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A new transparent photovoltaic panel composed of a luminescent solar concentrator and Al/BaTiO3/ZnO/Pt ferro-
electric solar cells is presented, in which a portion of the incoming solar illumination is converted by the fluorophores to
ultraviolet (UV) light which is then absorbed by ZnO. Firstly, the solar cells are simulated using Atlas—Silvaco. Then, the
panel is modelled based on the obtained solar cell characteristics. This panel would be of great importance for building
integrated photovoltaics domain because of its high transparency.

Keywords: Atlas—Silvaco, ferroelectric solar cell, luminescent solar concentrator, building integrated photo-

voltaic
PACS: 88.40.J—, 85.30.De, 88.40.H—, 88.40.mr

1. Introduction

Photovoltaic solar energy is the object of many scien-
tific investigations. Researchers are constantly looking for
cleaner, more efficient, and less costly systems. The pn junc-
tion solar cell (PNJSC) is the most used cell for solar energy
harvesting,!! = and it is generally fabricated with silicon!!!
containing a junction between two differently doped regions
p and n; as a result, a build-in electric field appears therein,
which separates the photogenerated charge carriers, ! so the
electrons and holes are drifted to the n and p regions, respec-
tively, and then collected by the poles. Lastly, electrons will
flow in the external circuit to provide energy and recombine
with holes. [+

Although PNJSCs are the most commercialized solar
cells, many obstacles therein have to be surmounted in order
to increase their efficiency again.!**! Among the solar light
photons, only those with energy equal or higher than the semi-
conductor band gap energy (E,) will be exploited; in addition,
the excess energy coming from photons with the energy higher
than E,; will raise the crystal temperature because of the pho-
togenerated electrons and holes thermalization, which means
that the output energy of the cell will be decreased.!*>"-%1 In
addition, the open circuit voltage (Vi) of a PNJSC is less than

35101 and the attempt

E, /e (e is the elementary charge value)!

of increasing this voltage by adding dopants favors the non-

radiative recombination; hence, the yield is reduced."!
Heterojunction solar cells are developed with the aim of

absorbing the solar illumination more efficiently,!*!! and

fCorresponding author. E-mail: slimane.latreche @ gmail.com
© 2019 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/28/8/088801

their theoretical efficiency limit for an infinite number of junc-
tions may reach 69%, 86%—86.8% under one sun, full con-
centration, respectively.[*!1-121 However, this type of cells is
limited in material choice and has a high cost since it requires
advanced growth techniques. %!

Ferroelectric materials (FMs) under a specific tempera-
ture (Curie temperature) are characterised by an electric field
which presents a hysteresis cycle, so it can be controlled by
applying an electric field.['3 Since FMs present photovoltaic
effect, many researchers have developed new solar cell struc-
tures based on these materials.[2310:14-18]

At the beginning of ferroelectric solar cells (FSCs), the
FM was used as a light absorber wherein the ferroelectric elec-
tric field is responsible for charge carrier separation. These
cells present high values of V;. originated from the domain
walls,[>18] however, their short circuit current I is very low
due to the weak electrical conductivity and the high E,, which
means that a small amount of charge carriers are generated us-
ing solar spectrum. (417191

In order to avoid these problems, FMs have been com-
bined with a semiconductor light absorber. Fang Huang and
Xiangxin Liul">! fabricated a photovoltaic device in which the
active layer is composed of CdTe absorber and CdS ferroelec-
tric nanoparticles. Since the interface between CdS nanopar-
ticles and CdTe is very important, the output current of this
device is reduced due to surface recombination. !

A new approach to exploit FMs in photovoltaic cells was

proposed by Wang et al.!'! in which FM was used to apply an

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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electric field on a semiconductor absorber layer and, hence, to
separate photogenerated carriers. In this new cell, photocur-
rent does not pass through the FM and photogeneration oc-
curs at the semiconductor layer, which means that important
I is accessible; nevertheless, the non-uniformity of the elec-
tric field and its weakness compared to the PNJSC limit the
cell efficiency.

