20, operating
at 200kV to investigate the detailed microstructures of the
MAR coating cross sections. Bright field STEM images
were obtained, revealing the layer thicknesses, uniformity,
and microstructure.

Figure 4 shows a STEM image of a cross section of the
MAR coating produced by FIB. The image shows that the
coating is dense and uniformly covers the surface. No voids
or pinholes are observed. Voids would degrade the optical
performance by affecting the refractive index. Film density is
also critical for achieving the coating durability required for
the PV application. The presence of voids or pinholes pro-
vides access for water ingress and leads to degradation. The
excellent coating uniformity observed is crucial for achieving
and maintaining AR performance across large area PV mod-
ules. The SiO, appears amorphous while the structure in the
71O, is columnar and typical for a sputtered thin film.

IV. RESULTS AND DISCUSSION
A. Increase in photocurrent and efficiency

MAR coatings were deposited on the glass superstrate of
thin film CdTe devices to confirm that the cell performance
improvement corresponds to the optical modeling. The thin
film CdTe devices used in this study were fabricated at
Colorado State University using their advanced research
deposition system.'?

A four layer MAR coating corresponding to the design
shown in Fig. 1 was deposited sequentially using reactive
magnetron sputtering. The reflection from the uncoated glass
surface and the MAR coated surface was measured using a
UV-vis spectrophotometer (as shown in Fig. 5). The applica-
tion of the MAR coating reduces the WAR of soda lime
glass by 2.9% in absolute terms, corresponding to a relative
reduction in reflection of 69%.° Reducing reflectance and
increasing transmission at the glass surface results in greater
cell efficiency, as shown in Fig. 6. Figure 6 shows the J-V
characteristics of a thin film CdTe cell before and after appli-
cation of the broadband antireflection coating. The

_ll

r ZI‘Oz

e ZI‘Oz

— Glass

T,
e e —J

Fic. 4. STEM image of a cross-section of the MAR coating deposited using
reactive sputtering. The SiO, is amorphous, and the ZrO, has a columnar
structure.
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Fic. 5. (Color online) Measured reflectance of bare and MAR coated glass.

maximum short circuit current density was increased by
0.65mA/cm? while the open-circuit voltage was unchanged.
This increased the overall efficiency of the device from
10.6% to 10.9%, a useful relative increase of 3.6%. Table 11
summarizes the design and performance of the MAR coating
designed for CdTe and its effect on short circuit current.

B. Durability of the multilayer antireflection coatings
1. Adhesion

Adhesion is an important factor for coatings on thin-film
PV modules. Clearly high adhesion results in a coating with
greater durability as the coating is harder to remove from the
glass. Adhesion of the MAR coatings was measured using
the pull test and the cross hatch test. The samples were on
1 mm thick soda lime glass.

a. Pull test. Adhesion was measured using a Positest
Adhesion tester in accordance with standards ISO 4624 and
ASTM D4541.*7-*® Aluminum dollies were fixed to the sur-
face of the coating with an ethyl-2-cyanoacrylate based
adhesive. The dollies were left to set and then loaded into
the Positest adhesion tester and held firmly in place using a
quick coupling mechanism. The Positest instrument was
then used to apply a uniform and increasing force to remove
the dolly from the surface of the coating. A stand-off is used
to keep the substrate in place while the pull-off force is

Ng 20.0-
< — MAR Coated Cell
£ 15.04 — Uncoated Cell
Iey
g
€ 10.0+
©
—
=y
¢ 5.0
5
O
0.0_I f T T T —
-0.2 0 0.2 0.4 0.6 0.8

Voltage [V]

Fic. 6. (Color online) J-V characteristics of a CdTe solar cell at full sun illu-
mination, before and after the application of a MAR coating.
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TaBLE II. Measured performance of MAR for CdTe.
Layers d (nm) WAR (%) FF (%) Joe (mA/cmz) Voc (mV) Efficiency (%)
CdTe 0 0 4.22 65.6 20.98 774 10.55
4 277 1.22 65.5 21.63 (+3.1%) 770 10.93 (43.6% relative increase)

increased. A schematic diagram of the Positest is shown in
Fig. 7. The load is increased at a steady rate until the coating
fails and delaminates from the substrate.

