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Abstract
Acoupled optoelectronicmodel was implemented alongwith the differential evolution algorithm to
assess the efficacy of grading the bandgap of theCu2ZnSn(SξSe1–ξ)4 (CZTSSe) layer for enhancing the
power conversion efficiency of thin-filmCZTSSe solar cells. Both linearly and sinusoidally graded
bandgaps were examined, with themolybdenumbackreflector in the solar cell being either planar or
periodically corrugated.Whereas an optimally graded bandgap can dramatically enhance the
efficiency, the effect of periodically corrugating the backreflector ismodest at best. An efficiency of
21.74% is predictedwith sinusoidal grading of a 870 nm thickCZTSSe layer, in comparison to 12.6%
efficiency achieved experimentally with a 2200 nm thick homogeneous CZTSSe layer.High electron-
hole-pair generation rates in the narrow-bandgap regions and a high open-circuit voltage due to a
wider bandgap close to the front and rear faces of theCZTSSe layer are responsible for the high
enhancement of efficiency.

1. Introduction

As theworldwide demand for eco-responsible sources of cheap energy continues to increase for the betterment
of an ever-increasing fraction of the human population [1], the cost of traditional crystalline-silicon solar cells
continues to drop [2], as predicted earlier this decade [3].While this is a laudable development, small-scale
photovoltaic generation of energymust become ubiquitous for human progress to become truly unconstrained
by energy economics. Thin-film solar cells are necessary for that to happen.

Currently, thin-film solar cells containing absorber layersmadeof eitherCIGSorCdTe are commercially
dominant, evenover their amorphous-silicon counterparts [4].However, there is a strong concern about theplanet-
wide availability of indium (In) and tellurium (Te), bothneeded forCIGSandCdTe solar cells [5]. Furthermore, both
In and cadmium (Cd) are toxic, leading to environmental concerns about their impact followingdisposal after use.

Thin-film solar cellsmust bemade frommaterials that are abundant on our planet and that can extracted,
processed, and discardedwith low environmental cost. Cu2ZnSn(SξSe1–ξ)4 (commonly referred asCZTSSe) is a
p-type semiconductor than can be used in place of CIGS in a solar cell. CZTSSe comprises nontoxic and
abundantmaterials [6]. But the record for the power conversion efficiency η of CZTSSe solar cells is only 12.6%
[7, 8], which is substantially lower than the 22.6% record efficiency of CIGS solar cells [9, 10].

A lowopen-circuit voltageVoc is the key limitation tohigh efficiency forCZTSSe solar cells [11–13]. This is due to

(i) more bandtail states inCZTSSe [14, 15];

(ii) the high electron-hole recombination rate inside the CZTSSe layer because of the short lifetime of minority
carriers (electrons) [16]; and
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(iii) the higher electron-hole recombination rate at the CdS/CZTSSe interface [17], an ultrathin CdS layer being
employed as an n-type semiconductor in the solar cell.

The low lifetime ofminority carriers shortens their diffusion length, thereby limiting the collection ofminority
carriers deep in theCZTSSe absorber layer [16, 18]. For example, the diffusion length of electrons is less than
1μmwhen the bandgap Eg of CZTSSe is 1.15eV (for x » 0.41), whichmeans that a solar cell with aCZTSSe
layer of thickness >L 1s μm [18]will have a high series resistance [11, 19] that will have a deleterious effect
on η. Reduction of Ls is therefore desirable, all themore so because it will reducematerial usage and enhance
manufacturing throughput concomitantly. But, a smaller Ls will reduce the absorption of incident photons. The
common techniques for tackling this problem in thin-film solar cells are light trapping using nanostructures in
front of the illuminated face of the solar cell [20–22], nanostructured backreflectors [23], and back-surface
passivation [24]; however, let us note here that enhanced light trapping does not necessarily translate into higher
efficiency [25, 26].

The issue of lowVoc, and therefore low η, of the CZTSSe solar cell can be tackled by grading the bandgap Eg

of theCZTSSe absorber layer in the thickness direction [27–34]. Since Eg is a function of [ ]x Î 0, 1 , the
parameter which quantifies the proportion of sulfur (S) relative to that of selenium (Se) in CZTSSe [6, 35, 36], the
bandgap can be graded in the thickness direction by changing ξ dynamically during fabrication [27]. Indeed,
bandgap grading of theCZTSSe absorber layer has been experimentally demonstrated [27–29] to enhance both
Voc and η of CZTSSe solar cells, but we note that themaximumefficiency reported in [27–29] is 12.3%.

