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Failure of PV modules frequently occurs as a result of degradation of their encapsulation
material by destructive UV radiation. Both the life expectancy and efficiency of PV
modules can be improved by reducing the transmittance of the destructive UV radiation
through the cover glass without compromising the transmittance in the visible wavelength
region. In addition, if the absorbed UV photons can be down-shifted to wavelengths that
can be more efficiently converted to electrical energy, an additional increase of the PV
efficiency could be achieved. In this study we have investigated transparent ZnO and TiO»
thin films deposited by spray pyrolysis on soda lime silicate float glass as functional layers
on PV cover glass. The optical bandgap, UV-cutoff, UV-Vis transmittance, reflectivity (total
and diffuse) and photoluminescence have been determined. The ZnO coating shifted the
optical bandgap to longer wavelengths, resulting in a reduction of the transmittance of
destructive UV radiation by up to ~85%. Distinct photoluminescence peaks at 377 nm
and at 640 nm were observed for one of the ZnO samples. The TiO» coated glasses
also showed an increased UV cutoff, which resulted in a reduction of transmittance of
destructive UV radiation by up to 75%. However, no photoluminescence peaks could be
observed from the TiO» films with 325 nm excitation laser, which can be explained by the
fact that only indirect interband transitions are accessible at this excitation wavelength.
Deposition of both ZnO and TiO» coatings resulted in a reduction of the transmitted light
convertible by PV modules, by up to 12.3 and 21.8%, respectively. The implication of the
results is discussed in terms of lifetime expectancy and efficiency of PV modules.

Keywords: float glass, thin films, UV protection, photovoltaic modules, cover glass, transparent intelligence, solar
energy materials, photoluminescence

INTRODUCTION

To stabilize the global temperature and mitigate climate change, the emission of anthropogenic
greenhouse gases will have to be greatly reduced. To make it possible, the energy sector
will have to transfer from fossil energy to environmentally friendly and carbon neutral
sources (IPCC, 2014). Solar energy exists in abundance. In roughly 90 min, the solar energy
that reaches the earth equals the consumption of all human societies globally during one
year (IEA, 2011). Only a fraction of this energy is captured today, and photovoltaic (PV)
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modules account for a marginal part of the electricity production
worldwide, around 1.8% at the end of 2016. In recent years,
however, the sector has been growing exponentially at a rapid
rate, which means that the ability to increase efficiency and
lifespan of PV modules is interesting from an energy perspective
(Masson et al,, 2018). PV modules consist of a number of
interconnected PV-cells, embedded in an encapsulant and a
protective cover glass on the top. One of the issues facing the PV
modules available today is the degradation of their encapsulant,
which most often consists of EVA (ethylene vinyl acetate). It
is damaged by UV radiation with wavelengths below 350 nm.
The UV radiation makes the encapsulant degrade and acquire a
yellow and eventually brown hue, which reduces the efficiency of
the PV modules (Czanderna and Pern, 1996; Oliveira et al., 2018).

Developing the cover glass has become increasingly important
as the share of cost for the cover glass is high (Burrows and
Fthenakis, 2015). The cover glass (Brow and Schmitt, 2009;
Deubener et al., 2009) has several important functionalities, e.g.,
providing optimal light capture, rigidity, mechanical protection,
and chemical protection. Optimal light capture depends on
the optical properties of the cover glass such as absorption
and reflection. The latter comprises the largest part, about
8% for a typical flat glass, which can be minimized by
employing antireflective coatings (Nielsen et al., 2014). Rigidity
and mechanical protection are determined by the thickness, the
elastic modulus and the strength of glass (Wondraczek et al.,
2011), which for PV cover glass is conventionally thermally
strengthened (Karlsson and Wondraczek, 2019). The strength
of glass is lowered continuously in operation by handling,
and it therefore also depends on the glass’s scratch and crack
resistance (Rouxel et al., 2014; Sundberg et al., 2019). The
chemical protection is important and glass provides an excellent
chemical protection where in principle the only weaknesses are
the lamination (Kuitche et al., 2014) and the potential induced
degradation (PID) (Oliveira et al., 2018).

The optical properties of flat glass (Bamford, 1982; Rubin,
1985) are affected by the presence of iron impurities in the glass
melt as the iron in the glass increases the absorption of light in
the glass in the UV-VIS region of the electromagnetic spectrum.
Iron can be used as a colorant of glass, giving the glass a green tint
(Volotinen et al., 2008). In some cases, this is a positive feature,
e.g., when UV-protection is needed in beer and champagne
bottles (Daneo et al., 2009). In other cases, as with PV-modules
where transparency is coveted (Goodyear and Lindberg, 1980),
the iron in the glass is considered as a contaminant. In these
cases, low-iron glass, where measures have been taken to reduce
the iron in the glass, is frequently used.

