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ABSTRACT

Rooftop solar cells may become more acceptable if they are colored, e.g., red or blue-green, which requires that
a certain part of the incoming solar spectrum be reflected. We implemented and optimized an optoelectronic
model for Cu2ZnSn(SξSe1−ξ)4 (CZTSSe) solar cells containing (i) a conventional 2200-nm-thick CZTSSe layer
with homogeneous bandgap, or (ii) an ultrathin CZTSSe layer with optoelectronically optimized sinusoidally
nonhomogeneous bandgap, or (iii) a CZTSSe layer with optoelectronically optimized linearly nonhomogeneous
bandgap. Either complete or partial rejection of either red or blue-green photons was incorporated in the model.
Calculations show that on average, the efficiency of a typical solar cell will be reduced by about 9% if 50% red
photons are reflected or by about 13% if 50% blue-green photons are reflected. The efficiency reduction increases
to about 18% if all red photons are reflected or about 26% if all blue-green photons are reflected.

Keywords: colored solar cell, CZTSSe, optoelectronic optimization, thin-film solar cell

1. INTRODUCTION

Photovoltaic solar cells represent an eco-friendly source of energy. However, they take up valuable land that
otherwise could be used for other purposes such as farming. Rooftops are promising alternatives since they have
the only function. But, many houseowners and their tenants appreciate the aesthetic appearance of their living
and working spaces, and some of them resist the installation of solar panels on rooftops due to visual change.1

Solar cells are typically bluish black and have macroscopically uniform flat surfaces, those features providing the
maximum energy output. Roof claddings, such as red clay tiles, are often colored and have corrugated surfaces,
in contrast. The aesthetic requirements can be met by coloring solar cells either red or blue-green.

Red or blue-green rejection filters can be made of particulate composite materials containing, say, silica
nanospheres. Typically, the solar cells will be iridescent then, which may not be aesthetically pleasing to many.
Non-iridescent colored rejection filters can be fabricated by properly scaling the linear dimensions of biomimetic
filters nano-imprinted to reproduce the Morpho blue,2 this possibility being guaranteed by the scale invariance
of the Maxwell equations and the weak dispersion of the refractive indexes of numerous polymers in the visible
spectral regime.
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2. OPTOELECTRONIC MODEL

Computational modeling of photovoltaic cells can determine the efficiency loss to achieve the desired color
by the rejection of photons in a specific spectral regime. Hence, we implemented and optimized a thin-film
Cu2ZnSn(SξSe1−ξ)4 (commonly referred to as CZTSSe) solar cell for two different desired colors: (i) red and
(ii) blue-green. Accordingly, either the red part (620-700 nm wavelength) or the bluish-green part (400-550 nm
wavelength) of the incoming solar spectrum must be substantially reflected so that it becomes mostly unavailable
for the photovoltaic generation of electricity. Therefore, we used an optoelectronic model of CZTSSe solar cells3

to optimize them for maximum power conversion efficiency while reflecting either red photons or blue-green
photons.

A conventional CZTSSe solar cell has the MgF2/AZO/iZnO/CdS/CZTSSe/Mo(S,Se)2/Mo configuration,
beginning with a MgF2 layer of thickness LMgF2 as the antireflection coating; an AZO layer of thickness LAZO

as the front contact; an iZnO layer and a CdS layer of thicknesses LiZnO and LCdS, respectively, forming a
buffer; a CZTSSe layer of thickness Ls as the photovoltaic layer; an Mo(S,Se)2 layer formed as a consequence of
the deposition process; and a Mo back-contact/backreflector of thickness Lm. The formation of the Mo(S,Se)2
layer deleteriously affects the solar-cell performance by adding a series resistance and increasing the back-surface
electron-hole pair recombination rate. To avoid the formation of the Mo(S,Se)2 layer, the introduction of a
thin Al2O3 passivation layer (of thickness La) between the Mo back-contact/backreflector and the CZTSSe
photovoltaic layer has been proposed,4 and we incorporated this suggestion in our model; see Fig. 1. Also, we
replaced the conventional flat back-contact/backreflector with a 1D periodically corrugated one for better light
trapping.5,6 The period, duty cycle, and height of the periodically corrugated backreflector are denoted by Lx,
ζ ∈ (0, 1), and Lg, respectively.

