JPhys Energy

PAPER « OPEN ACCESS You may also like

Bifacial flexible CIGS thin-film solar cells with iy o el ledhnlodies

. . Gregory M Wilson, Mowafak Al-Jassim,
nonlinearly graded-bandgap photon-absorbing Wyatt K Metzger ot al.

I - Study of bifacial photovoltaics with
aye rS fluorinated ethylene propylene as an anti-
reflective layer
Ramsundar Sivasubramanian,

To cite this article: Faiz Ahmad et al 2024 J. Phys. Energy 6 025012 ghOJC_ka_lli_ngam Aravind Vaithilingam and
InJin Tan

- Glass/glass photovoltaic module reliability
and degradation: a review
Archana Sinha, Dana B Sulas-Kern,
View the article online for updates and enhancements. Michael Owen-Bellini et al.

This content was downloaded from IP address 69.249.99.186 on 05/09/2024 at 01:06


https://doi.org/10.1088/2515-7655/ad29fd
/article/10.1088/1361-6463/ab9c6a
/article/10.1088/1361-6463/ab9c6a
/article/10.1088/2053-1591/ad5d56
/article/10.1088/2053-1591/ad5d56
/article/10.1088/2053-1591/ad5d56
/article/10.1088/1361-6463/ac1462
/article/10.1088/1361-6463/ac1462

10P Publishing

@ CrossMark

OPEN ACCESS

RECEIVED
1 September 2023

REVISED
31 January 2024

ACCEPTED FOR PUBLICATION
16 February 2024

PUBLISHED
6 March 2024

Original Content from
this work may be used
under the terms of the
Creative Commons

Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOIL.

J. Phys. Energy 6 (2024) 025012 https://doi.org/10.1088/2515-7655/ad29fd

Journal of Physics: Energy

PAPER

Bifacial flexible CIGS thin-film solar cells with nonlinearly
graded-bandgap photon-absorbing layers

Faiz Ahmad"* @, Peter B Monk’(® and Akhlesh Lakhtakia'

! NanoMM-Nanoengineered Metamaterials Group, Department of Engineering Science and Mechanics, Pennsylvania State University,
University Park, PA 16802-6812, United States of America

2 Department of Mathematical Sciences, University of Delaware, Newark, DE 19716, United States of America

* Author to whom any correspondence should be addressed.

E-mail: fua26@psu.edu

Keywords: CIGS solar cells, bandgap grading, optoelectronic optimization, bifacial thin-film solar cell,
building-integrated photovoltaics

Abstract

The building sector accounts for 36% of energy consumption and 39% of energy-related
greenhouse-gas emissions. Integrating bifacial photovoltaic solar cells in buildings could
significantly reduce energy consumption and related greenhouse gas emissions. Bifacial solar cells
should be flexible, bifacially balanced for electricity production, and perform reasonably well
under weak-light conditions. Using rigorous optoelectronic simulation software and the
differential evolution algorithm, we optimized symmetric/asymmetric bifacial CIGS solar cells
with either (i) homogeneous or (ii) graded-bandgap photon-absorbing layers and a flexible central
contact layer of aluminum-doped zinc oxide to harvest light outdoors as well as indoors. Indoor
light was modeled as a fraction of the standard sunlight. Also, we computed the weak-light
responses of the CIGS solar cells using LED illumination of different light intensities. The optimal
bifacial CIGS solar cell with graded-bandgap photon-absorbing layers is predicted to perform with
18%—29% efficiency under 0.01-1.0-Sun illumination; furthermore, efficiencies of 26.08% and
28.30% under weak LED light illumination of 0.0964 mW cm ™2 and 0.22 mW cm 2 intensities,
respectively, are predicted.

1. Introduction

The building sector accounts for 36% of energy consumption and 39% of energy-related
carbon-dioxide-equivalent emissions [1]. The space requirement for large-scale solar parks and
land-acquisition constraints have discouraged the growth of photovoltaic (PV) installations, particularly in
urban areas. Even if land is available for a solar park, there may be a negative impact on agriculture and food
security, making it imperative to consider alternative scenarios for deploying solar panels. Another issue is
access to electricity in remote areas; some 13% of humans still live without electricity and 40% do not have
access to clean fuels for cooking [2]. Hence, on-site off-grid energy generation and management are
necessary to cut down buildings-related energy consumption and greenhouse-gas emission as well as to
provide access to electricity in remote areas.

The integration of PV technology in new buildings continues to progress [3, 4], but the adoption is slow
and needs to be expedited. Thin-film solar cells are flexible, lightweight, easy and cheap to manufacture and
can fit well for this role [5]. Thin-film solar cells containing a layer of Culn;_¢GagSe, (CIGS) represent a
high-efficiency alternative to crystalline-silicon solar cells used commercially. CIGS can be deposited on
different substrates such as glass, metal foils, transparent conducting oxides, and polymers to allow for
applications that require lightweight or flexible modules [6]. These characteristics make CIGS thin-film solar
cells attractive for bifacial and flexible applications as well [7], especially for the integration of PV electricity
production with human habitation [8-12].

© 2024 The Author(s). Published by IOP Publishing Ltd


https://doi.org/10.1088/2515-7655/ad29fd
https://crossmark.crossref.org/dialog/?doi=10.1088/2515-7655/ad29fd&domain=pdf&date_stamp=2024-3-6
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-0635-207X
https://orcid.org/0000-0002-6539-5897
https://orcid.org/0000-0002-2179-2313
mailto:fua26@psu.edu

I0P Publishing J. Phys. Energy 6 (2024) 025012 F Ahmad et al

@) N (b)

Bifacial Solar Window
Bifacial Solar Module

7

7

y

Sunlight \\
\

Diffused sunlight

/
g

ED or bulb light

JJ
f

7904 5

\\ Diffused
\\ sunlight

Figure 1. (a) A bifacial solar window comprising solar cells can capture sunlight falling on the front face and diffused daylight or
LED light at night falling on the rear face. (b) A bifacial solar module captures direct sunlight falling on the front face and diffused
sunlight falling on the rear face.