In the case of cover glass for PV modules, the trend has been
to use low-iron glass to increase transmitted light (Deubener
et al,, 2009). A drawback to this type of glass is that a larger
amount of high-energy UV radiation is transmitted, which is
harmful to the encapsulation material EVA that is used in most
PV modules today (Allsopp et al., 2018). When UV radiation
below 350 nm reaches the PV module, both the semiconductor
material (Osterwald et al., 2003) and the laminate (Kuitche et al.,
2014; Oliveira et al., 2018) are degraded. The degradation of the
EVA laminate is the major reason for the annual degradation of

TABLE 1 | Composition of precursor solutions.

Isopropanol  Zn Ti- Wt% Mol%
(ml) (acac), isopropoxide metalorganic metalorganic
(9) (ml) complex complex
Zn 150 0.62 - 0.5 0.12
solution
Ti 100 - 2.5 3 0.64
solution

TABLE 2 | Sample series, amount of solution sprayed in grams denoted
according to this numbering Zn2, Zn3, ... and Ti1, Ti2... etc.

Sample ID 1 2 3 4 5 6
Zn solution (g) - 12 16 24 32 40
Ti solution (g) 2 4 6 8 12 18

0.6-2.5% (Jordan and Kurtz, 2013; Kuitche et al., 2014). As a
result of the UV radiation, EVA degrades and loses some of its
high transmissivity as it gets a yellow/brown hue and eventually
starts to delaminate, letting moisture into the PV modules, which
leads to failure of the PV module (Oliveira et al., 2018).

In the current study we have investigated float glass
coated with ZnO and TiO, thin films by spray pyrolysis of
organometallic compounds of zinc and titanium. We present a
detailed characterization of their optical properties by means of
UV-Vis and photoluminescence spectroscopy.

MATERIALS AND METHODS

Thin film depositions were made by spray pyrolysis in a hot
wall reactor employing the precursor solutions shown in Table 1.
The solutions were heated to 70°C for 2h. The thin films were
deposited on the air surface of AGC Planibel Clearview float
glass samples (size 50mm x 50mm x 3.89 mm), which is a
conventional soda-lime silicate float glass. The samples were
heated up to 500°C, after which they were sprayed with the metal
organic solution using a Preval sprayer (paintbrush equipment
driven by the carrier gases dimethyl ether, isobutene, and
propane). The furnace hatch was temporarily opened, and the
precursor was sprayed onto the glass surface, manually holding
the sprayer about a decimeter from the substrate. Between each
opening of the furnace hatch, the furnace temperature was set
to 500°C, implying that all depositions were made between 485
and 515°C. After deposition, the temperature in the furnace
was lowered in a controlled manner at a cooling rate of 0.5°C
/ min down to 300°C, after which the furnace was turned off
and the samples were left to cool down to room temperature.
A series of six coated glasses with different deposited quantities
were produced. The amount of precursor solution sprayed onto
every glass sample is shown in Table 2, and the denotation of
each sample according to the numbering. We believe that the
deposited coatings are thin (<100 nm), mostly amorphous for
both ZnO (Kamata et al., 1994; Hosseinmardi et al., 2012; Villegas
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etal., 2018) and TiO, (Okuya et al., 1999; Abou-Helal and Seeber,
2002). This will be discussed in section Change in Transmittance
and Reflection and section Effect on Photoluminescence. The
surface morphologies of the coatings were measured using a
Dimension 3100 (Bruker) Atomic Force Microscopy (AFM) and
the root-mean-square (RMS) roughness was determined.

UV-Vis Spectrophotometry

Transmittance, T(\), and reflectance, R(\), spectra were
recorded in the wavelength range between 325 and 850 nm with a
step resolution of 2.5 nm, employing a Lambda 950 double-beam
UV/Vis/NIR spectrophotometer equipped with an integrating
sphere and a Spectralon reflectance standard. Both total and
diffuse reflectance, R()), were measured with 8° incidence angle.
The absorptance, A(\) is then obtained as

AQM) =1-T®) —R®) 1

Instrument corrected values of T(%\) and R()\) were used in
Equation (1) (Roos, 1993). In order to estimate the fraction of
blocked UV light and the solar spectrum weighted T% and R%
data for given single values throughout the paper, we calculate
a Figure of Merit (FoM). The solar spectrum AM 1.5 G-173
from NREL, ¢apm 15 (A), is used as the solar light intensity
distribution function, and the weighted average is between 320

and 350 nm for estimating UV blocking and between 350 and
1200 nm for estimating T'% and R% as single values, according to

kao P - ¢pam1s6 ) - dxr
f,\); dam156 L) -dxr

FoM x 100(%) =

where A and X is the wavelength range that is evaluated and P(\)
represents T(\) or R(\).