The experimental demonstration of increased efficiency due to bandgap grading is supported by theoretical
studies. An empiricalmodel recently suggested that a linearly graded 1150 nm thick absorber layer can deliver
16.9% efficiency. Several simulations performedwith SCAPS software [37] have predicted efficiencies between
12.4% and 19.7%with absorber layers between 1000 and 3500 nm in thickness and the bandgap grading being
linear [31], piecewise linear [32], parabolic [31, 34], or exponential [31, 33]. However, the SCAPS software is
optically elementary in that it relies on the Beer–Lambert law [38] rather than on the correct solution of an
optical boundary-value problem; a rigorous optoelectronicmodel is needed to examine bandgap grading for
CZTSSe solar cells.

A coupled optoelectronicmodel has recently been devised for CIGS solar cells [26, 39]. Thismodel was
adapted for CZTSSe solar cells and usedwith the differential evolution algorithm (DEA) tomaximize η for linear
and sinusoidal grading of the bandgap of theCZTSSe layer along the thickness direction (parallel to the z axis of a
Cartesian coordinate system) in the thin-film solar cell depicted in figure 1. In the optical part of thismodel, the
rigorous coupled-wave approach (RCWA) [40, 41] is used to determine the electron-hole-pair generation rate in
the semiconductor region of the solar cell [26], assuming normal illumination by unpolarized polychromatic
light endowedwith the AM1.5G solar spectrum [42]. Then, in the electrical part of themodel, the electron-hole-
pair generation rate appears as a forcing function in the one-dimensional (1D) drift-diffusion equations [38, 43]
applied to the semiconductor region. These equations are solved using a hybridizable discontinuousGalerkin
(HDG) scheme [44–47] to determine the current density Jdev and the electrical power density P as functions of

Figure 1. Schematic of the reference unit cell of theCZTSSe solar cell with a 1Dperiodically corrugatedmetallic backreflector.
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the bias voltageVext. In turn, the Jdev–Vext and theP–Vext curves yield the short-circuit current density Jsc along
withVoc and η.

As shown infigure 1, we took theCZTSSe solar cell to comprise an antireflection coating ofmagnesium
fluoride (MgF2), followed by an aluminum-doped zinc oxide (AZO) layer as the front contact, a buffer layer of
oxygen-deficient zinc-oxide (od-ZnO), the ultrathinCdS layer, and theCZTSSe layer. The od-ZnO, CdS, and
CZTSSe layers constitute the semiconductor region of the solar cell.Whereas the actual bandgap of CZTSSewas
used for the optical part in our calculations, the bandgapwas depressed in the electrical part in order to account
for bandtail defects [14, 15]. The bandgap-dependent (i.e. ξ-dependent) defect density and electron affinity were
used in the electrical calculations. The nonlinear Shockley–Read–Hall (SRH) and radiative processes for
electron-hole recombinationwere also incorporated [38, 43]. TheMobackreflector was assumed to be
periodically corrugated along afixed axis (designated as the x axis)normal to the z axis. A thin layer of aluminum
oxide (Al O2 3)was inserted between theCZTSSe layer and theMobackreflector, as has been experimentally
shown to prevent the formation of aMo(SξSe1–ξ)2 layer that enhances the back-contact electron-hole
recombination rate and depresses η [48]. The efficiency ηwasmaximized for (a) homogeneous, (b) linearly
graded, as well as (c) sinusoidally gradedCZTSSe layers using the differential evolution algorithm (DEA) [49].
The role of traps at the CdS/CZTSSe interface was assessed by incorporating a surface-defect layer [50]with
higher defect density.

This paper is organized as follows. The optical description of the solar cell offigure 1 is presented in
section 2.1 alongwith the approach taken for optical calculations. The electrical description of the solar cell is
discussed in section 2.2.Optimization formaximumefficiency is briefly discussed in section 2.3. Section 3.1
compares the efficiency of the conventional solar cell with a 2200 nm thick homogeneous CZTSSe layer [7]with
that predicted by the coupled optoelectronicmodel. The effects of the Al O2 3 layer and theCdS/CZTSSe
interface recombination rate on the solar-cell performance are discussed in sections 3.2 and 3.3, respectively.
Section 3.4 provides the optimal configurations of solar cells with a homogeneous CZTSSe layer and a planar
backreflector, section 3.5 for solar cells with a homogeneous CZTSSe layer and a periodically corrugated
backreflector, and section 3.6 for solar cells with a linearly gradedCZTSSe layer and either a planar or a
periodically corrugated backreflector, while optimal configurations of solar cells with a sinusoidally graded
CZTSSe layer and either a planar or a periodically corrugated backreflector are presented in section 3.7.
Concluding remarks are provided in section 4.