Flexible solar modules can be straightforwardly installed on rooftops and interior/exterior facades.
Bifacial flexible thin-film solar cells will increase the possibility of harnessing energy from direct sunlight,
diffused sunlight, as well as indoor light. Also, bifacial thin-film solar cells can capture energy from
interior/exterior light at night. Figure 1(a) depicts a bifacial solar cell capturing sunlight falling on the front
face and either diffused daylight or LED light at night falling on the rear face. In addition, a bifacial solar
module can harvest more energy utilizing both faces of the module by effectively increasing the light capture
area, as depicted in figure 1(b).

A standard CIGS solar cell uses a molybdenum (Mo) back-contact layer. In contrast, a bifacial CIGS solar
cell has a back-contact layer made of a transparent conducting oxide (TCO) to collect the charge carriers and
still remain optically transparent. TCOs include indium-doped tin oxide [10], fluorine-doped tin oxide [11],
and aluminum-doped zinc oxide (AZO) [12]. By allowing infrared transmission, a TCO back-contact layer
also lowers the solar-cell temperature and thereby increases efficiency [7].

However, in general, all solar cells exhibit lower efficiencies under rear illumination compared to front
illumination [11, 13-16]. This is because most charge carriers are generated far from the p-n junction as the
light is absorbed close to the back-contact layer and has difficulty reaching the p-# junction under rear
illumination [15, 16].

The bifaciality factor 3, which is the ratio of the efficiency under rear illumination to that under front
illumination, must be as close to unity as possible, in order to increase the adoption of bifacial CIGS solar
cells for building-integrated and indoor PV applications. One approach is to use two p-n junctions
configured either symmetrically or asymmetrically with a flexible central-contact layer of a TCO, as shown in
figure 2(c); see also, the bifacial CZTSSe solar cell of Deng et al [17]. Such double-junction bifacial solar cells
can be used as either solar windows to capture outdoor light and indoor light simultaneously or solar
modules to harvest direct and diffused light simultaneously, as depicted in figure 1. A double-junction
bifacial solar cell can be either symmetric or asymmetric, depending upon the optimal design to harvest
indoor/outdoor light. Asymmetry of the junctions can be only due to different bandgaps of the two CIGS
photon-absorbing layers or different materials for the two junctions. In this study, we consider only the
bandgaps of the CIGS photon-absorbing layers to be different, in order to find the optimal configuration for
the bifacial design. However, the fabrication of asymmetric double-junction solar cells will be costly

compared to their symmetric counterparts. Symmetric bifacial double-junction CIGS solar cells can be
fabricated by double-sided deposition techniques to save cost [17]. Furthermore, symmetric bifacial solar
modules will have higher lifetimes as either side can be used for direct illumination, and this will decrease the
degradation of PV and other materials in the module over time.

A recent theoretical investigation demonstrated that judiciously selected compositional-grading profiles

(i.e. € as a function of z) leading to bandgap grading [18] in the CIGS photon-absorbing layer can enhance
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the efficiency. Furthermore, it has been experimentally observed that, despite the induction of higher defect
density by significant compositional grading in the CIGS layer, there is a concurrent reduction in
open-circuit voltage loss. This reduction is attributed to enhanced carrier transport at the absorber-buffer
interface, facilitated by optimized conduction-band offset [19]. Hence, the incorporation of a
graded-bandgap CIGS photon-absorbing layer in bifacial solar cells promises higher efficiency.

In this paper, we report our investigations on bifacial double-junction CIGS solar cells with: (i) two
graded-bandgap photon-absorbing layers, one for each junction, and (ii) a flexible AZO central-contact
layer. We used a rigorous optoelectronic simulation algorithm, our aim being to arrive at an optimal design
to harvest outdoor light and indoor light efficiently. The indoor light was modeled as a fraction of the
standard sunlight. Also, we analyzed the weak-light response of the bifacial CIGS solar cell illuminated on the
rear face by an 3200 K LED source.

Our theoretical predictions are based on a two-step optoelectronic model [20]. In the optical step of this
model, the transfer-matrix method [21, 22] is used to determine the electron—hole-pair (EHP) generation
rate G inside the solar cell [18], assuming normal illumination by unpolarized polychromatic light endowed
with the AM1.5G solar spectrum [23]. In turn, the EHP generation rate is used in the electrical step as an
input to the drift-diffusion system of differential equations to obtain the charge-carrier fluxes and, hence, the
current density J4e, generated by the solar cell as well as the electrical power density P = J4ey Vext as functions
of the bias voltage Ve under steady-state conditions [18]. In turn, the Jgey—Vexr and the P—Vy curves yield
the efficiency 7, short-circuit current density J., open-circuit voltage V., and fill factor FF [24, 25].

This paper is organized as follows. Section 2 on the optoelectronic simulation of a bifacial thin-film solar
cell is divided into three subsections. The description of the solar cell is presented in section 2.1, the optical
calculations in section 2.2, and the electrical computations are described in section 2.3. Numerical results on
bifacial CIGS thin-film solar cells are discussed in section 3. The paper ends with some remarks in section 4.

2. Optoelectronic simulation

2.1. Solar-cell description
The schematic of a standard MgF,/AZ0O/od-ZnO/CdS/CIGS/Al,O3/Mo thin-film solar cell is shown in
figure 2(a) [18]. The solar cell is homogeneous in any xy plane, the z axis of the Cartesian coordinate system
being aligned parallel to the thickness direction. The overall thickness of the solar cell is denoted by L;. On
the front face, the 110-nm-thick MgF, layer acts as an antireflection coating. Electrons are collected in the
100-nm-thick AZO layer that follows. Then comes an 80-nm-thick layer of oxygen-deficient zinc oxide
(0d-ZnO) followed by a 70-nm-thick layer of cadmium sulfide (CdS), both materials being n-type
semiconductors. The photon-absorbing layer of p-type CIGS is of thickness Ly < 2200 nm, the following
20-nm thick Al,Oj; layer is needed for passivation, and the 500-nm-thick Mo layer at the rear serves as both
the back-contact layer and an optical reflector.

