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In Parts I [Appl. Opt. 58, 6067 (2019)] and II [Appl. Opt. 61, 10049 (2022)], we used a coupled optoelectronic
model to optimize a thin-film CIGS solar cell with a graded-bandgap photon-absorbing layer, periodically
corrugated backreflector, and multilayered antireflection coatings. Bandgap grading of the CIGS photon-
absorbing layer was continuous and either linear or nonlinear, in the thickness direction. Periodic
corrugation and multilayered antireflection coatings were found to engender slight improvements in
the efficiency. In contrast, bandgap grading of the CIGS photon-absorbing layer leads to significant
enhancement of efficiency, especially when the grading is continuous and nonlinear. However, practical
implementation of continuous nonlinear grading is challenging compared to piecewise-homogeneous
grading. Hence, for this study, we investigated piecewise-homogeneous approximations of the optimal
linear and nonlinear grading profiles, and found that an equivalent efficiency is achieved using piecewise-
homogeneous grading. An efficiency of 30.15% is predicted with a 3-layered piecewise-homogeneous CIGS
photon-absorbing layer. The results will help experimentalists to implement optimal designs for highly

efficient CIGS thin-film solar cells. © 2024 Optical Society of America
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1. INTRODUCTION

In the two predecessor papers [1, 2], hereafter referred to as
Parts I and II, a coupled optoelectronic model was used to
optimize thin-film photovoltaic solar cells (PVSCs) employing
Culny_¢GagSe; (CIGS), a quaternary I-II-VI semiconductor, for
the photon-absorbing layer. Three different compositional grad-
ing profiles were chosen for this layer by making ¢ vary continu-
ously with the coordinate z along the thickness direction, leading
to three different types of continuous bandgap grading: (i) ho-
mogeneous, (ii) linearly graded, and (iii) nonlinearly graded.
Additionally, we optimized the refractive indices and thick-
nesses of both a single-layered antireflection coating (SLARC)
and a double-layered antireflection coating (DLARCsS) for these
solar cells. The projected relative enhancement, compared to
the efficiency 7 achieved with an optimal DLARC, is modest,
not exceeding 2% compared with an optimal SLARC. This sug-
gests that a simpler SLARC may be economically preferable.
In contrast, it was predicted that bandgap grading of the CIGS
photon-absorbing layer can significantly enhance 7, with nonlin-
ear grading being more effective than linear grading [1, 2].
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Fig. 1. Schematic of a CIGS solar cell.

The CIGS solar cell is schematically depicted in Fig. 1. Sun-
light is taken to illuminate the planar face z = 0 of the
magnesium-fluoride layer of thickness Lyigr, = 110 nm serving
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as the SLARC. Then come in succession an aluminum-doped ® Approach 1: Piecewise-homogeneous approximation of optimal
zinc-oxide layer of thickness Lyzo = 100 nm, an oxygen- linear grading profile. The optimal linear grading profile
deficient zinc-oxide layer of thickness L,q_zn0 = 80 nm, a in Fig. 2(a) was replaced by one comprising g, homo-
cadmium-sulfide layer of thickness Lcgs = 70 nm, a CIGS geneous sublayers of equal thickness Lcigs/ Mgy The
layer of thickness Lcigs, an aluminum-oxide layer of thick- bandgap energy Eg; in thejt sublayer,j € {1,2,-- , ngyp},
ness L, = 50 nm, and a molybdenum layer of thickness was set equal to the value of Eg(z) calculated using Eq. (1)
Lm = 500 nm. The best efficiency had been obtained in Part I at the midpoint of that specific sublayer, as illustrated in
with Lcigs = 2200 nm, which value was also chosen here. Thus, Fig. 3 for ngy, € {3,5,7,9}.
the total thickness of the multilayered structure is Ly = 3110 nm.

If the bandgap energy is linearly graded in the CIGS layer, it e Approach 2: Piecewise-homogeneous approximation of opti-
can be expressed as [2] mal nonlinear grading profile. The optimal nonlinear grad-

ing profile in Fig. 2(b) required a different treatment.