Applying the pull test to the MAR coated surface failed
to delaminate the coating from the surface of the glass. All
experiments resulted in the glass substrate failing before the
MAR coating delaminated, destroying the sample. Figure
8 shows the result of a test conducted with the highest
recorded pull force of 0.98 MPa. This demonstrates that the
MAR coatings have excellent adhesion. However, applying
the pull test to thicker, and therefore stronger, MAR coated
glass could reveal the true failure point of the coating.

b. Cross-hatch test. The standard test is to create a pattern
consisting of six parallel lines by scratching the coating
using a round, six bladed, steel cutting knife manufactured
by Dyne Technology, Inc. (model number: CC1000). Then,
six parallel lines are scratched, intercepting the initial lines
at 90°, creating a cross-hatch pattern. However, the coating
was too hard to be scratched by the standard round, six-
bladed cutting knife, and a diamond scribe was used to
scratch the samples instead. A semitransparent pressure sen-
sitive tape (manufactured by g-connect) was then applied to
the cross-hatched area and removed at a 90° angle from the
surface of the coating, as quickly as possible. The coating
was then assessed in accordance with ISO 9211-4.* The
coating was given a rating between 0 and 5 based on
observed delamination after the application and removal of
tape. A score of 0 indicates excellent adhesion; a score of 5
indicates coating removal and extremely poor adhesion.

As shown in Fig. 9(b), the coatings showed very little
damage after the application of tape: less than 5% of the total
area was delaminated. However, some flaking can be
observed at scratch intersections, and this is caused by the
diamond scribing and not by the tape; thus, the coating has
an adhesion rating nearing 0. This confirms that the MAR

Uniform A

pull-off —
force

Quick f—— (N O @ |_.Dolly
Coupling _Eb &
Stand-off
//
Adhesive Coatin

FiG. 7. (Color online) Schematic diagram of a dolly fixed to the coating sur-
face using an adhesive, showing the dolly, stand-off, coupling, and uniform
pull-off force lines.
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coating has excellent adhesion on glass. A full description of
the classifications from the rating system is provided in the
ISO 9211-4 specifications.

2. High temperature stability

Many processes in thin film CdTe solar cell manufactur-
ing involve high temperatures, such as the CdTe deposition
and the cadmium chloride (CdCl,) activation treatment. It is
likely that module manufacturers would prefer to source
glass with the MAR coating already applied. This would pro-
vide the benefit of improved module efficiency without the
need to include another process step or incur its associated
capital expenditure. Glass companies are familiar with mag-
netron sputtering processes and there should be no technical
barrier for coating glass directly from a float line. However,
this strategy is only feasible if the precoated MAR coating
on glass can withstand the subsequent high PV manufactur-
ing process temperatures. MAR coated glass samples were
heated to increasingly high temperatures to test the heat
resistance of the coatings. Coatings on soda lime glass were
heat treated at 100 °C intervals between 100 and 600 °C, at
temperatures higher than this a low expansion coefficient
Eagle Glass® was used.

The first signs of damage began to appear at 590 °C as
small fissures became visible on the surface of the samples.
The coatings had crazed uniformly at 600 °C. Figure 10(a)
shows an optical image of a MAR coated sample which is
undamaged after heat treatment at 580°C, and Fig. 10(b)
shows the coating has begun to craze uniformly at 600 °C.

The soda lime glass substrate had begun to warp in sam-
ples exposed to temperatures greater than 550 °C. Crazing is
partly caused by mechanical stress from the warping glass
substrate. To test the effect of the substrate on the crazing
temperature of the coatings, samples on high temperature
Eagle glass were prepared and heat treated at 100°C

FiG. 8. (Color online) (a) Base of a dolly with glass adhered to the surface,
indicating no coating delamination. (b) A fractured sample of an MAR coat-
ing on glass after a pull test. The coating remained undamaged.
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Fi. 9. (Color online) Cross-hatch test before (a) and after the application of
tape (b).

intervals. The samples on Eagle glass survived up to temper-
atures of 800 °C, as shown in Fig. 11.

3. Resistance to temperature and humidity

Solar modules are used in many climates, some of which
are particularly hot and humid such as occur in Equatorial
regions. MAR coatings used on all solar cell technologies
must be able to withstand high humidity, high temperatures,
and temperature cycling.