In a simple bifacial CIGS solar cell, the back-contact layer is composed of not Mo but AZO [10-12], as
shown in figure 2(b). We kept the thickness of the AZO layer the same as that of the Mo layer it replaces. The
bandgap energy was continuously graded in the CIGS layer of the solar cells of figures 2(a) and (b) as [18]

Eg (2) = Egmin + A (1.626 — Eg min)
1 —(Ly+ Log—zno + L @
X {2 [Sin (27TKZ (L + Loa—zn0 + Leas) —27T¢) + 1] } ,

L
2 € [Lw + Lod—zn0 + Leas, Ld] (1)

where A € [0, 1] is the perturbation amplitude, ¢ € [0, 1] quantifies a relative phase shift, K is the number of
periods in the CIGS layer, and o > 0 is a shaping parameter. The parameter space for optimization of ) was
fixed as follows: Eq min € [0.947,1.626] eV, A € [0,1], o € [0,8], K € [0,8], and ¢ € [0,1].

The double-junction bifacial CIGS solar cell with a center-contact layer of AZO is shown in figure 2(c). It
is structurally symmetric, in that the thickness of the layer of any material in the front half of the solar cell is
the same as the thickness of the layer of the same material in the rear half of the solar cell. When the bandgap
energy is also a symmetric function of z, equation (1) is supplemented by the condition

Ey(2) =Eg(Li—2), z€[0,L/2]. 2)

However, the bandgaps of the two CIGS photon-absorbing layers can be different in asymmetric bifacial
solar cells, and equation (2) does not hold for z € [Ly, + Lod—zn0 + Lcds, Ld]-
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Figure 2. Schematics of three solar cells. (a) CIGS thin-film solar cell with a standard Mo back-contact layer. (b) Bifacial CIGS
thin-film solar cell with an AZO back-contact layer. (c) Structurally symmetric bifacial CIGS thin-film solar cell with two p-n
junctions and an AZO center-contact layer. The layer thicknesses are not proportionally scaled in the schematics.

2.2. Optical calculations

For all three CIGS solar cells shown in figure 2, the transfer-matrix method [21, 26, 27] was used the
calculate the electric field phasor E(z, A,) = Ex(z, \,) U everywhere inside the solar cell as a result of
illumination by a monochromatic normally incident plane wave, A, being the free-space wavelength and v
being the unit vector parallel to the x axis. The electric field phasor of the incident plane wave was taken as

Eont (2, \,) = E i exp (iZﬂ';) (3)

for front illumination, where E, = 41/157 V. m~'. The electric field phasor of the incident plane wave was
taken as
B (2,M,) = Eyity exp {—iZW L; L‘)] @)
0
for rear illumination.

All materials in the solar cell are isotropic dielectric described by the relative permittivity scalar &,,(A,).
Spectrums of the real and imaginary parts of () /e, of MgF, [28], AZO [29], od-ZnO [30], CdS [31],
CIGS [32, 33], Al,O3 [34], and Mo [35] used in our calculations are available in reference [20]. Also, all
layers, except the CIGS layer(s) when A # 0 in equation (1), are homogeneous.

Standard electromagnetic boundary conditions were enforced on the planes z= 0 and z = L, to match
the internal field phasors to the incident, reflected, and transmitted field phasors, as appropriate. The
procedure to compute the electric field phasor E(z, \,) inside the solar cell is the same for both front
illumination and rear illumination.

With the assumption that every absorbed photon excites an EHP, the EHP generation rate was calculated
as

ZOEU A0, mx(2) 2
G(z)= - / Im{e,e (2, M)} Ex (2, 0)]" S (o) dA (5)
hEO A0, min

in the semiconductor layers. Here, Z, is the intrinsic impedance of free space, & is the reduced Planck
constant, S(\,) is the AM1.5G solar spectrum [23], Ay i, = 300 nm, and X, ,,..(z) = [1240/Eg(z)] eV nm.

Note that G(z) is a piecewise continuous function of z.

2.3. Electrical calculations
EHP generation can occur only in the 0d-ZnO/CdS/CIGS region of the solar cells shown in figures 2(a) and
(b). With AL, O3 not being a semiconductor so that G(z) = 0 in that layer, electrical calculations have to be
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confined to the 0d-ZnO/CdS/CIGS/AL, O3 region bounded by two electrical contact layers. We ignored the
20-nm-thick Al,O; layer and set L, = 0, when we solved a system of 1D drift-diffusion equations [18, 24, 25,
36] to calculate the electron current density J,(z), the hole current density J,,(z), and the device current
density Jaev = Ju(2) + Jp(2) ;2 € [Ly, La] , which is independent of z but is a function of the voltage Vex
applied across the planes z = L,, and z = Ly. Vi, was varied to determine the maximum value of the
electrical power density P = J4ey Vet and, hence, the efficiency 7.

In a bifacial solar cell of figure 2(c), the central-contact layer functions in the same way for both
0d-ZnO/CdS/CIGS/Al,O5 regions [17] and under either illumination condition. Each of the two
0d-ZnO/CdS/ CIGS/AL,O5 regions is electrically independent, and the electrical power density can be
calculated separately for both regions.