2.Optoelectronicmodeling and optimization

2.1.Optical theory in brief
TheCZTSSe solar cell occupies the region {( )∣-¥ x y z: , , }< < ¥ -¥ < < ¥ < <x y z L, , 0 t , the half
spaces <z 0 and >z Lt being occupied by air. The reference unit cell of this structure, shown infigure 1,
occupies the region {( )∣ }- < < -¥ < < ¥ < < x y z L x L y z L: , , 2 2, , 0x x t . The region
< < =z L0 210 nmw consists of a 110 nm thick antireflection coating [51]made of MgF2 layer [52] and a

100 nm thick AZO layer [53] as the front contact. The region < < +L z L Lw w ZnO is a 100 nm thick buffer
layer of oxygen-deficient zinc oxide (od-ZnO) [54]. Oxygen deficiency during the deposition of ZnOmakes it an
n-type semiconductor [55]. The region + < < + +L L z L L Lw ZnO w ZnO CdS is a 50 nm thick layer of n-type
CdS [56] that forms a junctionwith the p-typeCZTSSe layer of thickness [ ]ÎL 100, 2200s nmand a bandgap
E ( )zg that can varywith z. The region + + < <L L L z Ld a g t is occupied byMo [57] of permittivity ( )e lm 0 ,
where l0 is the free-space wavelength. The thickness ( )= - + + =L L L L L 500 nmm t d a g was chosen to be
significantly larger than the electromagnetic penetration depth [58] ofMo across the visible spectrum. A thin
Al O2 3 [59] layer of thickness =L 20 nma and permittivity ( )e ld 0 exists between theMobackreflector and the
CZTSSe absorber layer [48].

The region + < < + +L L z L L Ld a d a g has a rectangularmetallic gratingwith period Lx along the x axis.
In this region, the permittivity is given by

⎧⎨⎩( )
( ) ∣ ∣
( ) ∣ ∣

( ) ( )

e l
e l z
e l z

=
<

Î + + +


x z

x L

x L

z L L L L L

, ,
, 2,

, 2,

, , 1

g 0
m 0 x

d 0 x

d a d a g

with ( )z Î 0, 1 as the duty cycle. The grating is absent for { }z Î 0, 1 .
The linearly nonhomogeneous bandgap can be either backward graded or forward-graded. For backward

grading,
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E E E E( ) ( ) ( )

[ ] ( )

= - -
- + +

Î + +

z A
z L L L

L
z L L L L

,

, , 2

g g,max g,max g,min
w ZnO CdS

s

w ZnO CdS d

whereA is an amplitude, Eg,min is theminimumbandgap, and Eg,max is themaximumbandgap; =A 0
represents a homogeneous CZTSSe layer. For forward grading,

E E E E( ) ( ) ( )

[ ] ( )

= + -
- + +

Î + +

z A
z L L L

L
z L L L L

,

, . 3

g g,min g,max g,min
w ZnO CdS

s

w ZnO CdS d

Two representative bandgap profiles are shown infigures 2(a), (b).
For the sinusoidally graded bandgap,

E E E

⎪ ⎪

⎧⎨
⎩

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥

⎫⎬
⎭

( ) ( )

( )

[ ] ( )

p py

= + -

´
- + +

- +

Î + +

a

z A

K
z L L L

L

z L L L L

1.49

1

2
sin 2 2 1 ,

, , 4

g g,min g,min

w ZnO CdS

s

w ZnO CdS d

where the integerK is the number of periods in theCZTSSe layer, [ ]y Î 0, 1 describes a relative phase shift, and
a > 0 is a shaping parameter. Two representative profiles are provided infigures 2(c), (d). As thin-film solar
cells are fabricated using vapor-deposition techniques [60], graded bandgap profiles could be physically realized
by adjusting the sulfur-to-selenium ratio in the precursor and thus varying the composition parameter

[ ]x Î 0, 1 during the deposition process [27, 28, 61]. Optical spectra of the relative permittivities of allmaterials
used in the solar cell are provided in the appendix.

The RCWA [40, 41]was used formonochromatic calculations. The electric field phasor ( )lE x z_ , , 0 and the
magnetic field phasor ( )lH x z_ , , 0 , created everywhere inside the solar cell due to illumination by an
unpolarized planewave normally incident on the plane =z 0, were calculatedwith p=E 4 150 Vm−1 being
the amplitude of the incident electricfield. The region was partitioned into a sufficiently large number of
slices along the z axis, in order to implement the RCWA.Although each slice was homogeneous along the z axis,
it could be periodically nonhomogeneous along the x axis. The slice thickness was chosen by trial and error such
that the useful solar absorptance [62] convergedwith a preset tolerance of±1%. The usual boundary conditions
on the continuity of the tangential components of the electric andmagnetic field phasors were enforced on the

Figure 2.Representative profiles of (a), (b) linearly and (c), (d) sinusoidally graded bandgaps in aCZTSSe layer with different sets of
parameters.
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plane =z 0 tomatch the internalfield phasors to the sumof the incident and reflectedfield phasors. The same
was done tomatch the internal field phasors to the transmitted field phasors on the plane =z Lt. Detailed
descriptions of the RCWA for solar cells are available [41, 62, 63].