A DH test was performed, in accordance with the IEC
61646 standard. The three samples were stressed in a Sanyo
Gallenkamp HCCO065 environmental chamber at 85 °C and

| R
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Fic. 10. (a) Optical microscope image of an MAR coated sample on soda
lime glass exposed to 580°C for 30 min, showing no visible crazing. (b)
Optical microscope image of an MAR coated sample exposed to 600 °C for
30 min, revealing the occurrence of mild crazing.
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FiG. 11. Optical microscope image of an MAR coated sample deposited on
high temperature Eagle glass and then exposed to 800 °C for 30 min, reveal-
ing mild crazing.

85% relative humidity for a total of 1000 h. Prior to the
test, the samples were visually inspected, and reflectance
measurements were taken. The samples were then taken
from the chamber for testing at 20, 85, 160, 250, 325, 420,
500, and 1000 h. Figure 12 shows the measured WAR of
the samples after each was exposed to damp heat up to
1000 h.

The WAR remained relatively constant after 1000 h of
85 °C/85% Damp Heat testing carried out in accordance with
the IEC 61646 test for Photovoltaics devices. These acceler-
ated tests show that humidity has a little effect on the coating
stability and is unlikely to cause delamination or other dam-
age in the field.

4. Stability against thermal cycling

Solar modules in the field will experience changing tem-
peratures over 24 h due to the day/night cycle and the sea-
sonal weather patterns. Accelerated lifetime testing of the
MAR coatings was performed by cycling the MAR coatings
at —40 to 85°C in a Votschtechnik VCS 7430-4H climatic
chamber, with a minimum dwell time of 10 min at each tem-
perature extreme. The WAR of the samples was then
measured after 0, 100, 150, and 200 cycles. Figure 13 shows
the WAR measured for three samples, which were cycled
200 times in accordance with the IEC 61646 protocol.

No coating degradation was observed as a result of the
thermal cycling test, according to the IEC 61646 test for
photovoltaic devices. This qualifies the coating for use on
photovoltaic modules and provides confidence that the coat-
ing will not be damaged by the day/night cycle.

5. Water solubility testing

MAR coatings must be resistant to prolonged exposure to
water. MAR coated glass surfaces were exposed to different
tests to measure the coatings resistance to water, according
to the ISO 9211-4:2012 protocol.* The standard test uses
conditions of increasing severity. The least aggressive test
involves immersion of the glass samples for 6 h in deionized
(DI) water. DI water is defined as water with a resistivity
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Fic. 12. (Color online) Measured weighted average reflectance (WAR) of
samples after exposure to 85% humidity at a temperature of 85 °C, for up to
1000 h.

greater than 0.2 MQ cm. This test is then extended to 24 and
96h. Tests increase in severity to involve immersing the
samples in boiling DI water for 5, 15, and 30 min. The most
severe test involves submerging the sample in boiling DI
water for 2 min, and moving it immediately into a bath of DI
water at room temperature for 1 min. The tests were carried
out using semiconductor grade DI water (18 MQ cm resistiv-
ity). A sample was exposed to boiling DI water for 5, 15,
and 30 min. The sample showed no sign of physical degrada-
tion. Figure 14 shows recorded WAR values obtained using
a spectrophotometer.

The samples were then boiled again for 2 min and then
placed in room temperature DI water for 1 min. According
to ISO 9211-4:2012, this process constitutes a single test
cycle. Ten cycles were applied to the sample, followed by
visual inspection and spectrophotometer measurements. No
changes were observed visually after each cycle. The WAR
measurements are shown in Fig. 15. The samples passed the
ISO 9211-4:2012 test with no sign of degradation. This
result shows that MAR coatings can withstand wet climates
and extreme weather.

10
—— Sample 1
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— —— Sample 3
X
ol —— I
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Number of Cycles
Fic. 13. (Color online) Measured weighted average reflectance (WAR) of

MAR coatings cycled 200 times between —40 and 85°C in a climatic
chamber.
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Fic. 14. Weighted average reflectance (WAR) of samples after immersion in
boiling DI water.

6. Acid attack

Acid rain is common in many cities around the world. To
test the acid resistance of the MAR coatings, samples were
submerged in dilute sulfuric acid® with ~3.5 pH. The type
of acid and pH were selected to simulate acid rainwater.*
The pH was measured using an Accumet AB150 pH meter.
The WAR of the coating was measured after every 30 min
of exposure. Figure 16 shows that the WAR of the coatings
was not reduced after acid attack and demonstrates that the
coating is resistant to acid rain.