3. Numerical results and discussion

3.1. CIGS solar cell with AZO back-contact layer

3.1.1. Homogeneous photon-absorbing layer

Let us begin with a CIGS thin-film solar cell with a Mo back-contact layer and a homogeneous
photon-absorbing layer. Values of ], Vo, FF, and 7 predicted by the two-step optoelectronic model for the
optimal solar cell for L, € {1200,2200} nm are shown in table 1. The highest efficiency predicted is 18.39%
for a solar cell with an optimal bandgap of E; = 1.19 €V [i.e. { = Ga/(Ga+In) = 0.36]. The corresponding
values of ], Vi, and FF are 31.86 mA cm™2, 700 mV, and 82.5%, respectively [18]. The best commercial
CIGS solar cells today have an efficiency of 19.3% [7]. The disparities between model predictions and
experimental data are likely a result of differences in the values of the optical and electrical parameters
gleaned from the literature to run our model compared to those of the materials in the practical
implementations, but the latter are either partially or wholly unavailable to us [18].

We calculated the performance parameters of CIGS thin-film solar cells with an AZO back-contact layer
and a homogeneous photon-absorbing layer under the front illumination of one Sun. Values of ], Vo, FF,
and 7 corresponding to the optimal design for Ly € {1200,2200} nm are shown in table 2. The highest
efficiency predicted is 18.27% for a solar cell with an optimal bandgap of E; = 1.19 eV. The corresponding
values of Ji., Vi, and FF are 31.56 mA cm~2, 700 mV, and 83%, respectively. The overall performance of the
solar cell, thus, is barely affected by replacing Mo by AZO, as can be noted by comparing tables 1 and 2.

We conjectured that this is because of minimal light transmission to the rear side, as the CIGS layer
captures almost all of the light in the relevant spectral regime. To prove the conjecture, we computed the
reflectance and transmittance of the front-illuminated CIGS solar cell with either a Mo or an AZO
back-contact layer. Figure 3 shows that the transmittance is negligible small for ), € [300,1042] nm,
confirming that almost all of the solar radiation for A, < 1042 nm is absorbed within the CIGS
photon-absorbing layer. The cutoff wavelength corresponding to Eg min = 1.19 eV is 1042 nm, and it can be
noted that the transmission is almost zero below this cutoff wavelength; consequently, there is minimal effect
of replacing Mo by AZO. Infrared transmission for A, > 1042 nm with AZO back-contact layer is due to
material transparency [37], and lowers the solar-cell temperature [7].

Next, we calculated the performance parameters of the same solar cell under one-Sun rear illumination.
Values of Js, Voc, FF, and 7 corresponding to the optimal design for L, € {1200,2200} nm are shown in
table 2. The highest efficiency predicted for Ly = 2200 nm is only 0.55% for a solar cell with an optimal
bandgap of E; = 1.19 eV. The corresponding values of /s, Voc, and FF are 1.15 mA cm ™2, 612 mV, and 78%,
respectively.

The bifaciality factor 8 = 3% is thus very low for this type of solar cell. The rear-illumination efficiency is
feeble compared to the front-illumination efficiency, because the majority of the charge carriers are
generated far from the p-n junction: light is absorbed close to the back-contact layer and thus is highly
attenuated near the junction under rear illumination [15, 16].

In order to verify this conjuncture, we analyzed the EHP generation rate G(z) and the EHP
recombination rate R(z) under front and rear illumination of the CIGS solar cell with Ly = 2200 nm. These
rates are plotted in figure 4 as functions of z in the semiconductor region. The EHP generation rate is
lower/higher near the back face but higher/lower near the front face, for front/rear illumination.

Furthermore, not only is the cuamulative EHP generation rate

Ly
=/ G ©)

2.53 times higher for front illumination compared to rear illumination, even the net cumulative EHP
generation rate
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Table 1. Predicted parameters of the optimal CIGS solar cell with Mo back-contact layer for L, € {1200,2200} nm under one-Sun
front-illumination condition, when the CIGS layer is homogeneous (A =0, Egmin € [0.947,1.626] eV).

Ls Eg,min Jsc Voc FF n
(nm) (eV) (mA cm™?) (mV) (%) (%)
1200 1.25 28.43 730 81 16.96
2200 1.19 31.86 700 82.5 18.39
1.0 1 1.0/ g
(@) (b) s
0.8 0.8 e
— R — R Y
0.6 0.6 :
..... T ceeee T :
0.4 0.4 i
R+T R+T ;
027 A\ 027
\ / \ \ / \
\/ N — \/ -~ — .
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Figure 3. Reflectance R, transmittance T, and the sum R+ T of a front-illuminated optimal CIGS solar cell with either (a) a Mo or
(b) an AZO back-contact layer, when the 2200-nm-thick CIGS layer is homogeneous.

Table 2. Predicted parameters of the optimal CIGS solar cell with AZO back-contact layer for L € {1200,2200} nm under one-Sun
front- and rear-illumination conditions, when the CIGS layer is homogeneous (A = 0, Eg min € [0.947,1.626] V).

Ls Eg,min ]sc Voc FF n
Illumination (nm) (eV) (mA cm™?) (mV) (%) (%)
Front 1200 1.25 28.19 740 81 16.83
2200 1.19 31.56 700 83 18.27
Rear 1200 1.25 2.23 670 74 1.09
2200 1.19 1.15 612 78 0.55
Tnet =77 — P (7)

is 2.47 times higher for front illumination compared to rear illumination, where

Ly
p:/ R(z) dz (8)
L

w

is the cumulative EHP recombination rate. Since the EHP generation rate is higher/lower near the p-n
junction, for front/rear illumination, the ratio of the front-illumination efficiency to the rear-illumination
efficiency is much higher than 2.5. The asymmetry in EHP generation rates for front- and rear-illumination
conditions can be attributed to the solar-cell structure. In the case of front illumination, photons must travel
through the MgF,, AZO, 0d-ZnO, and CdS layers before reaching the CIGS photon-absorbing layer. In
contrast, for rear illumination, photons must travel through the AZO and Al,Os; layers to reach the CIGS
photon-absorbing layer.