Luminescent solar concentrators (LSCs) have been stud-
ied for many reasons, such as their building compatibility
and their economy since fewer solar cells are needed.?9-%]
Down/up-conversion is a process in which particles ab-
sorb photons and then emit light at longer/shorter wave-
length than the excitation wavelength. Many researchers
are interested in down-conversion fluorophores embedded in
LSCs!7:8:20.23.26-28] pecause silicon solar cells are the most
used; however, up-conversion is also studied in order to benefit
from longer wavelength radiations. 39281

In this theoretical work, we introduce a new transparent
photovoltaic panel that is composed of ferroelectric solar cells
and a luminescent solar concentrator, which can be realized
using actual fabrication technologies. The panel schematics
and its working principle are well explained in Section 2. Us-
ing ATLAS-Silvaco, we simulate and calculate the efficiency
of Al/BaTiO3/ZnO/Pt ferroelectric solar cells; then, we calcu-

late the transparent panel characteristics.

2. Proposition

Figures 1 and 2 present the front view and cross section
of the proposed solar panel, respectively. As shown in Fig. 2, a
portion of the solar light is converted to ultraviolet (UV) radia-
tion by the electroluminescent particles embedded in the LSC
layer. The remaining part of the solar light is transmitted to
the indoor environment. The UV emitted photons are guided
to the solar cells’ edges where they are absorbed. Since the
width of the cells is on the order of a few wm, the position, the
orientation, and the spacing between them can be changed in
order to maximize the efficiency of the LSC without altering
the transparency of the panel, unlike other building-integrated
photovoltaics.[?!
This panel structure is also suitable for other types of so-

lar cells, such as silicon cell if the following conditions are

met:

(i) The width of the cell must be comparable to the pen-
etration depth.

(i) The light absorber layer must be aligned with the
electroluminescent layer.

(iii)) The luminescent particles should be chosen in such

a way that the emitted photon energy corresponds to the gap

fen‘oelectric >
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energy of the light absorbing material.
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Fig. 1. A front view scheme of the proposed transparent photovoltaic panel.
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Fig. 2. A cross section scheme of the proposed transparent photovoltaic
panel.

3. Luminescent solar concentrator

ZnO is a large band gap (3.4 eV)!*°! semiconductor,
hence, on the one hand, up-conversion luminescent elements
must be embedded in the transparent matrix, with emission
wavelengths less than 364 nm. Many up-conversion fluo-
rophores are introduced in the literature. Table 1 resumes
some UV emitting fluorophores; on the other hand, UV emit-
ted light reabsorption must be minimized; therefore, the LSC
must be with limited UV absorption material, such as glass as
an example. 3!

The fluorophores proposed here emit several wave-
lengths, but, in our case, only the ones less than 364 nm are

utile for photogeneration.

Table 1. UV emitting up-conversion fluorophores.

Fluorophore Absorption/nm Emission/nm Ref.
NaYF,;:Yb3t, Th3+ 976 350, 370, 417, 455, 476, 526, 540, 645, 667  [8]
LuPO4:Yb*", Tm3* 978 360, 455, 476, 660, 800 (8]

NaLuF4:Yb, Tm (IR) 345, 362, 450, 473, 646, 802 [31]

088801-2



Chin. Phys. B Vol. 28, No. 8 (2019) 088801

3.1. Ferroelectric solar cell

Using Atlas—Silvaco software, two solar cells are simu-
lated. These cells have vertical generation and lateral collec-
tion of the light generated carriers.!*?! This type of cells suits
the LSC perfectly. We remind that Atlas-Silvaco is a semi-
conductor device simulator, which is based on Poisson’s equa-
tion, the continuity equation, and the transport equation for
electrons and holes. 3! In all our simulations, we consider the
temperature 7 = 300 K and the wavelength of the monochro-
matic incident illumination A = 350 nm with an intensity of
1 W/cm? unless other values are mentioned. These values are
chosen because the solar cells receive a monochromatic con-
centrated light in the UV range, which comes from the LSC.

Firstly, we simulate cells composed of n-doped ZnO as an

absorber, and Al and Pt as electrodes, as shown in Fig. 3.

incident light
incident light

4 xT

-

Fig. 3. A Schematic representation of the simulated Al/ZnO/Pt solar cell.

Platinum (Pt) has a work function of 5.7 eVP* and zinc
oxide (ZnO) has an electronic affinity of 2.088 eV, 33 hence,
the n-ZnO/Pt forms a Schottky contact in which a spatial
charge zone takes place near the junction. Photogenerated car-
riers in this region are diffused in different senses depending
on their charge sign, so the separation is realized.