The nonhomogeneous bandgap in the CZTSSe layer was taken to be either sinusoidally or linearly graded.3

Linearly graded bandgaps of two types were considered: (a) forward graded and (b) backward graded. The linear
backward bandgap grading was modeled as

Eg(z) = Eg,max −A (Eg,max − Eg,min)
z − (LMgF2 + LAZO + LiZnO + LCdS)

Ls
,

z ∈ [LMgF2
+ LAZO + LiZnO + LCdS, LMgF2

+ LAZO + LiZnO + LCdS + Ls] , (1)

where Eg,min is the minimum bandgap, Eg,max is the maximum bandgap, and A is an amplitude (with A = 0
representing a homogeneous CZTSSe layer). The linear forward bandgap grading was modeled by

Eg(z) = Eg,min +A (Eg,max − Eg,min)
z − (LMgF2

+ LAZO + LiZnO + LCdS)

Ls
,

z ∈ [LMgF2
+ LAZO + LiZnO + LCdS, LMgF2

+ LAZO + LiZnO + LCdS + Ls] . (2)

The sinusoidal bandgap grading was modeled as

Eg(z) = Eg,min +A (1.49− Eg,min) ×
{

1

2

[
sin

(
2πK

z − (LMgF2 + LAZO + LiZnO + LCdS)

Ls
− 2πψ

)
+ 1

]}α
,

z ∈ [LMgF2
+ LAZO + LiZnO + LCdS, LMgF2

+ LAZO + LiZnO + LCdS + Ls] , (3)

where ψ ∈ [0, 1] describes a relative phase shift, K is the number of periods in the CZTSSe layer, and α > 0 is
a shaping parameter.

The optoelectronic model was used to determine the effects of the rejection filter on the short-circuit density,
the open-circuit voltage, the efficiency, and the fill factor. These parameters were calculated for normally
incident unpolarized solar radiation using the rigorous-coupled wave approach for the photon absorption rate and,
therefore, the electron-hole-pair generation rate. The transport of electrons and holes in the iZnO/CdS/CZTSSe
region was considered using the 1D drift-diffusion model with the assumption of ideal ohmic front and back-
contact. A hybridizable discontinuous Galerkin scheme7,8 was used for the drift-diffusion equations. Band-gap
varying electron affinity and defect density of states were incorporated in the model, as also were the Shockley–
Read–Hall and radiative electron-hole recombination processes.9 The differential evolution algorithm10 was used
to optimize the efficiency for (i) no rejection (f = 0), (ii) 50% rejection (f = 0.5), and (iii) 100% rejection
(f = 1.0) of either red or blue-green photons.
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Figure 1. Schematic of the reference unit cell of the CZTSSe solar cell with a 1D periodically corrugated metallic backre-
flector of period Lx and duty cycle ζ ∈ (0, 1).

3. NUMERICAL RESULTS AND CONCLUSION

First, we considered the CZTSSe layer to have a homogeneous bandgap and the metallic back reflector 1D
periodically corrugated backreflector. Values of the short-circuit current density Jsc, open-circuit voltage Voc,
efficiency η, and fill factor FF are shown in Table 1 with f ∈ {0, 0.5, 1.0} of either red or blue-green photons.
Also, the percentage relative reduction in efficiency with respect to no rejection (f = 0) is provided in the same
table. For a conventional 2200-nm-thick CZTSSe solar cell with a 1D periodically corrugated backreflector,
the optoelectronic model predicts the optimal solar cell’s efficiency without any rejection filter to be 11.8%.
The optimal efficiency reduces to 10.7% if 50% red photons are rejected and 9.6% with 100% rejection of red
photons. The optimal efficiency reduces to 10.2% and 8.7% with 50% and 100% rejection of blue-green photons,
respectively.