7. Abrasion resistance

It is necessary for MAR coatings to be abrasion resistant
to simulate the effect of transport, handling, maintenance,
cleaning, and falling debris in certain environments.
Abrasion resistance was measured using a reciprocating
abraser adapted from BS EN 1096-2.%° Materials such as
cheesecloth® and felt pads™ are used as abraders in industrial
standards for optical coatings to simulate the effect of clean-
ing. A felt pad abrasion test from BS EN 1096-2 (which uses
a slow turning circular abrader) was adapted into a linear
abrasion test. In the adapted test, a felt abrader with a surface
area of ~7.5mm? was applied to the surface of the MAR
coating with a force of 10N and passed across the surface

5+ T T T T T
0 2 4 6 8 10

Number of Cycles

Fic. 15. Weighted average reflectance (WAR) of MAR coated glass after
boiling water cycling.
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FiG. 16. (Color online) Weighted average reflectance (WAR) of MAR samples
after exposure to dilute sulfuric acid simulating the effect of acid rain.

100 times, with a stroke length of 30 mm and a speed of 60
cycles per minute. Although more aggressive than the circular
test found in BS EN 10962, the felt pad test caused no visible
damage and had no effect on the WAR of MAR coated
samples.

A CS-10 abrader,41 a rubbery material with sand like
grains within it, which produces a mild to medium abrasion,
was used to further test the durability of MAR coatings. The
CS-10 abrader was pressed to the surface of the MAR coated
glass with a force of 5 and 10N. The abrader was then
repeatedly passed over the sample surface at 60 cycles per
minute with a stroke length of 30 mm. After 100 cycles at
each force, the coatings were cleaned in an ultrasonic bath
and the WAR was measured.

After the abrader was applied to the surface of the MAR
coating, the WAR was slightly reduced, by 0.2% and 0.4%
for 5 and 10N, respectively. The reduction in WAR is due to
minor damage to the MAR coating. CS-10 abrasion is an
aggressive test for optical coatings and the coating sustained
only minor scratches. This demonstrated that the coatings can
pass all industrial abrasion resistance standards for optical
coatings and confirm the excellent durability of the MAR
coatings

8. Scratch resistance

The scratch-resistance of the MAR coatings was mea-
sured using nanoindentation with a nanoscratch test.** The
nanoscratch test is used to measure hardness using a dia-
mond nanoindenter which is pressed into the surface of the
sample using an increasing load. The surface of the sample
then moves relative to the nanoindenter, scratching the sur-
face. Recording the force at which the coating is penetrated
deforms elastically and inelastically, and begins to flake,
providing a quantitative measurement of the scratch-
resistance of a coating. Additionally, images of the scratches
provide qualitative evidence of the extent of the damage. For
example, images show the size of flakes from the coating,
and the size and number of fractures caused by the scratches.

A round end cone nanoindenter with a tip radius of 5 um
was used. Initially, the nanoindenter was held at a force of
0.1mN at the surface of the sample. The load was then
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Fic. 17. (Color online) Scratches in the surface of an MAR coated sample.
The scratches were produced by pressing a nanoindenter into the surface of
the coating and moving the sample as the load is increased.

increased at a rate of 1 mN per 1 um as the nanoindenter
traveled across the surface. The nanoindenter traveled
400 um and applied a maximum force of 400 mN over the
5 pum nanoindenter tip, ~5 kPa pressure.

An image of the resulting scratch from the nanoscratch test
is shown in Fig. 17. The image shows that debris begins to
appear next to the scratch at about ~120-140mN: this is the
point at which partial delamination of the sample begins to
occur. This point on the scratch is indicated in Fig. 17 with a
label reading “Delamination initiates.” It is probable that the
top layers of the coating failed, and the debris observed is likely
to be from the top layers of the coating. At ~200-220mN it
appears that the debris from the coating is much larger and dis-
plays interference effects, which indicates that the coating has
begun to delaminate as a whole rather than in layers. In Fig. 17,
this point is indicated by the label reading “Total delamination
occurs.” There are no cracks protruding from the scratch and
the flake size is very small. This confirms the coating is very
hard and structurally sound.