Suppose that every photon absorbed in the semiconductor region < <L z Lw d excites an electron-hole
pair. Then, the x-averaged electron-hole-pair generation rate is [26]

⎡
⎣⎢

⎤
⎦⎥( ) { ( )}∣ ( )∣ ( ) ( )ò ò

m e
e l l l l=

l

l

-
G x

E L
x z E x z S d dxIm , , _ , , 5

L

L
0 0

0
2

x 2

2

0 0
2

0 0
x

x

0,min

0,max

for [ ]Îz L L,w d , where  is the reduced Planck constant, e0 is the free-space permittivity, m0 is the free-space
permeability, ( )lS 0 is the AM1.5G solar spectrum [42], l = 300 nm0,min , and E( )l = 12400,max g,min nmwith
Eg,min stated in eV. Averaging about the x axis can be justified for two reasons. First, any current generated
parallel to the x axis shall be negligibly small because the solar cell operates under the influence of a z-directed
electrostatic field due to the application ofVext. Second, for electrostatic analysis ~L 500x nm is very small in
comparison to the lateral dimensions of the solar cell.

2.2. Electrical theory in brief
For electricalmodeling, only the region < <L z Lw d has to be considered, because electron-hole pair
generation occurs in theCZTSSe, od-ZnO, andCdS layers only.With a bandgap of 3.3eV, od-ZnO absorbs
solar photonswith energies corresponding to [ ]l Î 300, 3760 nm. Likewise, CdS absorbs solar photonswith
energies corresponding to [ ]l Î 300, 5170 nm, as its bandgap is 2.4eV. The planes =z Lw and =z Ld were
assumed to be ideal ohmic contacts, as we are not interested in how the solar cell interacts with an external
circuit.

The electron quasi-Fermi level

E E( ) ( ) ( ) [ ( ) ( )] ( )= +z z k T q n z N zln 6F c B e cn

and the hole quasi-Fermi level

E E( ) ( ) ( ) [ ( ) ( )] ( )= -z z k T q p z N zln 7F v B e vp

depend on ( )N zc as the density of states in the conduction band, ( )N zv as the density of states in the valence
band, E E( ) [ ( ) ( )]f c= - +z z zc 0 as the conduction band-edge energy, E E E( ) ( ) ( )= -z z zv c g as the valence
band-edge energy, ( )f z as the dc electric potential, ( )c z as the bandgap-dependent electron affinity, kB as the
Boltzmann constant, andT as the absolute temperature. The reference energy level E0 is arbitrary.

The gradients of the quasi-Fermi levels drive the the electron–current density ( )J zn and the hole-current
density ( )J z ;p thus,

E

E

⎫
⎬
⎪⎪

⎭
⎪⎪

( ) ( ) ( )

( ) ( ) ( )
( ) ( )

m

m

=

=
Î

J z q n z
d

dz
z

J z q p z
d

dz
z

z L L, , , 8
n e n F

p e p F

w d

n

p

where = ´q 1.6e 10−19C is the charge quantum, ( )n z is the electron density, ( )p z is the hole density, mn is the
electronmobility, and mp is the holemobility. According to the Boltzmann approximation [43],

E E

E E

⎫⎬⎭
( ) ( ) { [ ( ) ( )] }
( ) ( ) { [ ( ) ( )] }

( )
= -
= - -

n z n z q z z k T

p z n z q z z k T

exp

exp
, 9

i e F i B

i e F i B

n

p

where

E( ) ( ) ( ) [ ( ) ] ( )=n z N z N z q z k Texp 2 10i c v e g B

is the intrinsic charge-carrier density and

E E E( ) ( ){ ( ) ( ) ( ) [ ( ) ( )]} ( )= + -z z z k T q N z N z1 2 ln 11i c v B e c v

is the intrinsic energy. Both ( )N zc and ( )N zv are functions of z because they depend on the bandgap butwe took
them to be independent of z, followingHironiwa et al [32], because bandgap-dependent values are unavailable
for CZTSSe.
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The 1Ddrift-diffusionmodel comprises the three differential equations [43], section 4.6