Bg(2) = Egmin The CIGS layer was partitioned into ngy, = mgy, +1

+A(E  Egmin) z— (Lw + Lod—zn0 + Lcds) homogeneous sublayers. The first sublayer was cho-

gmax — Tgmin Lcics ’ sen to be 1500-nm thick with uniform bandgap energy

2 € [Lw + Log—zno + Lcas, Ld] 1) Eg, = 1.07 eV, in consonance with Fig. 2(b). The remain-

der z — Lw — Log_zno — Lcas € (1500,2200) nm was di-

where Eg min is the minimum bandgap energy, Eg max = 1.626 eV vided into mgy, > 2 homogeneous sublayers of equal

is the maximum bandgap energy, A is an amplitude (with A = 0 thickness, with bandgap energy Eg; in the jth sublayer,

representing a homogeneous CIGS layer), Lw = Lyigr, + Lazo, j€{2,3,--- ,ngyp}, set equal to the value of Eg(z) calcu-

and Ly = Lw + Lod—zn0 + Lcds + Leigs: The nonlinear grading lated using Eq. (2) at the midpoint of that specific sublayer,
is modeled as [2] as illustrated in Fig. 4 for mgy, € {2,4,6,8}.

By(2) = Egmin + 4 (Egmax Eg’mm) o * Approach 3: Optimal piecewise-homogeneous grading profile.
y {1 |:Sil’1 ( o ki (Lw + Log—zn0 + Lcas) _ 2n¢) + 1} } Lastly, the CIGS photon-absorbing layer was divided into

2 Lcigs Ngup sublayers, the i sublayer, j € {1,2,--,ngy}, of
thickness L; € [0,2200] nm, each with uniform bandgap

2 € [Lw + Lod-zno + Leas, L], @ energy Eg; € [0.947,1.626] eV, subject to the constraint
where ¢ € [0,1], K > 0, and a > 0. Figures 2(a) and (b), respec-
tively, show Msub
y Y Li=Leigs - (3)
* the optimal linear grading profile, with Eg min = 0.96 eV =1
and A = 1in Eq. (1) giving = 24.17%, and
.. Nsub .
¢ the optimal nonlinear grading profile, with Egmin = The 2ngy,, quantities {Eg,-/Lj }j:1 were determined by the
1.07eV,A=1,a =8 K =06, and ¢ = 0.36 in Eq. (2) differential evolution algorithm [7, 8] for maximizing 7.
giving 1 = 29.98%.
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without increasing the manufacturing complexity and cost. In
this study, therefore we explored the implementation of bandgap
grading in the CIGS photon-absorbing layer using the following
three piecewise-homogeneous approaches, in each of which that
layer was divided into 14, > 1 homogeneous sublayers.

Fig. 3. Piecewise-homogeneous approximations (pink lines)
of the optimal linear grading profile (blue lines) given by
Eq. (1) in the CIGS photon-absorbing layer for (a) ngy, = 3,
(b) nsup =5, () nsyp =7, and (d) ngyp = 9.
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Fig. 4. Piecewise-homogeneous approximations (pink lines)
of the optimal nonlinear grading profile (blue lines) given by
Eq. (2) in the CIGS photon-absorbing layer for (a) ng,, = 3, (b)
gup = 5, (¢) Ngyp = 7, and (d) ngyp = 9.

This paper is organized as follows. The optoelectronic mod-
eling of the solar cell is briefly mentioned in Sec. 2. Numerical
results are presented and discussed in Sec. 3, divided into three
subsections. Section 3.A is devoted to Approach 1, Sec. 3 B
to Approach 2, and Section 3.C to Approach 3 for piecewise-
homogeneous CIGS photon-absorbing layer. The paper ends
with concluding remarks in Sec. 4.

2. OPTOELECTRONIC MODEL

The CIGS solar cell has a MgF,/AZO/od-ZnO/CdS/
CIGS/ Al,O3 /Mo multilayered structure shown in Fig. 1 [1, 2].
The optical description remains unchanged from Part II. Com-
plete details of optical calculations and the spectrums of the real
and imaginary parts of the relative permittivity e(A,) /¢, of all
the materials used in our calculations are available in Part I [1]
and Ref. 6. The electrical description and calculations remain

unchanged from Part II [2].