Photoluminescence

The photoluminescence of the ZnO- and TiO;-coated samples
was measured using a Renishaw Invia Raman microscope
employing a 40x objective lens. The samples were irradiated
with a He-Cd laser with a wavelength of 325nm, and
photoluminescence of wavelengths between 330 and 720 nm were
recorded. The maximum effect of the laser was 6 mW, but 99
and 90% of the laser flux was filtered away for the ZnO and TiO,
samples, respectively.

Energy calibration was performed by Raman spectroscopy on
non-coated float glass with the same instrument settings. Prior to
the measurements, the instrument was calibrated by measuring
the 1,332 cm™! peak of the diamond.

100

25

Transmittance (%)

(o))
o

25

Raman microscope.

350 400 450 500 550
A (nm)

FIGURE 1 | Transmittance of thin film-coated glass samples at normal incidence as well as insets of microscope images of the samples taken from the
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TABLE 3 | Optical properties of coated glass samples, the fraction of the blocked UV light and the transmittance was calculated using (Equation 2).

Sample Fraction of UV Transmittance Optical bandgap, UV cutoff RMS roughness
light blocked (%)? (%)? Egy (eV) wavelength (nm)® (nm)
Estimated error +2 +2 +0.01 (£2) +2 +1
Reference 54.6 85.2 3.58 (8351 nm) 322.7 0.5
Zn2 73.0 79.8 3.57 (347 nm) 325.6 31.0
Zn3 73.0 80.3 3.58 (346 nm) 325.6 4.2
Zn4 83.4 75.7 3.58 (346 nm) 329.6 8.4
Zn5 84.7 741 3.58 (346 nm) 330.0 8.0
Zn6 84.2 74.7 3.59 (345nm) 330.4 8.0
Ti1 57.3 83.9 3.54 (350 nm) 323.0 2.0
Ti2 63.6 81.6 3.52 (352nm) 323.6 2.7
Ti3 70.0 76.9 3.51 (353nm) 324.1 5.4
Ti4 715 75.2 3.53 (351 nm) 324.2 4.4
Ti5 67.5 69.8 3.55 (349nm) 323.6 11.6
Ti6 74.2 66.7 3.54 (350 nm) 324.8 4.8

Root-mean-square (RMS) data as determined from Atomic Force Microscopy (AFM).
aDefined as given in section UV-Vis spectrophotometry.
PDefined as given in section optical bandgap and UV cutoff wavelength.

Zn3 Zn4

Height

Height Height

FIGURE 2 | 2D and 3D AFM images of selected ZnO-coated samples.

1.0 um

Height

Optical Bandgap and UV Cutoff
Wavelength

From the spectrophotometry data it is possible to estimate the
optical bandgap, i.e., at which wavelength the coated glass starts
to absorb most of the radiation acting as a short wavelength
cutoft filter. In this study the cutoff wavelength was defined
as the wavelength below which <10% of the incoming light is

transmitted, i.e., at a somewhat larger wavelength compared to
the optical bandgap.

The optical bandgap, E,, of the coated glasses was analyzed
according to a simplified demarcation point analysis which is
very similar to the Tauc analysis (Tauc, 1968). The demarcation
point can be graphically extracted from A(A) by approximating
the bandgap region below E, with a fairly horizontal straight line
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FIGURE 3 | 2D and 3D AFM images of selected TiO,-coated samples.
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Diffuse Reflectance (%)

FIGURE 5 | Diffuse reflectance of thin film-coated glass samples.
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and approximate the region above Eg (the actual UV-edge) with
another straight line. The point where these two straight lines
intersect is the demarcation point and is a good approximation
of the E,.

