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The MorphoColor Concept for Colored
Photovoltaic Modules

Benedikt Blasi

Abstract—We introduce a photonic color concept for integrated
photovoltaic modules. Taking up the inspiration from the Morpho
butterfly with its brightly colored wings, we developed this photonic
concept further to achieve an improved angular independent color
effect, suitability for module integration, and compatibility with
industrial production processes, while maintaining high module
efficiencies. We demonstrate the steps that lead to the optimized
photonic structure and explain the underlying optical effects. Using
the data from demonstrator modules, we show the outstanding
performance in terms of module efficiency and color stability. A
power output for the MorphoColor modules of more than 94 %
compared to the reference module power is shown.

Index Terms—Biomimetics, building integrated photovoltaics
(PVs), color filters, photon management, photonic structure, PV
modules.

I. INTRODUCTION

OLORED photovoltaic (PV) modules are an interesting
C option to support acceptance and attractivity of building
integrated PV (BIPV). Especially architects, building planners,
and building owners desire an individual color choice, saturated
colors, a homogeneous appearance for all angles of incidence,
and viewing directions and at the same time, a high module
efficiency. Furthermore, glare should be suppressed.

Since there is a very large variety of color concept for BIPV, it
would be beyond the scope of this introduction to give a compre-
hensive list. For an overview of approaches, we refer to recent
review papers [1], [2]. Still, we give some important examples
in order to show the possibilities and limits of state-of-the-art
technologies.

One possibility to achieve a colorful appearance is the use of
colored PV cells. With organic PVs [3], Perovskite [4], and dye
sensitized solar cells [5], material-intrinsic coloring is possible.
However, the disadvantages are e.g., relatively low efficiency
compared to silicon, a short lifetime, and a very limited color
selection. When adapting the cell surface (e.g., the antireflective
coating for Si) or the layer structure (for CIGS, CdTe, and
thin-film Si), the possible color range is severely limited, the
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reflection losses are very high (significantly higher than 10%),
the angular stability of the color is poor, and industrial imple-
mentation is costly due to intervention in the cell production
process. In addition, the cells are still recognizable as such in
the module [6].

To achieve aesthetic photovoltaic building skins, one ap-
proach is to use a decorative module component in front of the
solar cell layer. Colored encapsulants or printed glass covers
suffer from low color saturation or high power loss relative to a
conventional module [7]. One concept is the use of diffusing
foils in light colors with low color saturation as well as in
white. However, the high degree of scattering reflection leads
to significant losses in efficiency (25-50%) [8]. An option to
mitigate such losses is the use of luminescent materials [9],
leading to only small reductions in electrical power or even a
slight enhancement, if the spectral response on the used solar
cell is weak in the absorption range of the luminescent dye.

Another concept is to use specially adapted interference coat-
ings on planar glass substrates. However, the color range is
limited to pastel shades, and colors with high angular stability
and saturation can hardly be realized in this way. Due to the
very different layer structure for each color, flexible production
of different color variants is difficult [10], [11].

In summary, state-of-the-art concepts offer a restricted choice
of colors, show a strong angular dependence, cause a high effi-
ciency loss or do not allow for an efficient industrial production.
We overcome these restrictions by the MorphoColor approach
[12] inspired by the Morpho butterfly effect [13], [14]. The
complex 3-D photonic structures found in nature feature highly
saturated colors with low angular dependence. In this article, we
go beyond this bionic concept to achieve high transmission, im-
proved color saturation and angular stability, suitability for PV
module integration, and compatibility with industrial production
processes.

