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In this work we demonstrate the angular colour stability of textured c-Si substrates coloured by single layer thin film
coatings of SiN,. These coatings show higher angular colour stability on substrates with a random upright pyramidal
surface texture compared to identical coatings on planar silicon substrates. Angle dependent reflectance measurements,
supported by a modeling framework, display that the reflectance peaks originating from thin film interference of coated
textured substrates only shift about 15 nm with an increasing angle of incidence from 10 to 80°, while the reflectance
peaks of planar substrates with identical coatings shift about 120 nm at these angles. More specifically, reflectance
peaks of planar substrates shift to shorter wavelengths, leading to a blue shift of the colour appearance. The stable
peak position of the textured samples is explained by a 2D representation of their surface texture and the primarily
double interference interaction on it. While it is well known that a wide range of colours can be realized exhibiting low
optical losses with thin film coatings, angular colour stability was often not taken into account. However, for building
integrated photovoltaics applications, a high angular colour stability is desired, underlining the importance of using
these textures. In most installed c-Si photovoltaics, similar substrate surface textures and dielectric thin film layers
are already used. Therefore, this work envisions a route to facilitate large scale production of coloured solar cells on
textured c-Si substrates, coloured by thin film SiN, layers, with minimized optical losses and improved angular colour

stability.

I. INTRODUCTION

Two key aspects of building-integrated photovoltaic (BIPV)
elements are their aesthetics and power output. Ideally, BIPV
elements are desired components of a building from an aes-
thetic point of view, while also producing as much power as
possible. In the case of coloured BIPV, these two aspects are
often conflicting, as light in the visible range needs to be re-
flected to create colour. Since this light would otherwise be
transmitted to the active layers of the cell, colouring a BIPV
product decreases its power output. It is thus an important
challenge to create solar cells with a wide range of possible
colours at minimized optical losses.

As both, the PV and BIPV market, are dominated by crys-
talline silicon (c-Si) technologies,! it is especially impor-
tant to create inexpensive and efficient ways to colour c-Si
based solar cells. Most c-Si based coloured BIPV products
that are currently present on the market are based on print-
ing techniques.! Although inexpensive and easily integrated
into the PV manufacturing process, these techniques come
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with high optical losses.> A more efficient way to colour c-
Si cells is via deposition of thin film coatings on top of the
silicon substrate. Such coatings have spectrally selective re-
flectance spectra due to interference. By varying the thickness
and refractive index of this film, a wide variety of colours
with high transmission into the active layers of the cell can
be achieved.>® In particular, films made of silicon nitride
(a-SiNy:H, also called SiN,), deposited by plasma-enhanced
chemical vapour deposition (PECVD), allow for immediate
large scale production of coloured solar cells, as they are al-
ready deposited onto c-Si solar cells in standard manufactur-
ing as the anti-reflection coating (ARC). This is a major ben-
efit of this technique over a variety of other novel solar cell
colouring techniques based on for example scatterers,” !0 plas-
monic structures,!! and other nanostructures,!?~!* which have
also shown to colour solar cells with little optical losses, but
are not yet ready to be implemented on a factory scale.

There exists extensive research on colouring with thin films,
but little focus has been dedicated to the angular colour stabil-
ity of these coatings, which is important to the BIPV market.
When using this colouring method on planar substrates, the
colour appearance of the film is strongly influenced by the
angle of incidence of incoming light, as this determines the
effective thickness of the thin film.

The great majority of installed c-Si PV is based on substrates
that are not planar, but have some surface texture. In the case
of monocrystalline silicon, a random upright pyramid texture,
created by wet alkaline etching, is most commonly used.!>~!8
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This texture reduces reflectance and increases light trapping,
and thus contributes to an increase in the current output of the
solar cell'>19-2! and is also cheaper to realize than a perfectly
planar substrate surface.

In this paper, it is shown that such substrates coloured with
single layer thin film coatings possess better angular colour
stability than planar substrates coated with identical coatings.
Experimental measurements of angle dependent reflectance of
the samples are supported by modeled spectra, and the angular
stability of the textured surfaces is explained using a 2D rep-
resentation of the surface texture. In total, four different thin
film coatings, each with a different colour, were deposited and
compared. As the conclusions are the same for all four films,
only the full analysis of one of these, a film with a green colour
appearance, called sample G1, will be shown here. More in-
formation on the other samples can be found in the Supple-
mentary Material (SM).