The dependence of the penetration depth on applied load
is shown in Fig. 18. Throughout the scratch process, the rela-
tionship between applied load and scratch depth remains lin-
ear, except for a few slight variations at the coating failure.
This indicates that the resistance to deformation of the coat-
ing is similar to that of the glass substrate.

V. SUMMARY AND CONCLUSIONS

The increase in transmission using a four layer MAR
coating has been shown to increase the light intensity
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Fic. 18. Plot of the load applied to the nanoindenter against depth penetrated
into the surface of the sample.
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through the air—glass interface, resulting in an efficiency
increase of 3.6% relative. The MAR coating used in this
study reduced the WAR at the air—glass interface to just
1.22% across the 350-850nm wavelength range, and
increased the short circuit current density of CdTe cells by
3.1%. STEM imaging of a cross section of the coating con-
firms that techniques, such as reactive magnetron sputtering,
provide sufficient practical control of layer thickness to
achieve the antireflection effect predicted by the design.
Coating uniformity is also excellent and easily technically
achievable over typical module areas >1 m?.

The adhesion and durability of the coating is a primary
concern. Solar modules are installed with a 25 year warranty
even in countries with harsh climates. Not only is the coating
expected to withstand humidity and temperature cycling, it
may also endure dilute acid attack from atmospheric pollu-
tion. Furthermore, the coating must have sufficient scratch
resistance to withstand regular cleaning and maintenance.

The adhesion of the MAR coatings has been tested using
a battery of standardized tests. The pull test (ISO 4624)
failed to remove the coating from the substrate, and the high-
est recorded pull strength that the coating survived was
0.98 MPa. This force failed to delaminate the coating, but
destroyed the glass substrate. The cross-hatch test (ISO
9211-4) usually uses a four-bladed steel knife to scratch the
samples, but had to be adapted to use a diamond tool to
scratch the grid pattern into the coating. Very little delamina-
tion from the application and removal of tape was observed.
In addition to these standard test methods, a nanoindentation
scratch test was carried out on the MAR coatings. The nano-
indentation scratch test shows that the coating has similar
hardness to the glass substrate. The test also confirms the
exceptional adhesion to the glass surface.

It may be cost-effective for MAR coatings used on solar
modules to be readily available to PV manufacturers on pre-
coated glass. This would be ideal for cover glass applications
for crystalline silicon, thin film amorphous silicon, CIGS,
CZTS, or perovskite devices. However, for this to be feasible
for thin film CdTe devices using the conventional superstrate
configuration, the coatings must be resistant to the tempera-
ture levels used at every stage of the thin film CdTe PV
manufacturing process. This study has shown that the mag-
netron sputtered coatings are heat resistant and begin to
craze at temperatures greater than those used both in the
CdTe absorber deposition and activation processes
(~500°C). The first signs of crazing on soda lime glass were
observed at 590°C, as the glass substrate began to deform
beneath the coating, applying mechanical stress. Applying
the coating to Eagle glass (which has a lower coefficient of
thermal expansion) confirms that the coating crazes once the
underlying glass deforms at 800 °C. The WAR of the MAR
coated surfaces was unaffected by heat treatment, even after
crazing. The resistance of the MAR coatings to extreme heat
makes its application and attractive for all PV technologies.

Temperature and humidity, thermal cycling, and acid
attack tests resulted in no degradation of the MAR coating
quality. This confirms that MAR coatings are suitable for
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use in any climate, tropical or otherwise, and are suitable
even for use in areas of high ambient pollution.

This combination of tests demonstrates the remarkable
robustness of MAR coatings. The 3.6% increase in relative
conversion efficiency available by using precoated glass
superstrates is also attractive. Its use would add a further
~100 MW of capacity to the current ~3 GW of thin film
CdTe production without any physical modification to the
manufacturing line. Neither would it affect the manufactur-
ing time.

The cost of MAR coatings on cover glass or superstrate
glass configurations could be reduced dramatically at high
volumes. Although we have used planar magnetrons, it is fea-
sible to use sputtering sources such as rotatable magnetrons
with higher target utilization and deposition rates. These are
used as standard in large scale industrial glass coaters.*®

The dielectric metal-oxide multilayers used in MAR coat-
ings have remarkable durability, adhesion, and resistance to
environmental factors. Not only do they increase the power
output of solar modules, their mechanical properties are con-
sistent with a long warranty, even when exposed to regular
cleaning cycles and maintenance.
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