II. ADAPTING THE MORPHO EFFECT
A. The Morpho Butterfly Effect

The Morpho butterfly features a delicate 3-D photonic struc-
ture consisting of ridges and lamellae attached to them [13],
[14]. Kinoshita et al. [15], [16] described the effect using a basic
model consisting of infinitely thin and equally spaced lamellae
in air, which cause a Bragg reflection effect. Furthermore, the
lamellae have a limited width and a (randomly distributed)
vertical offset to the neighboring lamellae stack. The latter
features cause diffraction, resulting in an angular distribution.
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Fig 1. “Simple Bragg model” with angle ¢, distance d, and lamellaec number

In order to better understand the effect of the lamellae, we
focus our investigation on the Bragg term, or, more generally,
the thin film effect. With the angle of incidence (equaling the
reflected angle) ¢, the Bragg term in [16] is as follows:

sin® (kdv M /2)
¢ sin? (kdv/2)

with k = 27t/), A the wavelength, d the distance between lamel-
lae, v = 2 cos(¢), and M the number of lamellae (see also Fig. 1).
We call this the “simple Bragg model,” which has already been
used for describing x-ray diffraction in 1913 [17].

B. Harmonics in the Simple Bragg Model

The color observed at the Morpho butterfly is caused by
lamellae, which have a distance d = X ¢/2, where A is the design
wavelength, i.e., the wavelength at the center of the reflectance
peak. We call this the Oth harmonic configuration. Of course, a
reflectance peak at A, can also be caused by higher harmonic
configurations: First harmonic with d = 1y, Second harmonic
with d = 3\ /2, etc.

If we compare the resulting reflectance spectrum of the
configurations with the Oth (black line) or the 2nd (red line)
harmonic reflectance peak located at Ao = 550 nm, we can see
that the peak at A is narrower for the 2nd harmonic (see Fig 2).
Such a narrower peak has two advantages for the desired BIPV
application: a higher spectral transmittance (i.e., lower efficiency
loss) and a higher color saturation. However, this comes at the
price of two additional peaks within the spectral range that is
relevant for silicon PV: one at 825 nm (1st harmonic) and one
at 412.5 nm (3rd harmonic). In a PV module, both reflectance
peaks would causelosses and a color shift.

C. Harmonics in the Thin Film Model

At this point, it is important to note that the simple Bragg
model does not describe the system correctly, since it assumes
infinitely thin lamellae. Therefore, this model is refined by using
a Bragg stack consisting of four layers with thickness Ay/4n
(or 31g/4n for the 2nd harmonic configuration) and a refractive
index of n = 1.5, spaced by air gaps of width 1y/4 (or 31y/4n).
The two systems are depicted in Fig 3.
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Fig 2. Reflectance spectra calculated with the simple Bragg model for four

lamellae in air with A9 = 550 nm.

I
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Fig3. Left: thin lamella system described by the simple Bragg model. Right:
Bragg stack consisting of four layers with defined thickness.
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Fig.4. Reflectance spectra for four Ao/4n thick lamellae in air, calculated with

the TMM (A9 = 550 nm).

The system is simulated using the transfer matrix method
(TMM) [18]. With this model, we can reproduce the impact
of the harmonic on the peak width at 1, = 550 nm. However,
for the 2nd harmonic configuration, the Ist and 3rd harmonic
peaks vanish (see Fig. 4). This is due to destructive interference
of partial waves reflected from the top and bottom interfaces
of the lamellae. To understand this effect, we take a closer
look at a single lamella. In the Oth harmonic configuration,
it has anoptical thickness of Ay/4. The optical path difference
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Upper half space (Air)

high index layer (n;)

Fig 5. Definition of the general model system and materials for module
integration.

of two waves reflected at top and bottom of the lamella is
Aro/2. Together with the phase shift of 7 for the partial wave
reflected at the top of the lamella, the resulting phase difference
is 0, leading to constructive interference. This is also true for
the 2nd, 4th, ... harmonic configurations with optical lamella
thicknesses of 31 /4, 5Ay/4, .... However, for the 1st, 3rd, Sth,
... harmonic configuration, the optical lamella thicknesses are
A2, Lo, 3Xo/2, ..., leading to optical path differences of A,
2A 0, 3Ayp, .... Together with the phase shift of 7, this leads to an
overall phase difference of 37, 57, 77, ... resulting in vanishing
peaks for these harmonics.