Il. THEORETICAL METHODS

Because reflected light from a single thin film on top of a
substrate consists of two beams, interference of light occurs.
By changing thickness or index of the thin film, the wave-
lengths at which this happens can be tuned and the colour ap-
pearance of the film can be modified. For constructive inter-
ference to occur at wavelength A, the optical path difference
between the two reflected beams should be equal to my - A,
with m; € N. Therefore, one can easily derive that for a pla-
nar thin film of thickness d, constructive interference occurs
at wavelengths

and
my

1— (@sine)2 (1)

ni

Amax =

where ng and n; are the refractive indices of the surrounding
medium, in this work air, and the thin film layer, respectively,
and 0 is the angle of incidence on the thin film. To determine
at which wavelengths destructive interference occurs, one can
simply substitute m; for (m; + %) with my € Ny. From this
follows that as 0 increases, the positions of the reflectance
minima and maxima shift towards bluer wavelengths, impact-
ing the colour appearance of the thin film. For substrates with
a random upright pyramid texture, reflected light is made up
of beams following a large amount of discrete paths, which
each have one or multiple interactions with the substrate un-
der different angles of incidence.!> A change in the angle of
incidence does therefore not necessarily result in a shift in the
wavelengths of minimum and maximum reflectance.
In this work, the measured reflectance spectra of planar thin
films are compared to modeled reflectance spectra, based on
the model created by Haug et al.?2, which uses the transfer
matrix method. As the reflectance of textured substrates can-
not be modeled in this way, the online ray tracing tool OPAL
22324 was used to model the reflectance spectra of the tex-
tured substrates. It is not expected that the reflectance mod-
eled by ray tracing will be exactly the same as what is mea-
sured, as such models often assume an ideal upright pyramid
surface texture, where all pyramids have the same base angle.

It has been observed, however, that the pyramid base angles
often have a distribution of values below the theoretical angle
of 54.7° as a result of non-ideal etching.'¢-132% Furthermore,
it has been shown that the surface texture can have features
of hillocks with an orthogonal base, rather than of pyramids,
making ray tracing approximations less exact.>> Lastly, scat-
tering and/or diffraction effects at pyramids with a size around
the wavelength of light, or at the edges and tips of larger
pyramids are not taken into account in most traditional ray
tracing.’%?” Despite these shortcomings, modeled reflectance
of textured substrates with ray tracing might still give insight
into the expected behaviour of ideal pyramid textures.

In addition to the modeling work, the colour of all samples
is calculated and expressed in both RGB coordinates and the
chromaticity at the measured angles of incidence using the
CIE 1931 2 degrees standard observer.8

I1l. EXPERIMENTAL METHODS

As planar substrates, p-type (100) double side polished
monocrystalline silicon wafers grown by the Czochralski
method were used. The wafers have a thickness of 275 +
20 pm and a resistivity of 1-10 Qxcm and are cut into 30x30
mm pieces. To create substrates with a random upright pyra-
mid texture on both sides of the wafer, the polished wafers
were etched for 30 minutes in a KOH based solution. This
solution was created by mixing 11.5 L of water with 517 mL
of a 48% KOH solution, which was consecutively heated up
to 80 °C. Once this temperature was reached, 180 mL of a
proprietary buffering agent and 18 mL of a texturizer additive
were added. A nitrogen bubble flow was present in the so-
lution during the entire etching process to promote chemical
mixing. After etching, wafers were consecutively rinsed in
baths of deionized (DI) water, hydrochloric acid solution and
DI water, and dried with a nitrogen gas flow. The textured
samples shown in this work have a quarter circle shape with a
radius of 30 mm. Scanning electron microscopy (SEM) mea-
surements were carried out to ensure that no planar fractions
were present on the surface. An example of this is shown in
Figure SM1. To remove the native oxide layer on the samples
before depositions, all samples were put in a 5% hydrogen flu-
oride (HF) bath for two minutes and subsequently rinsed with
DI water and then dried with a nitrogen gas flow.

All thin films were deposited with an Oxford instruments plas-
malab system 133 under a radio frequency (RF) power of 40
W, a reaction chamber pressure of 800 mTorr and a tempera-
ture of 350 °C. SiN, films were created using SiH4 and NH3
gas flows. A N, background flow of 980 sccm was used for
all depositions. The other gas flows as well as the deposition
time varied per sample, depending on the required refractive
index and thin film thickness.