According to tables 1 and 2, the efficiency improves by 1.44% for front illumination when the thickness
of the CIGS layer increases from 1200 nm to 2200 nm, whether the back-contact layer is made of Mo or AZO.
However, for rear illumination (possible with AZO back-contact layer only), the efficiency actually halves
when L; increases from 1200 nm to 2200 nm. Again, this efficiency drop supports the conjecture that light is
absorbed close to the back-contact layer and thus is highly attenuated near the junction under rear

illumination.

3.1.2. Nonlinearly graded-bandgap photon-absorbing layer

We next considered the performance of a CIGS solar cell with a Mo back-contact layer and a CIGS
photon-absorbing layer whose bandgap energy is graded according to equation (1). Values of ], Vi, FF, and
7 corresponding to the optimal design for L, € {1200,2200} nm are shown in table 3 [18].
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Figure 4. Spatial profiles of (a) the EHP generation rate and (b) the EHP recombination rate in the semiconductor region of the
optimal solar cell with a homogeneous CIGS layer of 2200 nm thickness, under one-Sun front- and rear-illumination conditions.

Table 3. Predicted parameters of the optimal CIGS solar cell with Mo back-contact layer for L, € {1200,2200} nm under one-Sun
front-illumination condition, when the CIGS layer is nonlinearly graded according to equation (1).

Ls Eg,min ]sc VOC FF n
(nm) (eV) A «@ K P (mA cm—?2) (mV) (%) (%)
1200 1.07 1 8 0.6 0.36 36.36 1000 82 29.74
2200 1.07 1 8 0.6 0.36 38.02 980 80 29.98

Table 4. Predicted parameters of the optimal CIGS solar cell with AZO back-contact layer for L € {1200,2200} nm under one-Sun
front- and rear-illumination conditions, when the CIGS layer is nonlinearly graded according to equation (1).

L Eg,min Jsc Voc FF n
Illumination (nm) (eV) A « K P (mA cm™?) (mV) (%) (%)
Front 1200 1.07 1 8 0.6 0.36 35.23 999 82 28.76
2200 1.07 1 8 0.6 0.36 37.66 986 80 29.64
Rear 1200 1.07 1 8 0.6 0.36 0.44 510 0.09 0.02
2200 1.07 1 8 0.6 0.36 0.33 510 0.06 0.01

The predicted efficiency is 29.98% for the 2200-nm-thick CIGS photon-absorbing layer. The
corresponding values of Js, Vi, and FF are 38.02 mA cm ™2, 980 mV, and 80%, respectively. The optimal
bandgap-energy parameters are as follows: Eg in = 1.07 eV, A=1, a =8, K = 0.6, and 1) = 0.36 [18]. The
optimal shaping parameter was identified as the maximum permissible value; hence, we examined values of
7 for o > 8 and determined that oo = 8 provides optimal results. The efficiency is only 0.14% less for
L = 1200 nm, indicating that the thickness of the CIGS layer can be halved from its industrial value of
2200 nm with insignificant reduction of efficiency, when the CIGS layer is optimally nonhomogeneous.

When Mo is replaced by AZO as the back-contact material, a comparison of tables 3 and 4 indicates a
reduction in efficiency under the front-illumination condition. This reduction is 0.98% for Ly = 1200 nm
but only 0.34% for Ly = 2200 nm. Concomitantly, the Mo—AZO replacement has a weak effect on Js., Vo,
and FF for both values of L.

For additional confirmation, we computed the reflectance and transmittance of the front-illuminated
CIGS solar cell with either a Mo or an AZO back-contact layer. Figure 5 shows that the transmittance is
negligible small for A, € [300,900] nm and confirming that almost all of the solar radiation for A\, < 900 nm
is absorbed within the CIGS photon-absorbing layer. Since the AM1.5G solar spectrum is considerably
weaker in the near-infrared spectral regime than in the visible spectral regime, the Mo—AZO replacement
has a weak effect on the solar-cell performance.

Finally, for the optimal rear-illuminated solar cell with a nonlinearly graded-bandgap CIGS layer of
thickness Ls € {1200,2200} nm and an AZO back-contact layer, the predicted values of ], V,, FF, and ) are
shown in table 4. The rear-illumination efficiency is poor, and that is because the majority of the charge
carriers are generated far from the p-n junction as light is absorbed close to the back-contact layer [15, 16].
Plots of G(z) vs. z in figure 6 for Ly = 2200 nm provide confirmation.

The rear-illumination efficiency of the solar cell with a nonlinearly graded-bandgap CIGS layer is inferior
to the rear-illumination efficiency of the solar cell containing a homogeneous-bandgap CIGS layer. This
discrepancy primarily stems from a reduced current density associated with the nonlinearly graded-bandgap
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Figure 6. Spatial profiles of (a) the EHP generation rate and (b) the EHP recombination rate in the semiconductor region of the
optimal solar cell with a nonlinearly graded-bandgap CIGS layer of 2200 nm thickness, under one-Sun front- and

rear-illumination conditions.

CIGS layer. It is crucial to highlight that optimizing the nonlinearly graded-bandgap CIGS layer for front

illumination does not guarantee optimal performance for rear illumination.