⎡
⎣⎢

⎤
⎦⎥

⎫

⎬

⎪⎪⎪

⎭

⎪⎪⎪

( ) [ ( ) ( )]

( ) [ ( ) ( )]

( ) ( ) [ ( ) ( ) ( ) ( )]

( ) ( )

e e f

= - -

= -

= - + + -

Î

d

dz
J z q G z R n p z

d

dz
J z q G z R n p z

d

dz
z

d

dz
z q N z N z p z n z

z L L

, ;

, ; , , , 12

D

n e

p e

0 dc e f

w d

under steady-state conditions, with ( )R n p z, ; as the electron-hole-pair recombination rate, ( )N zf as the defect
density or the trap density, ( )N zD is the doping density which is positive for donors and negative for acceptors,
and ( )e zdc as the dc relative permittivity. Both Nf and edc depend on ξ and, therefore, on Eg . All three differential
equations have to be solved simultaneously for ( )Îz L L,w d .

The radiative recombination rate is given by

( ) [ ( ) ( ) ( )] ( )= -R n p z R n z p z n z, ; , 13rad B i
2

where RB is the radiative recombination coefficient [38, 43]. The SRH recombination rate is given by

( ) ( ) ( ) ( )
( )[ ( ) ( )] ( )[ ( ) ( )]

( )
t t

=
-

+ + +
R n p z

n z p z n z

z n z n z z p z p z
, ; , 14SRH

i
2

p 1 n 1

where ( )n z1 is the electron density and ( )p z1 is the hole density at the trap energy level E ;T the electron
lifetime ( ) [ ( )]t s=z v N z1n n th f depends on the electron-capture cross section sn, the hole lifetime

( ) [ ( )]t s=z v N z1p p th f depends on the hole-capture cross section sp, and vth is themean thermal speed of all
charge carriers [38, 43]. The total recombination rate then is ( ) ( ) ( )= +R n p z R n p z R n p z, ; , ; , ;rad SRH .

Dirichlet boundary conditions on ( )n z , ( )p z , and ( )f z at the planes =z Lw and =z Ld supplement
equations (12) [39, 63]. These boundary conditionswere derived after assuming the region < <L z Lw d to be
charge-free and in local quasi-thermal equilibrium [38]. The bias voltageVext was taken to be applied at the
plane =z Ld.

TheHDG scheme [45, 46, 64]was used to solve all three differential equations. This schemeworks well for
solar cells containing heterojunction interfaces [47]. All z-dependent variables are discretized in this scheme
using discontinuous finite elements in a space of piecewise polynomials of afixed degree.We used theNewton–
Raphsonmethod to solve the resulting system for ( )n z , ( )p z , and ( )f z [65].

Table 1 provides the values of electrical parameters used for od-ZnO, CdS, andCZTSSe [6, 12, 66]. The effect
of bandtail states, which effectively narrow the bandgap, was incorporated [14, 15] by reducing the bandgap of
CZTSSe for electrical calculations.Whereas E [ ]x= + Î0.91 0.58 0.91, 1.49g eVwas used for CZTSSe in the
optical part of the coupled optoelectronicmodel, E [ ]x= + Î0.91 0.44 0.91, 1.35g eVwas used in the
electrical part [14, 15].

Table 1.Electrical properties of od-ZnO, CdS, andCZTSSe for [ ]x Î 0, 1 .

Symbol (unit) od-ZnO [66] CdS [66] CZTSSe [6, 12]

Eg (eV) 3.3 2.4 x+0.91 0.58 (optical part)

x+0.91 0.44 (electrical part)a

χ(eV) 4.4 4.2 x-4.46 0.16

ND (cm−3) 1´1017 (donor) 5´1017 (donor) ´1 1016 (acceptor)
Nc (cm

−3) ´3 1018 ´1.3 1018 ´7.8 1017

Nv (cm
−3) ´1.7 1019 ´9.1 1019 ´4.5 1018

mn (cm
2 V−1 s−1) 100 72 40

mp (cm
2 V−1 s−1) 31 20 12.6

edc 9 5.4 x-14.9 1.2

Nf (cm
−3) 1016 1012 ( )x+ ´1.35 98.65 1015

ET midgap midgap midgap

sn (cm
2) ´ -5 10 13 ´ -5 10 13 -10 14

sp (cm
2) -10 15 -10 15 -10 14

RB (cm
−3 s−1) -10 10 -10 10 -10 10

vth (cm s−1) 107 107 107

Note.
a Eg is artificially reduced in the electrical part so as to account for bandtail states.
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2.3.Optoelectronic optimization
The total current density ( ) ( )+J z J zn p equals Jdev everywhere in the od-ZnO, CdS, andCZTSSe layers, under
steady-state conditions.When the solar cell is connected to an external circuit, Jdev is the current density
delivered by the former to the latter. The short-circuit current density Jsc is the value of Jdev when =V 0ext and
the open-circuit voltageVoc is the value ofVext such that =J 0dev . The power density is defined as =P J V ;dev ext

themaximumpower density Pmax obtainable from the solar cell is the highest value ofP on theP–Vext curve; and
h = P Pmax in, where =P 1000in Wm−2 is the integral of ( )lS 0 over the solar spectrum. Thefill factor