The thickness, as well as its accuracy, and the optical data of
the thin films on planar substrates were determined by ellip-
sometry, using a Variable Angle Spectroscopic Ellipsometer
(VASE) from J. A. Woollam. All samples were characterised
from 300 to 1000 nm with 5 nm intervals using the same mea-
surement parameters, which can be found in the SM.
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FIG. 1. Measured (symbols) and modeled (lines) angle dependent reflectance of sample G1 on polished silicon (a) and on textured silicon (b).

Ellipsometric data were fitted using the WVASE32 software
from Woollam, using Cauchy or Tauc-Lorentz oscillators, de-
pending on whether the thin films were light absorbant below
600 nm or not. The resulting optical data of the green sample
are shown in Figure SM2.

The angle dependent reflectance was measured with an inte-
grating sphere setup. A Spectral Products QTH 30 W ASB-
W-030 high stability tungsten-halogen light in combination
with an Oriel Cornerstone 260 monochromator from Newport
was used as light source. To modulate the intensity of the light
beam and improve the signal-to-noise ratio, the beam was sent
through a chopper and lock-in amplifier. The beam was then
focused by a series of lenses and depolarized by a depolar-
izer before entering a 6 inch RTC-060-SF integrating sphere
from Labsphere, in which samples were placed inside via a
clip-style center mount sample holder. Reflected light was de-
tected with a S1336-5BQ silicon detector from Hamamatsu.
All measurements were performed between 350 and 1000 nm,
with 5 nm intervals. The reflectance was therefore modeled
with the same wavelength domain and intervals. It was ob-
served that from 950 nm, measured reflectance increased for
all samples as the substrates became partially transparent. All
samples were measured from the zenith angle 6 = 10 to 80°
with 10° intervals and results are shown in Figure 1 and 2 and
discussed in the next section.

The thickness of the thin films on the textured substrates could
not be determined with ellipsometry, as the reflected light
missed the detector due to the surface texture. An estima-
tion of the thickness was therefore made by measuring the
reflectance of the samples at the mentioned angles and using
Equation 1 to calculate the thickness. Although this equation
is only valid for planar films, it has been demonstrated?’ that
this is also a good approximation to determine thin film thick-
ness on textured substrates, as the reflectance minima of tex-
tured and polished substrates with identical thin films are typ-
ically not far off. Transmission electron microscopy (TEM)
measurements on other samples were carried and confirmed
that this method determines the thickness of the thin film ac-
curately within 5 nm. These measurements were carried out
along multiple cross sections of the samples to confirm uni-
form thin film layer thickness.

From the measured reflectance spectra, the colours and chro-

maticities of the samples were calculated as shown in Figure 3
and discussed below. This calculation is based on the overlap
of the reflectance spectra and the colour matching functions of
the RGB and XYZ colour spaces, respectively. This allows the
colour belonging to any reflectance spectrum to be expressed
in the tristimulus values of the respective colour spaces, which
are used to quantify colour and chromaticity.?8-3

IV. RESULTS AND DISCUSSION

As can be seen in Table I the thin film thickness of the sam-
ples is almost identical for the planar and textured substrates.
Since the thin films are deposited under the same deposition
parameters, it is assumed that the optical data are equal.

TABLE I. Thickness of thin film G1 on polished and textured sub-
strate, determined by ellipsometry and angle dependent reflectance
measurements, respectively.

Sample Name Substrate Film thickness (nm)
Green (G1) Polished 1253 + 0.1
Textured 123.0£5.0

In Figure 1, one can see the measured and modeled an-
gle dependent reflectance from both the polished and textured
samples for incoming angles from 6 = 10° to 8 = 80°. Figure
1a) shows that the modeled and measured reflectance of the
polished sample are generally in good agreement, with some
exceptions for higher angles of incidence. The positions of the
reflectance minima and maxima shift around 40 nm to shorter
wavelengths when the incoming angle increases from 10 to
60°, and an additional 80 nm when the incoming angle in-
creases from 60 to 80°.