RESULTS

Change in Transmittance and Reflection

Figure 1 shows the transmittance at normal incidence for the
glass samples coated with ZnO and TiO;, respectively. The
insets in Figure 1l show optical microscopy images acquired
with the Raman instrument, showing that the thin films consist
of particulate features with a root-mean-square roughness of
about 4-8 nm for the ZnO and 2-10nm for the TiO, samples
(see Table 3) which is quite common for the spray pyrolysis
technique (Perednis and Gauckler, 2005). The ZnO coatings
show the expected rough surface, see Figure2. The highest
roughness is for the thinnest layer, Zn2, while the others have
comparable roughness values. In comparison, for the TiO,
coated samples, see Figure 3, there are larger structures with
peak to valley heights in the range 60-150nm. Also, most
samples show clear pits/openings in the film. The depths of
these openings are in the range 10-40 nm. Both ZnO- and TiO,-
coated glass show a decrease of the transmittance compared
to the uncoated reference sample. The ZnO-coated samples

showed larger transmittance in the visible regime than the
TiO,-coated. While the sample coated with the largest amount
of ZnO (sample Zn6) showed a transmittance of 74.7%, the
transmittance for the sample coated with the largest amount
of TiO, (sample Ti6) was 66.7%, see Table 3. Glass with ZnO
coatings showed a decreased transmittance in the UV regime
<350nm, exhibiting a plateau between 320 and 370nm. A
small absorption peak can also be observed for the reference
samples at 380 which can be denoted to tetrahedral configuration
of Fe*T (Volotinen et al.,, 2008). Therefore, we attribute the
plateau between 320 and 370 nm for the ZnO-coated samples
to be caused by Fe** but sensitized by the presence of ZnO
thin film.

Figure 4 shows the reflectance in the glass samples coated with
ZnO and TiO,. The TiO; coated glasses show more reflection as
expected due to a larger refractive index mismatch between the
glass and the coating. The refractive index for TiO; is 2.65 for
rutile-TiO, (Jellison et al., 1997) or 2.56 anatase-TiO, (Schroder,
1928) and for ZnO 2.0 (Jellison and Boatner, 1998), all reported
at 589.3nm as reported by Shannon et al. (2002). The peaks
at 375nm for the ZnO samples coincide with their observed
absorption edge in Figure 6 as expected for localized transitions,
signaling the presence of defect states, possibly with contribution
from Fe’t charge transfer reactions, since the reference sample
also exhibits small absorption in this region. It has only been
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FIGURE 6 | Absorptance of ZnO- and TiO,-coated glass samples in the wavelength range near the UV cutoff.
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possible to find a zone without that reflection behavior for Zn5.
That zone without the mentioned peak corresponded to a place
which was far from the internal crack that the sample presented.
It has been seen that the samples with that behavior show more
spot to spot deviance in reflection measurements. Figure 5 shows
the diffuse reflection in the ZnO of the TiO,-coated samples,
respectively. The diffuse reflection of the coatings is <4% for both
coatings. The low diffuse reflection is likely to be caused by non-
uniform deposited thin films. This means that parts of the diffuse
transmitted light that reaches the glass back end will be reflected
back into the glass instead of being transmitted through it, similar
to a conventional light trapping and back-reflecting cover glass
structure (Deubener et al., 2009).

The measured transmittance/reflectance spectra do not
exhibit any interference patterns as is expected for thin films with
thicknesses >> 100 nm.

Change in UV-Cutoff and Optical Band Gap
Figure 6 shows the change in absorptance near the UV-cutoff
in the glass samples coated with ZnO and TiO,. A trend can
be observed of a shift of the UV-cutoff to longer wavelength as
more ZnO was deposited. This trend is less clear for TiO;. The
estimated optical bandgaps, using the demarcation point analysis,
are shown in Table 3. In the ZnO spectra, two UV edges can be
observed: one at about 330 to 340 nm and another one at 375
to 380 nm. The latter gave optical bandgap values in the range

of 3.21-3.22, i.e., very similar to the wurtzite form of ZnO. The
optical band gap of ZnO in wurtzite and zinc-blende form is
3.22 and 3.12 eV, respectively (Lee et al., 2002). The TiO,-coated
glasses also show a small absorption peak at 380 nm which is
caused by the tetrahedral configuration of Fe** (Volotinen et al.,
2008). TiO, in rutile, anatase, and brookite form has optical
band gaps at 3.00, 3.21, and 3.13 €V, respectively (Dhar et al,
2013). The estimated optical bandgaps in Table 3 are in the range
around 3.55¢€V, i.e., much influenced by the float glass and its
conventional impurity Fe,O3. Fe;O3 has a considerable effect on
the UV absorption and probably overshadows some of the effects
that would otherwise be seen by our coatings (Volotinen et al,,
2008). This is discussed more in section Discussion of the Effect
for PV Modules.