3.2. Structurally symmetric bifacial solar cell with AZO center-contact layer
An approach to solving the problem of poor performance of bifacial thin-film solar cells under front/rear

illumination is using the double-junction format with a center-contact layer, as shown in figure 2(c). The
efficiencies of the bifacial symmetric double-junction solar cell remain the same under the front- and
rear-illumination conditions with the same sunlight intensity (i.e. 5 = 100%), because the central-contact
layer is sufficiently thick (500 nm) to decouple the two p-# junctions. The optical decoupling is expected
from the low rear-illumination efficiencies reported in tables 2 and 4 for the solar cell shown in figure 2(b).
The electrical decoupling follows from the high d.c. conductivity of the material of the center-contact layer.
However, performance under diffused light needs to be considered for rear-illumination conditions to be
encountered for the applications illustrated in figure 1. Hence, we replaced S(A,) by csunS( o),
Csun € [0.01,1], in the optoelectronic model to analyze the performance of a bifacial solar cell in relation to
the sunlight-concentration factor cgy,. Solar cells with both photon-absorbing layers either homogeneous or
nonlinearly graded were considered.
A structurally symmetric bifacial solar cell can be considered as two identical solar cells cascaded
back-to-back. Optical calculations were made and G(z) was determined for the entire bifacial solar cell. For
electrical calculations, the front and the rear solar cells (each with an electrically isolated

0d-ZnO/CdS/CIGS/AlL, O3 region) were considered separately.

3.2.1. Homogeneous photon-absorbing layers
We begin with the case of both photon-absorbing layers being identical and homogeneous (A = 0) with

L, = 2200 nm. The bandgap energy Eg i, was optimized for diverse values of cs,, € [0.01,1]. The optimal

bandgap energy Eg min (= 1.19 eV) was found to be independent of csyy.
Plots of s, Voe, 1, FF, and P of the rear solar cell as functions of ¢y, € [0.01,1] are shown in figure 7.

When cgyn = 0.01, the efficiency predicted is 14.79% with corresponding values of J5, Vi, and FF being
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Figure 7. Plots of (a) Js, (b) Vo, (¢) FF, (d) n, and (e) P of the rear solar cell in a structurally symmetric double-junction
thin-film solar cell with homogeneous 2200-nm-thick CIGS layer under rear illumination of csun € [0.01, 1].

0.3186 mA cm™2, 579 mV, and 80.21%, respectively. The electrical power density generated by the rear solar
cell is 0.1479 mW cm 2. The efficiency rises with increase of cs,, and reaches 18.27% for cs,, = 1 with
P=1827 mWcm 2.

The linear relationship of ] with csyy is evident in figure 7(a), the underlying reason being that the EHP
generation rate is higher when the illumination is more intense. Both dV,/dcsy, and dn/dcs,, in figures 7(b)
and (d) decrease continuously with increasing cs,,. Also, FF in figure 7(c) first increases rapidly as csun rises
and then dFF/dcs,, reduces rapidly to a negligibly small value. The reason for lower V,, at smaller cgy, is that
Jc is lower too and Vi is proportional to In (1 + Js /Jaark) for ideal photodiodes, where Jgar is the dark
current density; see equation (1.6) of reference [24].

The front solar cell in the bifacial solar cell generates an additional 0.157 mW cm~2 power density under
rear illumination with cg,, = 1 (which is not possible using a Mo center-contact layer). This power density is
high enough for the operation of most internet-of-things (IoT) devices [38].

Each of the two solar cells in the symmetric double-junction CIGS solar cell with the AZO center-contact
layer is 14.79% efficient even with one-hundredth of solar radiation. In comparison, a rear-illuminated
single-junction CIGS thin-film solar cell with an AZO back-contact layer has an efficiency of only 0.55%
(table 2).

3.2.2. Nonlinearly graded-bandgap photon-absorbing layers
Next, we considered the case of both photon-absorbing layers being identical with a nonlinearly graded
bandgap energy described by equations (1) and (2) and thickness Ly = 2200 nm. We found that the optimal
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The 2200-nm-thick photon-absorbing layers are nonlinearly graded in accordance with equation (1).

bandgap-energy parameters Eg in = 1.07 eV, A=1, & =8, K = 0.6, and ¢ = 0.36 [18] do not change with
Csun € [0.01,1] in the chosen parameter space. The optimal spatial profile of Eg is provided in figure 8(a).

Plots of Js, Vo, FF, 1, and P of the rear solar cell as functions of ¢y, € [0.01, 1] are shown in figure 9.
When cgyn = 0.01, the efficiency predicted is 18.84% and corresponding values of J., Vo, and FF are 0.377
mA cm ™2, 641 mV, and 77.91%, respectively. The power density generated by the rear solar cell is 0.1884
mW cm 2. The efficiency increases as csy, does, reaching 29.26% for cs,, = 1 with P =29.26 mW cm 2.

In figure 9(a), /5. increases linearly with cg,, € [0.1,1]. But the J—csu, relationship is nonlinear for low
light intensity (csyn < 0.1), which can be correlated with the injection-dependent bulk and surface
recombination rates [39], and inversion layer shunting [40]. Both V, and 7 in figures 9(b) and (d),
respectively, increase with csyp, but the rates of increase diminish with increasing csy,. As explained for
figure 7 in section 3.2.1, i has to be directly proportional to the illumination intensity and that V. is
proportional to In (1 + Js/Jdark) for ideal photodiodes. The fill factor in figure 9(c) exhibits a two-phase
trend: as the concentration cgy;, rises from 0.01 to 0.1, the fill factor initially decreases before increasing.
However, in the second phase, the slope decreases consistently with the continued increase in cgy,. A
plausible explanation for the dip in fill factor is an elevation in the solar cell’s equivalent resistance at that
specific illumination intensity, indicative of the solar cell’s poor quality [41].

Each of the two solar cells in the structurally symmetric bifacial configuration is 18.84% efficient even
when cgyn = 0.01. In comparison, a rear-illuminated single-junction CIGS thin-film solar cell with an AZO
back-contact layer has an efficiency of a minuscule 0.01% (table 4).