3. NUMERICAL RESULTS AND DISCUSSION

A. Approach 1: Piecewise-homogeneous approximation of op-
timal linear grading profile.

First, we considered the most efficient CIGS solar cell in which
the CIGS layer has linearly graded bandgap energy given by
Eq. (1), as detailed in Part I [2]. The optimal parameters for this
design resulted in efficiency y = 24.17%, with corresponding
values of short-circuit current density Jsc = 36.38 mA cm™2,
open-circuit voltage Vo = 810 mV, and fill factor FF = 82% [2],
as outlined in Table 1.

We implemented piecewise-homogeneous approximations
of the optimal linear grading profile with ng,, > 1. Computed
values of 17, Jsc, Vo, and FF for ngy, € {1,3,5,7,9} are presented
in Table 2. The table also includes values of Eg, = Eg(z;) and
L;i = Lcigs/Nsubs j € {1,2,-+ ,ngup }, for the ngy, sublayers,
with z; denoting the midpoint of the jth sublayer. No additional
optimization was done.

For ngy, = 1, Eg, = 1.29 eV and Ly = Lcigs. The predicted
efficiency for this design is 17.46%, with Jsc = 27.87 mA cm~2,
Voc = 770 mV, and FF = 81%. For ngy, = 3, 17 rises to 24.07%, ex-
hibiting a relative enhancement of 37.85% compared to a single
homogeneous CIGS layer (ng,, = 1). Concurrently, Js. increases
from 27.87 mA cm~2 to 35.87 mA cm 2 (a 28.70% relative in-
crease), Vo from 770 mV to 790 mV (a 2.59% relative increase),
and FF from 81 to 85 (a 4.94% relative increase). The predicted
efficiency is only slightly lower than for the continuous linearly
graded bandgap CIGS photon-absorbing layer ( = 24.17%)
in Table 1. Similarly, for ng,, = 5, ngyp = 7, and ngy, = 9
in Table 2, efficiencies of 24.32%, 23.49% and 24.63%, respec-
tively, were obtained, showing relative enhancements of 39.29%,
34.54% and 41.06% compared to the single homogeneous CIGS
layer (ngyp, = 1).

These data suggest that optimal linear grading profile can be
approximated very well by a piecewise-homogeneous grading
profile with ng, > 3. The design procedure could very sim-
ply be.as follows: Use the optoelectronic model with Eq. (1) for
the CIGS photon-absorbing layer; determine Egmin and A to
maximize 77; and adopt Approach 1 with ng,, as small as three
for piecewise-homogeneous approximation for industrial im-
plementation. That approximation is not going to substantially
lower the efficiency.

Table 1. Predicted parameters of the optimal CIGS solar cell when the 2200-nm-thick CIGS photon-absorbing layer is either linearly

graded [Egs. (1)] or nonlinearly graded [Eq. (2)].

Grading Eg,min A o K P Jsc Voe FF /]
type

(eV) (mMAcm2) | (mV) | (%) | (%)
Linear 095 | 098 |- - - 36.38 810 82 | 2417
Nonlinear | 1.07 | 1.0 8 060 | 036 | 38.02 980 80 | 29.98
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Table 2. Bandgap energies and thicknesses of sublayers along with predicted performance parameters when Approach 1 is imple-

mented.

Ngub Eg, / Eg,/ Eg,/ Eg,/ Egs/ Ege/ Eg,/ Egy/ Ego/ Jsc Voc FF 7 Relative
L1 L2 L3 L4 L5 L6 L7 Lg Lg Change

iny
eV)/ | V), | eV)/ | eV)/ | (eV)/ | (eV)/ | (eV)/ | (eV)/ | (eV)/ | mA | (mV)]| (%) | (%) | (%)
(nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm)
cm~2)

1 129/ | - - - - - - - - 27.87 | 770 81 17.46
2200

3 1.07/ | 1.29/ | 151/ | - - - - - - 35.87 | 790 85 24.07 | 37.85
733.33 | 733.33 | 733.33

5 1.026/ | 1.158/ | 1.29/ | 1.422/ | 1.544/ | - - - - 36.19 | 810 83 24.32 | 39.29
440 440 440 440 440

7 1.007/ | 1.1014/ 1.196/ | 1.29/ | 1.384/ | 1.479/ | 1.5729/ - - 36.26 | 810 80 23.49 | 3454
314.28 | 314.28 | 314.28 | 314.28 | 314.28 | 314.28 | 314.28