The measured and modeled reflectance of the textured sample
are shown in Figure 1b), and the positions of the reflectance
minima and maxima are in reasonable agreement. However,
there are differences in the intensities of the modeled and mea-
sured reflectance spectra, with the modeled reflectance gener-
ally being higher than the measured reflectance outside the
reflectance maxima. These discrepancies can be caused by
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FIG. 2. (a) Position of reflectance maxima of G1 on polished silicon as measured (blue dots), modeled (red dots) and calculated (yellow solid
line) using Equation 1, (b) Position of reflectance maxima of G1 on textured silicon as measured (blue dots), modeled (red solide line) and
calculated (yellow solid line), (c) path of reflected light under incoming angle 6 on a textured substrate and (d) calculated reflectance maxima
of G1 on textured silicon from Equation 2 (blue dashed line), Equation 3 (red dashed line), and the average of both equations (yellow solid

line).

the shortcomings of the ray tracing model, which have been
discussed before. Most importantly, one can see that in both
cases the positions of the reflectance minima and maxima are
stable under an increase in the angle of incidence, with a total
shift of only about 15 nm under an increase from 10 to 80°.
One can also see that in general the reflectance of the textured
sample is much lower than that of the polished one. As a re-
sult, identical thin films will have a darker colour appearance
on textured substrates than on polished ones, which might be
a disadvantage when trying to reach bright colours. Figure
1 also shows that the reflectance of the textured sample in-
creases much more with an increase in the angle of incidence
than that of the polished sample. This can be explained by the
fact that the double bounce effect that usually decreases re-
flectance from textured samples is not that effective anymore
for large angles of incidence.’!-2

Figures 2a) and 2b) show the measured (blue dots), modeled
(red solid line and dots) and calculated (yellow line) positions
of the reflectance maxima with changing incoming angles for
the planar and textured samples. The measured positions were
extracted from the measurements shown in Figure 1. For the
planar sample the peak positions were modeled with a preci-
sion of 0.1 nm at angles of incidence 10 to 80° at 0.1° intervals
using the model based on the transfer matrix method, and for
the textured sample the peaks were extracted from the mod-

eled data plotted in Figure 1b), which were determined by the
OPAL model that was described above. Figures 2a) and 2b)
show that the modeled and measured reflectance maxima are
in good agreement for both substrates.

In Figure 2a), the positions of the reflectance maxima are
also calculated using Equation 1. All three curves in Figure
2a) show the expected blueshift of the reflectance maxima.
However, at high angles of incidence, the positions of the re-
flectance maxima as calculated by Equation 1 deviate from
the modeled and measured positions. This is due to the fact
that at these angles, internal reflectance becomes significant.
As a result, the reflectance spectra largely consist of direct re-
flectance from the thin film, while the effects of interference
decrease. This is taken into account by the optical model,
which calculates the full reflectance of the sample, but not by
Equation 1.

In Figure 2b), one can see that both the measured and the mod-
eled reflectance maxima of the textured sample are much more
stable against changes in the angle of incidence than those of
the polished sample. This can be explained by considering
the way in which light reflection depends on the angle of in-
cidence on the textured substrate surface. Under normal inci-
dence, about 68% of light incident on the textured substrate
surface is reflected along the same path,'> which is described
in Figure 2c) for an angle of incidence 0. By treating the two
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FIG. 3. Chromaticity diagram of the polished and textured samples at angles of incidence 10 to 80° (a), with additional zoom around the
relevant area (b), together with colour patches of the polished (c) and textured (d) samples at angles of incidence 10 to 80°.

pyramids independently, we can describe the reflectance max-
imum that is caused by each pyramid using Equation 1:

A'maxl = 2n1d\/1 - (@)2Sin2(a— 9) 2)
mi

ni

Amarz = 2”1d\/1 - <@)2s1n2(180—2a—[3+6) 3)
nj

ni

Here, Ayay1 and Aygy o stand for the reflectance maxima
caused by pyramids 1 and 2, as indicated in Figure 2c). As
both pyramids are coated with the same thin film, ng, ny, m;
and d are the same for both equations. Since ¢ and 3 are
constant, we can see that under a change in the angle of in-
cidence 8, the two reflectance maxima shift in the opposite
direction for most values of @ and 3. Since we measure only
one reflectance minimum and not two for these coated sub-
strates, it is likely that the measured reflectance maximum is
the average of the two maxima Ayay,1 and Ayqc2. Under the
assumptions that @ = 8 = 54.7 °, and n; = 2.25 at all wave-
lengths, the positions of the two maxima A4y (blue dashed
line) and A,qc2 (red dashed line) and their average (yellow
line) at different angles of incidence are shown in Figure 2d).
In Figure SM2a), one can see that at wavelengths 500 to 550
nm, which is where the reflectance maxima occur at most an-
gles of incidence, n = 2.23 - 2.26. The assumption that n =
2.25 at all wavelengths thus does not impact the position of

the calculated reflectance maximum much.