( ) [ ]= ÎFF P V J 0, 1max oc sc is commonly encountered in the solar-cell literature.
TheDEA [49]was used to optimize ηwith respect to certain geometric and bandgap parameters, using a

custom algorithm implementedwithMATLAB® version R2017b.

3.Numerical results and discussion

3.1. Conventional CZTSSe solar cell (model validation)
Our coupled optoelectronicmodel was validated by comparisonwith experimental results available for the
conventional MgF2/AZO/od-ZnO/CdS/CZTSSe/Mo(SξSe1–ξ)2/Mo solar cell containing a 2000 nm thick
homogeneous CZTSSe layer and a planar backreflector [7]. In this solar cell, a 200 nm thickMo(SξSe1–ξ)2 layer
with defect density =N 10f

18 cm−3 is present whereas the Al O2 3 layer is absent in relation tofigure 1, andwe
made appropriatemodifications for the validation. All other relevant electrical parameters ofMo(SξSe1–ξ)2 were
taken to be the same as that of CZTSSe, except that E x= +1.57 0.31g eV [67]was used forMo(SξSe1–ξ)2 in
both the optical and electric parts of the coupled optoelectronicmodel. The relative permittivity ofMo(SξSe1–ξ)2
in the optical regime is provided in appendix.

The values of Jsc,Voc, FF, and η obtained fromour coupled optoelectronicmodel for { }x Î 0, 0.38, 1 are
provided in table 2 alongwith the corresponding experimental data [7, 15, 19]. According to this table, the
model’s predictions are in reasonable agreementwith the experimental data, the variances being very likely due
to differences between the optical and electrical properties inputted to themodel from those realized in practice.
As interface defects are not explicitly considered in ourmodel, all the experimentally observed features can be
adequately accounted for by the bulk properties of CZTSSe, which is also in accordwith the empiricalmodel
provided byGokmen et al [68].

In order to further elaborate the role of theMo(SξSe1–ξ)2 layer, we lowered its thickness from200 to 100nm
but increased the thickness Ls of theCZTSSe absorber layer from2000 to 2100nm. The composition parameter
ξwas taken to be 0.38 for theMo(SξSe1–ξ)2 layer as well as for theCZTSSe layer, but other parameters remained
the same as for themodel’s results stated in table 2. Themodel-predicted efficiency increased from11.15% to
11.23%, indicating theminor role of the thickness of theMo(SξSe1–ξ)2 layer.

3.2. Effect of Al O2 3 layer
The incorporation of an ultrathin Al O2 3 layer below theCZTSSe layer prevents the formation of aMo(SξSe1–ξ)2
layer and thereby enhances performance [48]. Removing theMo(SξSe1–ξ)2 layer and reverting to the solar cell

Table2.Comparisonof Jsc,Voc,FF, andηpredictedby the coupledoptoelectronic
model for a conventional MgF2/AZO/od-ZnO/CdS/CZTSSe/Mo(SξSe1–ξ)2/Mo
solar cellwith ahomogeneous 2000 nm thickCZTSSe layer (i.e.A=0), a
homogeneous 200 nmthickMo(SξSe1–ξ)2 layer, and aplanarbackreflectorwith
experimental counterparts. The Al O2 3 layer is absent for these data.

ξ Jsc Voc FF η

(mA cm−2) (mV) (%) (%)

0 Model 38.31 361 65 8.96

Experiment

(Reference [19]) 36.4 412 62 9.33

0.38 Model 32.42 509 69 11.15

Experiment

(Reference [7]) 35.2 513.4 69.8 12.6

1 Model 17.86 606 60.7 6.61

Experiment

(Reference [15]) 16.9 637 61.7 6.7
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depicted infigure 1, we optimized theCZTSSe solar cell with andwithout a 20 nm thick Al O2 3 layer between the
CZTSSe layer and a planarMobackreflector.

Values of Jsc,Voc, FF, and η obtained fromour coupled optoelectronicmodel for =L 2200 nms are
presented in table 3. The optimal efficiency is 11.76%with the Al O2 3 layer and 11.37%without it. Thus, the
Al O2 3 layer enhances η slightly, and concurrent improvements in both Jsc andVoc can also be noted in table 3.
Hence, the 20 nm thick Al O2 3 layer was incorporated in the solar cell for all of the following results.