UV-Blocking

Table 3 shows the UV-blocking characteristics as well as the
transmittance of light convertible for Si-PV modules. The-ZnO
coated samples show larger percentages of blocked UV light with
larger transmission in the visible range compared with TiO,
coatings. Compared to the reference float glass, the coatings show
a relative increase of the FoM (c.f. Equation 2) up to 54.3 and
36.0% of UV-blocking characteristics and a relative decrease of
the transmittance by up to 12.3 and 21.8% for ZnO and TiO,
coatings, respectively.
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Effect on Photoluminescence

Figure 7 shows the photoluminescence spectra between 330 and
720 nm of the ZnO- and TiO,-coated glass substrates. All samples
as well as the reference shows a distinct peak around 695 nm. This
can probably be attributed to the Fe>T present in the glass since
it has shown a peak in photoluminescence at wavelengths around
700 nm when present in silicate glass (Bingham et al., 2007). The
reference sample also shows a peak at 390 nm, this could be due
to photoluminescence from SiO, (Nagata et al., 2004).

All Zn-samples, except Zn2, possess a strong narrow emission
peak that can be observed at approximately 377 nm, which is
not present in the reference sample. This corresponds well to
the photoluminescence observed in ZnO nanorods by Wu et al.
(2006) and which can be attributed to a common excitation
recombination of ZnO (Studenikin et al., 1998; Kong et al,
2001). The 377 nm PL emission can be an explanation for the
sensitization of Fe3* absorption at 320-380nm, c.f. Figure 6.
Sample Zn4 shows a different pattern compared to the reference

and the other coated samples in the wavelength interval 550—
650 nm. When the photoluminescence from the reference sample
was subtracted from sample 4, a peak at 640nm could be
distinguished; this is shown in the inset of Figure7. This
also corresponds well to the photoluminescence observed for
ZnO nanorods (Wu et al., 2006), which was also observed by
Studenikin et al. (1998) and has been attributed to oxygen
interstitial defects in ZnO, i.e., over-stoichiometric ZnO. The
opposite, under-stoichiometric ZnO, is indicated to give a green
emission at about 510 nm.

The effect that our deposited ZnO and TiO; thin films have on
the photoluminescence emission makes us confident that these
thin films are mostly amorphous. The photoluminescent bands
that we interpret as defects and the Fe3* sensitization emissions
for the samples are strong and dominate the photoluminescence
spectra, see Figure7. For the ZnO-coated samples it is
despite that similar literature data, but with somewhat different
experimental circumstances, refer to the ZnO films as mostly
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crystalline (Kamata et al, 1994; Hosseinmardi et al., 2012;
Villegas et al., 2018).

Discussion of the Effect for PV Modules

We have shown that UV blocking can be achieved with the cost
of reducing the transmittance. Specifically, there was a 75.7%
transmittance and a simultaneous reduction of 83.4% integrated
transmittance for the sample Zn4, c.f. Table 3. This opens the
possibility for maintaining UV protection and gaining useful
energy for the PV by lowering the Fe;O3 content in the glass
without compromising the service lifetime of the PV module. The
energy balance for transmitted and useful light for PV modules
will be possible to model and optimize in future studies based on
information as for instance possible limits for Fe;O3 content, cost
and efficiency. Furthermore, photon energy down-conversion,
i.e., photoluminescence, can be an advantage and a route to
utilizing UV light while still not exposing the PV cells to UV light.
As for disadvantages, we can list higher reflectivity and scattering.
If the surface coating is properly structured, it might not be a
serious disadvantage or perhaps even an advantage (Brongersma
et al., 2014), as the diffused light contains in fact more photons
than the direct light of normal incidence. This is especially
valid for facade-applied PV modules where there is in fact very
little solar radiation of normal incidence. Another parameter not
previously mentioned is the factor of heat. A photon’s energy that
is not converted into electricity is transformed into heat that in
fact lowers the efficiency of the PV module. Beyond the scope
of the current paper we would also like to draw the attention
to making crystalline ZnO or TiO, coatings having similar
beneficial properties but with the added value of photocatalysis
(Gao and Nagai, 2006; He et al., 2012) and hydrophilic behavior
with UV exposure (Watanabe et al., 1999; Sun et al., 2001),
thereby giving PV-covered glasses reduced maintenance. Doped
ZnO also offers another dimension as a transparent conductive
coating offering possible IR reflection for wavelengths non-
convertible to energy for PV modules (Deubener et al., 2009).

CONCLUSIONS

Glass coated with ZnO showed a trend to shift the UV-cutoft to
longer wavelength as well as lowering the optical band gap of

the coated glass sample. The major reason for this is likely to be
caused by tetrahedrally coordinated Fe*>* having an absorption
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