The average of A4y 1 and Ay 2 is also plotted with the mea-
sured reflectance maxima of the textured films in Figure 2b)
(yellow line). Indeed, Figure 2b) shows that the average of
Max,l and Ayqy o is in fairly good agreement with the mea-
sured reflectance maxima of the textured sample.

The effect of the (in)stability of the reflectance extrema can
clearly be seen when looking at the colours of the samples at
different angles of incidence, as shown in Figure 3. Figure 3c)
demonstrates that the colours of the polished sample become
bluer as the angle of incidence increases. On the other hand,
the colour of the textured sample, which is as expected much
darker than that of the polished sample, remains green under a
change in the angle of incidence, as shown in Figure 3d). The
colour of this sample does become brighter with an increase
in the angle of incidence as the magnitude of the reflectance
increases, with Y increasing from 0.10 at 10° to 0.32 at 80°.
This is caused by the fact that at higher angles of incidence,
more light will take paths which are only incident on the tex-
tured substrate surface once instead of twice or more.

The difference in colour stability between the respective sam-
ples is especially apparent when one looks at their chromatic-
ities, which are shown in Figures 3a) and 3b). While the
chromaticity of the textured sample remains relatively sta-
ble, that of the polished sample changes to blue chromaticities
more drastically, before changing to a more purple region at
high angles of incidence, as the reflectance spectra completely
change due to a decrease in the effect of interference. In the



Broadband angular colour stability of dielectric thin film-coated pyramidal textured Si for photovoltaics 6

SM, the colours and chromaticities of the three samples with
different colours are shown. There, too, samples on textured
substrates show a stronger colour stability than those on pol-
ished ones.

This is also seen when looking at photographs of the samples
taken under varying angles of incidence, as shown in Figure 4.
All photographs are taken under office lighting, which influ-
ences the observed colour of the samples. This is most clearly
visible in figures 4a) and 4b): the light patch on the samples
is caused by direct illumination of the office lamps, while the
darker regions show the colour that best agrees with what is
observed with the naked eye. Furthermore, the photographs
show the advantage of creating matte colours with the tex-
tured samples over shiny colours on the polished ones. This is
beneficial for BIPV applications as glare effects are avoided.
To image the observed colour of the samples as accurately as
possible, different camera exposure times were used, which
affect the colour of the background. The photographs clearly
demonstrate the colour change of the samples. Figures 4a) and
4b) show that the colour of the polished sample changes from
a yellow-green colour at 15 degrees to a green-blue colour at
60 degrees. Figures 4c) and 4d) show that the textured sample,
on the other hand, remains green at both angles of incidence,
but with different brightness. The samples show slight colour
inhomogeneities around the edges, which are caused by thin
film thickness variations from the PECVD depositions.

FIG. 4. Photographs of the polished (a and b) and textured (c and d)
sample, taken under office lighting at 15 (a and ¢) and 60 (b and d)
degrees. The same black paper is used as background for all sam-
ples, but seems to have a different colour in some photographs due to
variations in the camera exposure time. The polished substrates are
30x30 mm, and the textured ones have a radius of 30 mm.

V. CONCLUSION

In this work, it has been shown that dielectric thin film-
coated silicon substrates with a pyramidal surface texture have

a much stronger angular colour stability than planar substrates
with identical coatings. This has been shown by angle re-
solved reflectance measurements of fabricated planar and tex-
tured coloured c-Si substrates. It has been found that the
colour stability can be explained by the primarily averaged
double interference on the pyramides of the textured sub-
strates. This is a major benefit for building integrated pho-
tovoltaic applications, as stable colours are often desired for
aesthetic integration into the built environment. Considering
that the textured substrates in this work are widely used in
commercial c-Si PV, this thin film colouring technique on tex-
tured substrates might be ready to be applied on a large scale.

SUPPLEMENTARY MATERIAL

See supplementary material for an SEM image of the tex-
tured substrate surface texture, as well as the ellipsometric
measurement parameters, the refractive index of the sample
and thin film thickness and colour plots of three additional
samples.
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