Secondly, we add a ferroelectric BaTiO3 (BTO) layer to
our cell to form an AI/BTO/ZnO/Pt cell which is schematically
represented in Fig. 4.

Al

BTO

}bq_

incident light
incident light

¢ x

-

Fig. 4. The Schematic representation of the simulated AI/BTO/ZnO/Pt solar
cell.

Several cell dimensions (ZnO and BTO layer thickness,
cell width) are compared in order to optimize the efficiency.

4. Results and discussion
4.1. Solar cell simulation results
4.1.1. Solar cell without ferroelectric layer

Al/ZnO/Pt solar cells with different dimensions x and y
as shown in Fig. 3 are simulated, and the following figures 5—
9 show the current density—voltage (J-V') characteristics. In
this work, the dimensions are in the unit of m unless another
unit is mentioned. Also, the current and power densities are
calculated with respect to the light collecting face area (edge

surface).
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Fig. 5. The J-V characteristics for Al/ZnO/Pt cells with x =2 pm.
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Fig. 6. The J-V characteristics for Al/ZnO/Pt cells with x =5 pm.
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Fig. 7. The J-V characteristics for Al/ZnO/Pt cells with x = 10 um.

0 0.2 0.4 0.6 0.8 1.0
\7a%
Fig. 8. The J-V characteristics for Al/ZnO/Pt cells with x = 20 um.

088801-3



Chin. Phys. B

Vol. 28, No. 8 (2019) 088801

350

300 |

250
200
150 f

J/mA-cm~?

100
50

1.0

v/vV
Fig. 9. The J-V characteristics for Al/ZnO/Pt cells with x =5 pm.

We note that the short circuit current density is practically
the same for all the dimensions, however, the open circuit volt-
age increases with the cell thickness unlike conventional solar
cells,3%) and this is because the incidence of light is perpen-
dicular to the cell thickness direction. Also, the voltage drops
for a greater width x due to the diffusion of photogenerated
carriers from the edges toward the middle. This diffusion oc-
curs because of the photogeneration rate gradient as illustrated
in Fig. 10.

ATLAS
Noureau_example_solarl 2.str

(=)
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(=)
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(=}

Micron

Photogeration ratc]

w
[=]

S
T

50—
—2 4 6 8 10 12

Micron

Fig. 10. Photogeneration rates. The photogeneration gradients are oriented
from the center toward the edges.
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Fig. 11. The P-V characteristics for Al/ZnO/Pt cells with x =2 pm.
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0 0.2 0.4 0.6
V/V
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Fig. 12. The P-V characteristics for Al/ZnO/Pt cells with x =5 pm.

Figures 11-15 show the power density—voltage (P-V)

characteristics; the essential difference is the open circuit volt-
age, and the maximum power is greater for smaller x and
greater y values.

250
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Fig. 13. The P-V characteristics for Al/ZnO/Pt cells with x = 10 pum.
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Fig. 14. The P-V characteristics for Al/ZnO/Pt cells with x = 20 pm.
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Fig. 15. The P-V characteristics for Al/ZnO/Pt cells with x = 50 pm.

One can see that the short circuit current behavior is not
so clear, but generally it increases with the thickness of zinc
oxide and decreases slightly with the cell width; however, it is
clear that the open circuit voltage varies depending on the cell
parameters. Summarily, the power output is greater for x = 2
and y = 50.
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4.1.2. Solar cell with ferroelectric layer

We have simulated a number of AI/BTO/ZnO/Pt solar
cells with the width value x = 2 and different ZnO and BTO 250
thicknesses y and b, respectively, as shown in Fig. 4. The value

\.\\\
] \ A
200 1 \‘
of x is chosen based on the previous results, where it was found ] |
that decreasing the width of the cell, x gives better results. In