3.3. Effect of surface recombination onCdS/CZTSSe interface
A10-nm-thin surface-defect layer was inserted between theCdS andCZTSSe layers to investigate the effect of
surface recombination at that interface on the performance of the solar cell depicted infigure 1. TheCZTSSe
layer was taken to be homogeneouswith thickness [ ]ÎL 100, 2200s nmand all other parameters as reported in
table 1. The surface-defect density was fixed at 1012cm−2 but themean thermal speedwas varied between
102 cm s−1 and 107 cm s−1 in the surface-defect layer, with all other characteristics of this layer taken to be the
same as of theCZTSSe layer.

The optimal value of x = 0.51 for =L 100 nms . On inserting the surface-defect layer, the efficiency reduced
from7.41% to: (i) 7.31%when =v 10th

2 cms−1 in the surface-defect layer and (ii) 7.22%when vth is
107cms−1 in the surface-defect layer. The optimal value of x = 0.50 for =L 2200 nms . On inserting the
surface-defect layer, the efficiency reduced from11.15% to: (i) 11.07%when =v 10th

2 cms−1 in the surface-
defect layer and (ii) 11.02%when vth is 10

7cms−1 in the surface-defect layer. Similar efficiency reductionswere
predicted for intermediate values of Ls. These efficiency reductions are so small that the surface-defect layer can
be ignoredwithminimal consequences. Therefore, we neglected surface recombination on theCdS/CZTSSe
interface for all results presented fromnowonwards.

3.4.Optimal solar cell: homogeneous bandgap and planar backreflector
Next, we optimized a solar cell inwhich theCZTSSe layer is homogeneous (A=0) and the backreflector is
planar ( =L 0g ), in order to highlight the advantage of the nonhomogeneous CZTSSe layer.

For afixed value of Ls, the parameter space for optimizing η is: E [ ]Î 0.91, 1.49g,min eV (for the optical
part5).With =L 2200 nms , themaximumefficiency predicted for =A 0 and =L 0g is 11.76%when
E = 1.20 eVg,min . The corresponding values of Jsc,Voc, and FF are 30.00mAcm−2, 557mV, and 70.3%,
respectively. Incidentally, the efficiency becomes lower for E > 1.2 eVg,min because of

(a) the narrowing of the portion of the solar spectrum available for photon absorption [69] due to the blue shift
of l0,max, and

(b) the increased recombination due to increase in Nf caused by the higher value of ξ [6, 12, 19].

Next, we considered [ ]ÎL 100, 2200s nmalso as a parameter formaximizing η. The highest efficiency
predicted is 11.84%, produced by a solar cell with a 1200 nm thickCZTSSe layer with an optimal bandgap of
E = 1.21 eVg,min . The values of Jsc,Voc, and FF corresponding to this optimal design are 30.13mAcm−2,
558mV, and 70.3%, respectively.

In order to compare the performance of the solar cell with optimal Ls, values of Eg,min (for the optical part),
Jsc,Voc, FF, and η predicted by the coupled optoelectronicmodel are presented in table 4 for seven representative
values of Ls. Themaximumefficiency increases to 11.84%as Ls increases to 1200nm, but decreases at a very
slow ratewith further increase of Ls. The efficiency increase with Ls for <L 1200 nms is due to the increase in
volume available to absorb photons. The efficiency reduction for >L 1200 nms is due to reduced charge-carrier
collection arising from short diffusion length ofminority charge carriers inCZTSSe being smaller than Ls [18].

Table 3.Predicted parameters of the optimal MgF2/AZO/od-ZnO/
CdS/CZTSSe/Al O2 3/Mo solar cell with andwithout the Al O2 3 layer
when the 2200 nm thickCZTSSe layer is homogeneous (A=0 and
E [ ]Î 0.91, 1.49g,min eV for the optical part) and theMobackreflector
is planar ( =L 0g ).

La ξ Jsc Voc FF η

(nm) (mA cm−2) (mV) (%) (%)

0 0.50 29.51 552 69.70 11.37

20 0.50 30.00 557 70.31 11.76

5
Throughout section 3, the values of Eg stated for theCZTSSe layer pertain to the optical part of the coupled optoelectronicmodel.

Knowing Eg for the optical part, one can use table 1 to find ξ and, therefore, Eg for the electrical part of the coupled optoelectronicmodel.
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Notably, the optimal bandgap of theCZTSSe layer fluctuates in a small range (i.e. [ ]1.18, 1.21 eV), despite a 22-
fold increase of Ls.