3.3. Structurally asymmetric bifacial solar cell with AZO center-contact layer

We also considered structurally asymmetric bifacial solar cells. Both photon-absorbing layers were taken to
be of the same thickness. Both could be homogeneous, or both could have nonlinearly graded bandgap with
different sets of bandgap-grading parameters, or one could be homogeneous and the other have nonlinearly
graded bandgap. The bandgap-energy parameters of the two photon-absorbing layers were optimized
independently for ¢gy, € [0.01, 1] under rear-illumination conditions. The optoelectronic model predicted
that the structurally symmetric configuration conforming to equation (2) is optimal, as expected from the
optoelectronic decoupling characteristics of the AZO center-contact layer. Therefore, all of the results
presented in section 3.2 remain valid for structurally asymmetric bifacial solar cells.

3.4. Weak-light LED response

For solar windows, the front solar cell needs to be optimized for the solar spectrum, while the rear solar cell
needs to be optimized for the daytime diffused indoor light or nighttime LED light. The rear cell was found
to be optimal for the indoor diffused light in sections 3.2 and 3.3 but will be suboptimal for harvesting LED
light. However, that suboptimality should be acceptable because optimal daytime generation would greatly

surpass optimal nighttime generation.

If only LED light is available during the day and the night, the rear cell must be optimized for LED light
rather than for daytime diffused indoor light. The normalized spectrum of 3200 K LED is available for a
luminance of 200 Im and 500 Im, with corresponding irradiances of 0.0964 mW cm~2 and 0.220 mW cm 2,
respectively [42]. Optical calculations have to be made for A, € [300,900] nm.

For the structurally symmetric solar cells, we used the optimal bandgap-energy parameters predicted for
front illumination in section 3.2. The same bandgap-energy parameters were chosen for the front solar cell in
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Figure 9. Plots of (a) Js, (b) Voo, () FF, (d) n, and (e) P of the rear solar cell in a structurally symmetric double-junction
thin-film solar cell with 2200-nm-thick nonlinearly graded-bandgap CIGS layer under rear illumination of csun € [0.01, 1].

a structurally asymmetric bifacial solar cell, but we optimized the bandgap-energy parameters of the rear
solar cell for the illumination by a 3200 K LED.

3.4.1. Structurally symmetric bifacial solar cell with homogeneous photon-absorbing layers
Values of Js, Voo, FF, and 7 of the rear solar cell in the optimal design for L; € {1200,2200} nm presented in
section 3.2 are provided in table 5 for two luminance values: 200 Im and 500 Im.
200 Im luminance. When L, = 1200 nm, the efficiency of the rear solar cell is predicted as 17.59%. The
corresponding values of [y, Vo, and FF are 0.0412 mA cm ™2, 549 mV, and 75%, respectively. When
Ly = 2200 nm, the predicted efficiency is 18.28%, along with J,. = 0.0428 mA cm~2, V,. = 525 mV, and
FF = 78%. The lower short-circuit current densities compared to solar illumination are due to weakness of
LEDs as light sources. Thus, the total irradiance intensity of 3200 K LED with a luminance of 200 Im is 0.0964
mW cm ™2, which is almost a thousand times lower than the total solar irradiance intensity (100 mW cm™2).
500 Im luminance. When Ly = 1200 nm, the predicted efficiency of the rear solar cell is 19.70%, along
with Jic = 0.1062 mA cm 2, V. = 577 mV, and FF = 76%. When L, = 2200 nm, the efficiency is
1 = 20.25%. The corresponding values of J, Vo, and FF are 0.1022 mA cm™2, 549 mV, and 79%,
respectively. Efficiency increases with higher luminance, the major reason being that J is enhanced as a
consequence of the higher EHP generation rate with stronger illumination.

3.4.2. Structurally symmetric bifacial solar cell with nonlinearly graded-bandgap photon-absorbing layers
For the luminance values of 200 Im and 500 Im, table 6 provides values of Js., V., FF, and 7 of the rear solar
cell in the optimal design for L € {1200,2200} nm presented in section 3.2.
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Table 5. Predicted parameters of the rear solar cell in the optimal structurally symmetric double-junction solar cell with AZO
center-contact layer under rear illumination by a 3200 K LED for L, € {1200,2200} nm and two different luminance values, when the
CIGS layer is homogeneous. The bandgap-energy parameters are the same as in table 2.

L Eg,min Jsc \ FF n
Intensity (nm) (eV) (mA cm™?) (mV) (%) (%)
200 Im 1200 1.25 0.0412 549 75 17.59
2200 1.19 0.0428 525 78 18.28
500 Im 1200 1.25 0.1062 577 76 19.70
2200 1.19 0.1022 549 79 20.25

Table 6. Predicted parameters of the rear solar cell in the optimal structurally symmetric double-junction solar cell with AZO
center-contact layer under rear illumination by a 3200 K LED for L, € {1200,2200} nm and two different luminance values, when the
CIGS layer is nonlinearly graded according to equation (1). The bandgap-energy parameters are the same as in table 4.

Ly Eg,min Jsc Voc FF n
Intensity (nm) (eV) A «@ K P (mA cm™?) (mV) (%) (%)
200 Im 1200 1.07 1 8 0.6 0.36 0.0440 569 80 20.86
2200 1.07 1 8 0.6 0.36 0.0442 552 81 20.29
500 Im 1200 1.07 1 8 0.6 0.36 0.1064 602 80 22.94
2200 1.07 1 8 0.6 0.36 0.1055 580 81 22.33

Table 7. Predicted parameters of the optimal rear solar cell in the structurally asymmetric double-junction solar cell with AZO
center-contact layer under rear illumination by a 3200 K LED for L € {1200,2200} nm and two different luminance values, when the
CIGS layer is homogeneous.

LS Eg,min ]sc Voc FF Ui
Intensity (nm) (eV) (mA cm™?) (mV) (%) (%)
200 Im 1200 1.35 0.0389 605 73 17.74
2200 1.19 0.0428 525 78 18.28
500 Im 1200 1.35 0.0928 639 74 19.94
2200 1.19 0.1022 549 79 20.25

The predicted maximum efficiency is 20.86% for 200 Im luminance and 22.94% for 500 Im luminance,
when L = 1200 nm. The predicted maximum efficiency is 20.29% for 200 Im luminance and 22.33% for 500
Im luminance, when L; = 2200 nm. The lower values of the short-circuit current density in table 6 compared
to the case of direct one-Sun illumination arise from the lower irradiance intensities of LEDs, as was also
noted for solar cells with homogeneous CIGS photon-absorbing layers in section 3.4.1. In conformity, an
increase in LED luminance increases Js. and, therefore, 7.