Figs. 16-20, we show the current density—voltage characteris-
tics.
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=
o
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Fig. 19. The J-V characteristics for AI/BTO/ZnO/Pt cells with x =2 pm
and y =20 pum.
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Fig. 16. The J-V characteristics for AI/BTO/ZnO/Pt cells with x =2 pum 1 ﬁ‘—’—Z“‘J—bo.om N\
and y =2 pm. 1. 22—y —b0.015
50 e 0,020
300 1 — 22—4®—10.050
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250 \ \‘ \ 0 0.2 0406 08 10 1.2 1.4 1.6 1.8
] \ Ll VIV
7200 A \ ‘-, “‘ "-‘ Fig. 20. The J-V characteristics for AI/BTO/ZnO/Pt cells with x = 2 pm
g ] \\ '. '|\ \ and y = 50 pum.
< ] \ it i . . . .

g 150 \ Pl It is evident from Figs. 16-20 that the short circuit cur-
™ ol =y *zgggz \ ‘\| i rent depends just slightly on ZnO and BTO thicknesses y and
o ---- 2*—3°—b0.00: i | . . . . cs

1o 2 —yP—b0.010 “. ' b, and the open circuit voltage increases with y. This increase
0 s o \ . . . . .
50 ] — @—y—v0.015 Vol ! is the result of the ferroelectric polarization. It is clear that the
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Fig. 17. The J-V characteristics for AI/BTO/ZnO/Pt cells with x =2 pm
andy =5 um.

characteristic shape varies drastically as b changes. Lower fill
1.8

factors are obtained when BTO layer is thicker and this is due
to the resistivity of the material.
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1 — 22—4°—b0.050 \\ Fig. 21. The P-V characteristics for AI/BTO/ZnO/Pt cells with x =2 pm
0 T T T T T T T T T andy =2 pm.
0 02 04 06 08 1.0 1.2 14 1.6 1.8
VIV Figures 21-25 show the power density—voltage charac-
Fig. 18. The J-V characteristics for AI/BTO/ZnO/Pt cells with x =2 pm
and y = 10 um.

teristics. The open circuit voltage increases for thicker ZnO

layers, and the maximum power is greater for thinner BTO
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layers. Increasing the latter leads to poorer fill factor. The

4.2. Estimation of the yielding of transparent solar panel
maximum power output follows the V, variation and takes its We consider a transparent solar panel as designed in Fig. 2
greater value for y = 50 and 5 = 0.002. with a surface of 1 m? and 10 ferroelectric cells arranged reg-
500 00,002 ularly, one parallel to each other, dividing the panel into 11
1 - ;2—;:‘—111)'.0(15 small regions as shown in Fig. 26. The cell parameters are
. 400: = iiiiZSSiO chosen (x = 2, y =50, b = 0.002) based on the results of the
§ 300] = 211133223 solar cell simulation. The panel edges are covered by mirrors
E 1 to avoid the escape of emitted UV light.
200 A
100 1

0 0.2 04 06 08 1.0 1.2 1.4 1.6 1.8
V/V

Fig. 22. The P-V characteristics for Al/BTO/ZnO/Pt cells with x =2 pm
and y = 10 um.
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g 300 4 — 24— 50.050 H Fig. 26. A schematic diagram of the simulated photovoltaic panel of
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Fig. 23. The P-V characteristics for AI/BTO/ZnO/Pt cells with x =2 pm In thi h | effici
and y — 10 um. n this case, the panel efficiency
500 _
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400 === z?—y*—b0.005 >
350 1 jjj;f;’;’jf YA where Epsc and E are respectively the LSC and the cell’s
5 a00 ] — w-vr-w0.020 efficiency. Epsc depends on the optical and the quantum effi-
° — 2?—y*—b0.050 P . .
E 250 1 ' I ciencies.
T 2001 VLt The LSC concentration in our case is the ratio of the inci-
128 \ \\\ dence surface Sj, to the emitting edges surface, and the latter
50 1
0

is equal to the cell surface Sc;; multiplied by 2 (because two
————————————t cells are connected to the LSC), so
0 0.2 04 06 08 1.0 1.2 1.4 1.6 1.8

v/vV

S 10 x 100
i st . Clsc=5—o— = = 1000. 3)
Fig. 24. The P-V characteristics for AI/BTO/ZnO/Pt cells with x =2 um 2 X Scell 2x0.5
and y = 20 pum.
500

— 2Py 0 50.002
4507 . aeym_p0.005

An incident density Ji, that contains direct and diffused light
is arriving on the top surface of the LSC as shown in Fig. 27.
The outcoming UV light with a density Jo is collected by
cells. The relationship between the two densities is