9 0.9%6/ 1.07/ | 1.1433/ 1.2166/| 1.29/ | 1.363/ | 1.4366/ 1.51/ | 1.583/ | 36.32 | 820 83 24.63 | 41.06
24444 | 24444 | 24444 | 24444 | 24444 | 24444 | 24444 | 24444 | 24444

B. Approach 2: Piecewise-homogeneous approximation of op-
timal nonlinear grading profile.

Next, we considered the most efficient CIGS solar cell in which
the CIGS layer has nonlinearly graded bandgap energy given
by Eq. (2), as detailed in Part II [2]. The optimal parameters for
this design resulted in 77 = 29.98%, with corresponding values
of Jsc = 38.02 mA cm 2, Voo = 980 mV, and FF = 80% [2], as
outlined in Table 1.

We then implemented piecewise-homogeneous approxima-
tions of the optimal nonlinear grading profile with ng,, > 1. No
additional optimization was done. Computed values of #, Jsc,
Voo, and FF for ngy, € {1,3,5,7,9} are presented in Table 3. The
table also includes values of Eg and Ljje {1,2,--- ,ngyp}, for
the ngyp sublayers.

For ngy, = 1, the mean of the nonlinearly graded bandgap
profile is Eg = 1.15 eV, serving as a reference for higher values
of ngp. The predicted efficiency for this design is 18.02%, with
Jse = 32.99 mA cm 2, Vo = 660 mV, and FF = 83%, as noted
in Table 3. For ngy, = 3, an efficiency of 28.11% was predicted,
demonstrating a substantial relative enhancement of 55.99%
compared to a single homogeneous CIGS layer with bandgap
energy that is the mean of nonlinearly graded bandgap energy
(ngup = 1). Simultaneously, s increases from 32.99 mA cm—2
to 38.03 mA cm 2 (a 15.28% relative increase), Vo from 660 mV
to 930 mV (a 40.91% relative increase), and FF from 81% to
79.5% (a 1.85% relative decrease). The efficiency predicted with
fgup = 3 is 6.24% lower than for the continuous nonlinearly
graded bandgap CIGS photon-absorbing layer (7 = 29.98%) in
Table 1.
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Ngub Eg, / Eg,/ Eg,/ Eg,/ Egs/ Ege/ Eg,/ Egy/ Ego/ Jsc Voc FF 7 Relative

L1 L2 L3 L4 L5 L6 L7 Lg Lg Change
iny
€eV)/ | eV)/ | eV)/ | (eV)/ | (eV)/ | (eV)/ | (eV)/ | (eV)/ | (eV)/ | (mA (mV) | (%) (%) (%)
(nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm)
cm~2)

1 1.15/ | - - - - - - - - 3299 | 660 83 18.02
2200

3 1.07/ | 1.151/ | 1496/ | - - - - - - 38.03 | 930 79.5 | 28.11 | 55.99
1500 350 350

5 1.07/ | 1111/ | 1.213/ | 1.397/ | 1.577/ | - - - - 38.04 | 880 75 25.23 | 40.01
1500 175 175 175 175

7 1.07/ | 1.101/ | 1.151/ | 1.239/ | 1.363/ | 1.498/ | 1.597/ | - - 38.03 | 870 78 25.70 | 42.62
1500 116.66 | 116.66 | 116.66 | 116.66 | 116.66 | 116.66

9 1.07/ | 1.098/ | 1.128/ | 1.18/ | 1.252/ | 1.3634/| 1.449/ | 1.5425/| 1.605/ | 38.03 | 880 78 26.07 | 44.67
1500 87.5 87.5 87.5 87.5 87.5 87.5 87.5 87.5

Similarly, for ngy, = 5, ngyp, = 7, and ngy, = 9 in Table 3,
efficiencies of 25.23%, 25.70%, and 26.07%, respectively, were
obtained, showing relative enhancements of 40.01%, 42.62%,
and 44.67% compared to the efficiency predicted for ngy, = 1.
However, about 15 4 1% lower efficiencies than the continu-
ous nonlinearly graded bandgap CIGS photon-absorbing layer
(7 = 29.98%) in Table 1 are predicted with Approach 2.