D. Module Integration, Refractive Index, and Angular
Dependence

Lamellae suspended in air are not a realistic structure for the
use in a PV system. As the Morpho structure shall be integrated
at the interface between the cover glass and the encapsulant,
more materials and interfaces need to be considered. Therefore,
we first define the modeled system and the relevant materials
(see Fig 5). The thin film stack consists of high index layers
(ny) and low index layers (n1). Above this stack, the cover glass
is represented by an optically thick absorption free superstrate
with n = 1.5. The medium from which the light enters the system
(upper half space) is air. This implies that angles of incidence are
defined in air. In order to suppress front side reflection effects,
an antireflection coating (ARC) with n = 1.25 (representing to a
nanoporous SiO; layer) and thickness 130 nm is applied. Finally,
the lower half space with n = 1.5 represents the encapsulant in
which the light is transmitted.

To adapt the system described in the last section to the inte-
grated situation, the refractive indices are chosen to be nj, = 2.0
and n; = 1.5. Again, four high index layers with thickness
3X1o/4ny, are spaced by low index layers with thickness 31q/4m
(2nd harmonic configuration). This system will be referred to as
“n=2.0/15"

At normal incidence, this system shows a very similar behav-
ior as the 2nd harmonic system in the last section (see Fig. 6).
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Fig. 6.  Angle dependent reflectance spectra for the module integrated n =
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Fig. 7. Angle dependent reflectance spectra for the module integrated n =

2.45/2.01 stack.

With increasing angle of incidence, we observe the characteristic
shift of the peak toward shorter wavelengths (blue shift).

As a next step, the refractive index of the thin films is further
increased, and real data of sputter coated materials are used: The
high index material is TiOy (n, = 2.45 @ 550 nm) and the low
index material is SiN (n; = 2.01 @ 550 nm). The wavelength
dependent n and k data can be found in Appendix A Fig. 14.
Apart from this, the stack is unchanged. The reflectance spectra
of this modified “n = 2.45/2.01” system are shown in Fig. 7.

Two effects of this change can be seen: The reflectance peak
gets narrower, reducing the full width at half maximum (FWHM)
at normal incidence from 60 to 43 nm. Furthermore, the inci-
dence angle dependent shift of the peak position is reduced from
97 nm (between normal and 75° angle of incidence) to 47 nm.
This translates to improved color stability. As a general design
rule, high refractive indices in the layer stack and the use of
higher harmonics (only even numbers) lead to narrower peaks
and an improved color stability.

E. Optimization for Efficient Industrial Production

The n = 2.45/2.01 system still shows properties that are not
ideal in terms of optical performance and industrial production:
The reflectance spectra show strong oscillations in the spectral
ranges where, low reflectance is desired. Furthermore, the thin
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Fig. 9. Confocal microscopy image of the etched glass surface.

film layer stack is rather thick (1287 nm), which would require
a long deposition time and high production cost. To give an
example, the deposition time on a PVD lab coater is about 3h
for the layout with four high index layers.

As a further optimization, the stack was reduced from 4 to
2 high index layers, reducing the deposition time to appr. 50%.
With optimized coating processes using industrial production
equipment, this can be substantially reduced. Furthermore, ad-
ditional low index layers at the transition to the n = 1.5 material
were introduced in order to reduce the unwanted oscillations.
With these measures, the overall thickness of the thin film stack is
reduced to 820 nm. The resulting reflectance spectrum is shown
in Fig. 8.

Due to the smaller number of high index layers, the reflectance
peak is lower, resulting in a somewhat lower color brightness.
The lower peak in combination with the low index layers at the
edges to suppress side oscillations result in reduced reflection
losses.