3.4.3. Structurally asymmetric bifacial solar cell with homogeneous photon-absorbing layers
Next, optoelectronic optimization was carried out for rear illumination by 3200 K LED of the rear solar cell,
the optimal front solar cell being the same as for table 2. Values of ], Vo, FF, and 7 of the optimal rear solar
cell for L, € {1200,2200} nm are presented in table 7 for 200 Im and 500 Im luminance values.

For 200 Im luminance, the maximum efficiency of the rear solar cell is predicted to be 17.74% for
Ly = 1200 nm with Eg i, = 1.35 eV, and 18.28% for L, = 2200 nm with Eg i, = 1.19 eV. For 500 Im
luminance, the maximum efficiency of the rear solar cell is predicted to be 19.94% for L, = 1200 nm with
Egmin = 1.35 eV and 20.25% for Ly = 2200 nm with Eg i, = 1.19 eV. Efficiency increases with higher
luminance, mostly due to enhanced short-circuit current density which is a consequence of higher EHP
generation rate with stronger illumination.

3.4.4. Structurally asymmetric bifacial solar cell with nonlinearly graded-bandgap photon-absorbing layers
Values of Js., Vo, FF, and 1) corresponding to the optimal design of the rear solar cell for
L, € {1200,2200} nm are shown in table 8 under rear illumination by 3200 K LED with luminance of either
200 Im or 500 Im.

200 Im luminance. When Ly = 1200 nm, the maximum efficiency predicted is 23.22% with
Joc = 0.0426 mA cm ™2, V. = 632 mV, and FF = 83%, respectively. We found that the optimal
bandgap-energy parameters Eg in = 1.16 eV, A=1, o = 5.49, K = 1.27, and ) = 0.75. When L, = 2200 nm,
the maximum efficiency predicted is 26.08%, and the values of ], Vi, and FF are 0.0332 mA cm™2, 895 mV,

12



10P Publishing

J. Phys. Energy 6 (2024) 025012 F Ahmad et al

Table 8. Predicted parameters of the optimal rear solar cell in the structurally asymmetric double-junction solar cell with AZO
center-contact layer under rear illumination by a 3200 K LED for L, € {1200,2200} nm and two different luminance values, when the
CIGS layer is nonlinearly graded according to equation (1).

L Eg,min Jsc Voc FF n
Intensity (nm) (eV) A « K P (mA cm™?) (mV) (%) (%)
200 Im 1200 1.16 1 5.49 1.27 0.75 0.0426 632 83 23.22
2200 1.15 1 1.44 1.08 0 0.0332 895 85 26.08
500 Im 1200 1.16 1 5.49 1.27 0.75 0.1013 658 83 25.14
2200 1.15 1 1.44 1.08 0 0.0792 921 85 28.30

and 85%, respectively. The optimal spatial profile of Eg, illustrated in figure 8(b), was computed with
Egmin = 1.15eV,A=1, o =1.44, K =1.08, and ¢ = 0 [18], and it is different from that the structurally
symmetric solar cell with nonlinearly graded-bandgap photon-absorbing layers. Also, the optimal
bandgap-energy parameters vary with the illumination intensity of the LED.

500 Im luminance. When Ly = 1200 nm, the maximum efficiency predicted is 25.14% with
Joe = 0.1013 mA cm 2, V. = 658 mV, and FF = 83%, respectively. When L; = 2200 nm, the maximum
efficiency predicted is 28.30%, and the values of /., Vo, and FF are 0.0792 mA cm ™2, 921 mV, and 85%,
respectively.

Note that, for fixed L, the optimal bandgap-energy parameters do not change with luminance, but are
different from their counterparts for solar illumination. These data suggest that solar cells meant to harvest
indoor LED light must be designed differently for those meant to harvest outdoor sunlight.

4. Concluding remarks

We optimized structurally symmetric and structurally asymmetric bifacial CIGS solar cells with two
graded-bandgap photon-absorbing layers and a flexible AZO center-contact layer to harvest outdoor and
indoor light efficiently. In addition, we computed the weak-light response of the solar cells using LED
illumination. Definitely, optimal nonlinear grading of bandgap energy elevates the solar-cell efficiency.

The structurally symmetric double-junction CIGS solar cell is suitable for outdoor applications. Solar
modules with these solar cells will have higher lifetimes as either side can be used for direct illumination,
decreasing the material degradation over time. Also, if only a fraction csy, < 1 of 100 mW cm™? sunlight is
received as diffused light on the rear face of the optimal solar cell with nonlinearly graded-bandgap
photon-absorbing layers of 2200 nm thickness, it would generate between 0.1884 and 2.284 mW cm 2
(depending on the value of cgy € (0.01,0.1)) of electrical power, whereas the front solar cell would generate
29.26 mW cm 2.

In the case of solar windows, the indoor diffused sunlight available has to be harvested through the rear
face of the bifacial solar cell. Optoelectronic optimization predicts a good efficiency under low diffused light
(as low as 1 mW cm~2), with a structurally symmetric bifacial solar cell with nonlinearly graded-bandgap
CIGS photon-absorbing layers being the best choice. If the indoor light will always be that from LEDs, the
optimal structurally asymmetric bifacial solar cell will perform better than the optimal structurally
symmetric bifacial solar cell, as can be seen from comparing tables 6 and 8. We expect that our optimization
results will help in cutting a significant portion of energy consumption and related emissions in built
environments.
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