N

"\
!
1
\
[l
[
l

— z*—y"—b0.050

Jout = Jin X CLsc X ELsc.

i
1
1
i
i
1
i
[l
i
[l
Y
i
1
[
1
i
1
i
\
\

4)
This is equivalent to
Iout Iin Sin
0 0204 06 0.8 1.0 1.2 1.4 1.6 1.8 S x Eisc, ©)
. . : : . . . : : Scel] Sin 2x Scell
\7AY%
Fig. 25. The P-V characteristics for AI/BTO/ZnO/Pt cells with x =2 um
and y = 50 um.

where Iy and [, are respectively the outcoming and the inci-
dent light intensities.
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By multiplying Eq. (5) by Scen

I
Loy = lfn X ELsc. (6)

The solar cell transforms the outcoming UV light [, into elec-
tric energy power Peg; this can be written as

Peell = 2 X Iout X Ecel- @)

The factor 2 takes place because the solar cell receives light
from two edges.

~
N
m J.

+

The solar panel contains 10 cells, so the total power can
be written as
Prot = 10 X Peeyy. (®)

From Egs. (6), (7), and (8), we can obtain
Pot =10 X iy X ELsc X Ecell- 9

The cells are connected in series, so the panel -V character-
istic can be deduced from the cell characteristic and the LSC
efficiency. The connection resistance is not taken into account.

-~

T
l“ J, +

e

T

‘—’ LSC

1
|

out

m .

Fig. 27. A simplified schema explaining the energy conversion steps in the system LSC-solar cell.

By considering Epsc=10% and an illumination of
1000 W/m?, the proposed panel current—voltage (I-V) and
power—voltage (P-V) characteristics will be shown in Figs. 28

and 29.
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Fig. 28. The I-V characteristics of the transparent solar panel proposed in
our work.
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Fig. 29. The P-V characteristics of the transparent solar panel proposed in
our work.

The panel characteristics are Voo =~ 20 V, I = 3.625 A,
Prax = 57 W, 1ill factor=78.7%, Iymax = 3.55 A, and Vpmax =
16.06 V. Ipmax and Vpmax are the maximum power point current

and voltage, respectively.

5. Conclusion

In this work, it is shown that luminescent solar concen-
trator and ferroelectric solar cells can be combined together in
order to form a new transparent photovoltaic panel. The fer-
roelectric solar cells are designed in such a way that the light
incidence is lateral, which makes them adapted to luminescent
solar concentrator.

Firstly, we commence the simulation using Atlas-Silvaco
by considering a Schottky junction solar cell Al/ZnO/Pt. The
results show that increasing the ZnO thickness and reducing
the cell width lead to better efficiency values. The best sim-
ulated cell characteristics are Je = 287.30 mA/cm?2, V. =
0.92 V, Ppax = 230.21 mW/cm?, fill factor =0.87, and the ef-
ficiency is 11.51%.

Secondly, we simulate the structure AI/BTO/ZnO/Pt to
investigate the effect of barium titanate layer on the cell effi-
ciency. It is shown that thinner BTO layers give rise to better
efficiency values; however, thicker ones reduce the fill fac-
tor, and this occurs due to the material’s electrical resistiv-

ity. The simulation of an optimized ferroelectric cell gives us
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Jee =290.00 mA/cm?, Voo = 2.00 V, Ppax = 456.79 mW/cm?,
fill factor =0.78, and the efficiency =22.84%.

Finally, a transparent photovoltaic panel is designed in
which LSC absorbs a portion of the incident solar light and
converts it to UV light which is guided into the ferroelec-
tric solar cells. By considering the LSC efficiency as 10%,
the estimated characteristics of a 1-m? panel are V. =~ 20 V,
Ie =3.62 A, Prax = 57T W, Iymax = 3.55 A, Vomax = 16.06 V,
and fill factor=78.7%. This solar panel is of great interest for
the building-integrated photovoltaics (BIPV) domain because
of its transparency and the LSC ability to collect the direct and
the diffused light simultaneously, leading to important electri-
cal energy generation. The fluorophores types, concentration,
and the solar cell materials can be chosen according to the
local illumination and the desired transparency-electrical effi-

ciency ratio.
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