F. Combination of Thin Films and Structured Surface

So far, we focused the investigation on the thin film aspect
of the Morpho effect. However, for the full Morpho effect, the
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Fig. 10. SEM cross section of the layer stack deposited on the etched glass
surface. The layer materials are indicated by false colors: green for SiN, blue for
TiO2, and coral for SiO3. The SiO2 layer is index matched to the encapsulant
and has no optical function in the module.

Fig. 1. Representation of the data extracted from the angle dependent pho-
tographs for the green, blue, and red modules in the a*b* plane, showing the
color stability. The main hue directions are indicated by black lines.

angular distribution is a crucial component. In nature, this is
achieved by a limited lamella width and a (randomly distributed)
height difference to the neighboring lamellae stack. Chung et al.
[19] showed that the Morpho effect can also be reproduced by
depositing a Bragg stack onto a structured surface, resulting in a
3-D photonic structure consisting of stacked corrugated layers.
Taking up this idea, we applied the optimized stack described in
the previous section to a structured glass surface [20] and used
it as cover glass for a PV module [12], [21]. In a first screening
of suitable structures for industrial production, we identified
glass textured in a hexafluoric acid based etch solution as a
good option. The topography, measured by confocal microscopy
(3-D Laser Microscope LEXT OLS4000, Olympus), is shown in
Fig. 9. The typical lateral feature size (extracted from the radial
autocorrelation function using the software Gwyddion [22]) is
30 pm, and the rms roughness is 1.5 pm. The surface inclination
angles are below 25°, with a major part below 10° (average slope
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Fig. 12.

Fig. 13.  Demonstrator modules of the format 1.0 x 1.0 m2. Slight changes in
color close to the edges are caused by deposition rate variations in the lab coater.

angle: 6.7°). A cross section of the thin films on the texture is
shown in Fig. 10.

A detailed investigation of the photonic interactions between
structure and thin film stack is the focus of ongoing research.
First results indicate that the slope angle distribution is a very
important parameter. Too small inclinations result in a reduced
angular stability, while too steep slopes reduce the homogeneity
of the layer stack.

While the model systems shown so far were optimized for
the color green (with a reflectance peak centered at 550 nm),
the effect is not restricted to this color. With a scaling of all the
thicknesses, other peak wavelengths can be chosen and, hence,
other colors created.

Taking all the processes together, the estimated production
cost for adding the MorphoColor concept is 30-100 €/m? [7].
Since this is still a technology under development, this can only
be a rough estimate, to be further specified as the processes are
transferred to industrial production.

III. MORPHO COLOR MODULE RESULTS

As a demonstrator, modules with the colors green, blue, red,
and grey were produced together with a black reference module
without MorphoColor interface. At the front side of the cover
glass, an additional antiglare structure is applied. The modules
have the format 0.6 x 0.6 m?. The solar cells within the modules

Series of photographs of the stele with demonstrator modules, taken from 12 different azimuth angles (73° left to 63° right).

are shingled monocrystalline siliconPERC type cells (TW Solar
MI1565BPERC 156.75, Tongwei Solar), which show a very
homogeneous appearance and are therefore very well suited for
integrated PV systems [23]. They are installed in a stele in front
of the Fraunhofer ISE main building in Freiburg, Germany.

Fig. 12 shows a series of photographs of this stele, taken from
different angles (73° left to 63° right) on 18th November 2020,
1 pm. The solar elevation angle was 22°, the azimuth angle 20°
to the right of the surface normal. Even if it was a sunny day
with a large fraction of direct sunlight, the modules are partly
shaded by trees.