Overall, the introduction of a nonlinearly graded CIGS layer
approximated with several piecewise homogeneous sublayers
is predicted to exhibit significant improvement compared to a
single homogeneous CIGS absorber layer with ng,, = 1. Despite
that, the predicted efficiencies fall between 6.24% and 15.78%
lower than for the continuous nonlinearly graded CIGS layer
(1 = 29.98% in Table 1). However, it is worth noting that a 28%
efficiency can be attained with only a 3-layered piecewise homo-
geneous CIGS photon-absorbing layer, indicating the potential
for reduced fabrication complexity with a relative compromise
of only 6% in device performance compared to a continuous
nonlinearly graded CIGS layer.

Parenthetically, 77 in Table 2 does not monotonically increase
to 24.17% in Table 1 as ngy, increases. Likewise, # in Table 3
does not monotonically increase to 29.98% in Table 1 as ngyy,
increases. Numerical experiments with the optoelectronic model
indicate that the absence of a monotonic increase is largely due
to the nonlinearity introduced in the equations for charge-carrier
transport by the recombination of electrons and holes [9].

C. Approach 3: Optimal piecewise-homogeneous grading pro-
file.

Lastly, the third approach is completely different from the first

and the second approaches, in that an optimal continuous grad-

ing profile, whether linear or nonlinear, was not approximated.

Instead, the CIGS layer was divided into n4, sublayers, each of

unknown thickness and uniform bandgap energy. The quanti-

Nyl
ties {Eg/, L; }j=; were determined by optimizing 5. Thus, Ap-

proach 3 calls for de-novo optimization instead of approximating
an optimal continuous grading profile.

The optimal design identified with ng, = 3 requires Eg, =
112 eV, Eg, = 1.151 eV, Eg, = 1.6 eV, L1 = 1500 nm, L, = 350
nm, and L3 = 350 nm. This design promises an efficiency of
30.15%, showing a remarkable relative enhancement greater
than 55% compared to a single homogeneous CIGS absorber
layer with ngy, = 1 in Tables 1 and 2. Both Jsc and Vi, improve,
the latter more remarkably. The predicted efficiency of 30.15% is
even greater than for the continuous nonlinearly graded CIGS
layer (7 = 29.98%) in Table 1. This 0.57% relative improvement
in efficiency is a result of the optimal selection of thicknesses and
bandgap energies of the sublayers of the CIGS photon-absorbing
layer in Approach 3, contrasting with the use of fixed values of
those parameters in Approach 2.

The spatial profile of E¢(z) for ngy, = 3 is presented in Fig. 5.
Notably, this profile is similar, but not the same as, the optimal
nonlinearly graded profile predicted in Part II and shown in
Fig. 4.

The use of ngy, > 3 did not return higher r in Approach 3,
this feature also being shared by Approach 2. Approach 1 does
promise the highest value of y with ng,, = 9 in Table 2, but
that approach deliver significantly lower efficiencies than Ap-
proaches 2 and 3. Additionally, it is worth highlighting that
a piecewise homogeneous CIGS photon-absorbing layer with
only three sublayers offers a reduction in fabrication complexity
without compromising device performance.




Research Article ‘

Applied Optics 6

1.6f
31.4*
Lum
1.2¢
—
0 550 1100 1650 2200

Z-L~Lod-zno—Lcas (Nm)

Fig. 5. Optimal piecewise-homogeneous grading profile for
the CIGS photon-absorbing layer delivered by Approach 3 for
Ngyp = 3.

4. CONCLUDING REMARKS

In Parts I and II, we used a coupled optoelectronic model to
optimize a thin-film CIGS solar cell with a graded-bandgap
photon-absorbing layer, periodically corrugated backreflector,
and multilayer antireflection coatings. Bandgap grading of the
CIGS photon-absorbing layer was either continuous linear or
continuous nonlinear in the thickness direction. For the present
study, we implemented piecewise-homogeneous approxima-
tions of the bandgap-grading profiles of the optimal CIGS layers
from Parts I and II, and we found that the approximations can
deliver just about as much efficiency as their unapproximated
counterparts. The de-novo optimization in Approach 3 instead
of approximating an optimal continuous grading profile in Ap-
proaches 1 and 2 delivered the highest efficiency. The simplicity
of piecewise homogeneity compared to continuous variation
facilitates practical implementation, providing valuable insights
for experimentalists aiming to realize highly efficient CIGS thin-
film solar cells, including bifacial ones [10].
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