Next, we considered optimization of linearly nonhomogeneous bandgap solar cells according to Eqs. (1)
and (2). The optimal CZTSSe solar cell with a backward linearly nonhomogeneous bandgap [Eq. (1)] was found to
be the same as the 2200-nm-thick conventional homogeneous solar cell. For the forward linearly nonhomogeneous
bandgap [Eq. (1)], the optimization predicted A 6= 0. Values of Jsc,Voc, η, FF and % η reduction are shown
in Table 1. For the forward linearly nonhomogeneous bandgap, the efficiency without any rejection filter is
17.0% with a 2200-nm-thick CZTSSe absorber layer. The efficiency reduces to 15.91% with 50% and 14.3% with
100% rejection of red photons. The efficiency reduces to 15.2% and 13.4% with 50% and with 100% rejection of
blue-green photons, respectively.

Finally, we considered the sinusoidally nonhomogeneous bandgap described by Eq (3). Values of Jsc,Voc, η,
FF and % reduction in η are shown in Table 1. The efficiency without any photon rejection is 21.74% with an
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Table 1. Values of Jsc,Voc, η, FF and % reduction in η relative to f = 0 of the optimal CZTSSe solar cell when the
CZTSSe layer is either homogeneous or linearly graded according to Eq. (2) or sinusoidally graded according to Eq. (3)
and periodically corrugated backreflector. Here, f ∈ {0, 0.5, 1} denotes the fraction of either red or blue-green photons
that could have been absorbed but were rejected by the incorporation of a rejection filter.

Cell type Thickness Reflected f Jsc Voc FF η % reduction
(nm) color (mA cm−2) (V) (%) (%) of η

Homogeneous
bandgap

2200 0 31.5 558 70.3 11.8

Red 0.5 29.0 536 69.0 10.7 9.3
1 26.3 532 68.8 9.6 18.6

Blue-
green

0.5 28.0 534 68.6 10.2 13.5

1 24.3 527 68.0 8.7 26.2
Linearly
graded
bandgap

2200 0 36.7 628 74.0 17.0

Red 0.5 34.8 619 73.7 15.9 6.4
1 31.8 614 73.1 14.3 15.8

Blue-
green

0.5 33.5 617 73.5 15.2 10.5

1 30.0 611 72.9 13.4 21.1
Sinusoidally
graded
bandgap

870 0 37.3 772 75.2 21.7

Red 0.5 36.1 770 74.1 20.6 5.0
1 33.3 767 73.6 18.8 13.3

Blue-
green

0.5 35.2 769 73.8 20.0 7.8

1 31.5 764 73.3 17.7 18.4

optimal ultrathin 870 nm CZTSSe layer in Table 1. For this solar cell, the efficiency reduces to 20.6% with 50%
rejection and 18.8% with 100% rejection of red photons. The efficiency reduces to 20.0% and 17.7% with 50%
and 100% rejection of blue-green photons, respectively.

The relative reduction in efficiency is 7.05±2.05% with 50% rejection and 15.80±2.70% with 100% rejection
of red photons in Table 1. The analogous figures are 10.40± 2.70% and 22.35± 3.85% when blue-green photons
are rejected. The main reason for higher efficiency reduction with blue-green rejection filters is that sunlight
contains 42% more blue-green photons than red photons. The efficiency reduction is mainly due to reduction in
the short-circuit current density; however, the open-circuit voltage and the fill factor are affected very little.

In conclusion, the emergence and commercialization of solar cells with red or blue-green appearance will
enhance the adoption of solar cells for rooftop installation. Our optoelectronic modeling predicts that the
reduction in efficiency due to the deployment of a color rejection filter can be compensated by the use of a
graded-bandgap semiconductor layer and light-trapping techniques.
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