From the camera (Nikon D3300), the image raw RGB data
were taken, the paper sheet at the bottom used for the white
balance, and L*a*b* color coordinates [24] calculated from the
balanced RGB values (details in Appendix B). In this coordinate
system, L* is the lightness (values from 0 to 100), and a* and b*
express the color in terms of hue (direction in the color wheel)
and chroma (distance from the origin). This means that points
with a large distance from the origin represent highly saturated
colors. Even if this is not an exact measurement as it would be
obtained by using a luminance camera, the results demonstrate
the excellent color stability. In Fig. 11, the values for the green,
blue, and red modules are displayed in the a*b* plane. The main
hue directions are indicated by black lines. From this plot, we
can see that the colors are less saturated (points closer to the
origin) toward larger angles. This can be understood from the
increased overall reflectance for larger angles. Furthermore, the
angle dependent small shift of the reflectance peak leads to
a small counter clockwise color shift toward orange (for red)
and toward turquoise (for green) for large angles. For the blue
color, no systematic angle dependent hue change larger than the
uncertainty of the values can be observed.

We observe a very similar behavior if the sun is lower in
the sky and the incident spectrum is shifted toward longer
wavelengths. Of course, the reflected spectrum is changed, but
this also applies to the white point, resulting in a very similar
color perception. Under diffuse illumination (cloudy sky), the
angular stability is even better.

In order to demonstrate the compatibility of the technology
with large-scale production, modules of the format 1.0 x 1.0 m?
were manufactured externally using an array of 7 x 7 back
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TABLE I
MODULE PERFORMANCE (DATA FROM [25]).

Module reference blue green red
Prpp [W] 155.2 146.5 146.4 146.7
relative to reference 94.4% 94.3% 94.5%

contact cells from Sunpower Corp. with a black back sheet in
order to achieve a homogeneous appearance (see Fig. 13).

The performance of the MorphoColor modules was measured
at Fraunhofer ISE CalLab PV Modules and compared to a refer-
ence module without photonic structure [25]. All modules have
an antiglare structure at the front. The power values are listed in
Table I. The measurements demonstrate that the MorphoColor
structures lead to a very small loss and a power of > 94%
compared to the reference can be achieved.

IV. CONCLUSION

We showed how the Morpho structure as found in nature can
be modified in order to feature an enhanced color saturation and
stability, while at the same time transmitting a large fraction of
the incident solar radiation to the solar cells within a PV module.
In addition to these performance improvements, the combination
of the adapted thin film stack with a surface structure is well
suited for industrial production.

Beyond the design and proof of concept, we demonstrated
color effects and PV performance of test modules, resulting in
more than 94% power compared to a black reference module.

This will help integrating high efficiency PV modules into
buildings, but also into other applications such as vehicles,
tapping the very large potential of integrated PV.

While we focused on PV modules in this article, the Morpho-
Color concept can also be applied to solar thermal collectors,
enabling a better building integration, leading to an improved
acceptance and an increased deployment of integrated solar
systems.

APPENDIX

A. Measured Refractive Index Data of TiO 2 and SiN
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Fig. 14. n and k values of the used TiO2 and SiN materials, measured by

spectral ellipsometry.
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B. Calculation of L*a*b* Coordinates From RGB Values

The coordinate conversion is done in three following steps.
1) Conversion from RGB to sRGB [26]:

RircB (R/255)/12.92 if R/255 < 0.04045

Rsras = ((R/255 4 0.055)/1.055)%* otherwise

The same formulae apply to G and B.

2) Conversion from sRGB to XYZ [26]:

X 0.4124 0.3576 0.1805 RsreB
Y | =1(0.2126 0.7152 0.0722 GsraB
A 0.0193 0.1192 0.9505 Bsran

3) Conversion from XYZ to L*a*b* [24]:

L* =116 fYIY,) - 16

a* = 500((AX/X ) — YY)

b* =200(((Y/Yy) - AZIZy,))

with

X,=0.9505,Y, =1,Z, = 1.0888 (values at the white point),
fXIX,) = X3 if X/X,,> (24/116)3,

AXIX,,) = 841/108(X/X,,) + 16/116 if X/X,, < (24/116)°.
The same formulae apply to Y and Z.
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