3.5.Optimal solar cell: homogeneous bandgap and periodically corrugated backreflector
Next, we carried out the optoelectronic optimization of solar cells with a homogeneous CZTSSe layer (A=0), as
in section 3.4, butwith a periodically corrugated backreflector. The parameter space for optimizing ηwas set up
as: [ ]ÎL 100, 2200s nm, E [ ]Î 0.91, 1.49g,min eV for the optical part, [ ]ÎL 1, 550g nm, ( )z Î 0, 1 , and

[ ]ÎL 100, 1000x nm.
The values of Jsc,Voc, FF, and η predicted by the coupled optoelectronicmodel are presented in table 5 for

seven representative values of Ls. The values of Eg,min, Lg, ζ and Lx for the optimal designs are also provided in
the same table.

On comparing tables 4 and 5, we found that periodic corrugation of theMo backreflector slightly improves η
for [ ]ÎL 100, 600s nm. For example, relative to the planar backreflector, the efficiency increases from 10.38%
to10.72%when =L 300 nms , the other parameters being =L 100 nmg , z = 0.5, =L 500 nmx , and
E = 1.20 eVg,min . No improvement in efficiencywas found for >L 600 nms by the use of a periodically
corrugated backreflector. The optimal bandgap of CZTSSe remains the same aswith the planar backreflector in
section 3.4; also, the optimal corrugation parameters lie in narrow ranges: [ ]ÎL 99, 105g nm, [ ]z Î 0.5, 51 ,
and [ ]ÎL 500, 510x nm.

3.6.Optimal solar cell: linearly graded bandgap and planar/periodically corrugated backreflector
Next, we considered themaximization of ηwhen the bandgap of theCZTSSe layer is linearly graded, according
to either equation (2) or (3), and the backreflector is either planar or periodically corrugated.

3.6.1. Backward grading
Equation (2) is used for backward grading, i.e. the bandgap near the front contact is larger than the bandgap near
the back contact for >A 0. Optoelectronic optimization yielded =A 0, i.e. a homogeneous bandgap, whether
the backreflector is planar or periodically corrugated. Therefore, the optimized results provided in sections 3.4
and 3.5 also apply for backward bandgap grading of theCZTSSe layer.

Table 4.Predicted parameters of the optimal CZTSSe solar cell with a
specified value of [ ]ÎL 100, 2200s nm,when theCZTSSe layer is
homogeneous (A=0) and and theMobackreflector is planar
( =L 0g ). The values of Eg,min provided pertain to the optical part of
themodel.

Ls Eg,min Jsc Voc FF η

(nm) (eV) (mA cm−2) (mV) (%) (%)

100 1.21 19.23 513 75.2 7.41

200 1.20 25.19 535 72.0 9.67

300 1.20 27.27 546 69.6 10.38

400 1.20 28.07 551 69.6 10.79

600 1.18 29.31 556 70.0 11.47

1200 1.21 30.13 558 70.3 11.84

2200 1.20 30.00 557 70.3 11.76

Table 5.Predicted parameters of the optimal CZTSSe solar cell with a specified value of [ ]ÎL 100, 2200s

nm,when the CZTSSe layer is homogeneous (A=0) and theMobackreflector is periodically
corrugated. The values of Eg,min provided pertain to the optical part of themodel.

Ls Eg,min Lg ζ Lx Jsc Voc FF η

(nm) (eV) (nm) (nm) (mA cm−2) (mV) (%) (%)

100 1.21 100 0.50 500 19.99 506 75.2 7.62

200 1.20 105 0.51 510 25.34 532 72.3 9.75

300 1.20 100 0.50 500 27.87 546 70.4 10.72

400 1.19 103 0.51 502 28.56 547 69.7 10.91

600 1.18 99 0.50 508 29.43 556 70.2 11.50

1200 1.21 101 0.51 500 30.13 558 70.3 11.84

2200 1.20 100 0.50 500 30.00 557 70.3 11.76
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3.6.2. Forward grading
On the other hand, when equation (3) is used, the bandgap near the front contact is smaller than the bandgap
near the back contact for >A 0. The parameter space used for optimizing η is: [ ]ÎL 100, 2200s nm,

E [ ]Î 0.91, 1.49g,min eV, E [ ]Î 0.91, 1.49g,max eV, [ ]ÎA 0, 1 , [ ]ÎL 1, 550g nm, ( )z Î 0, 1 , and
[ ]ÎL 100, 1000x nmwith the condition that E Eg,max g,min. The values of Jsc,Voc, FF, and η predicted by the

coupled optoelectronicmodel are presented in table 6 for seven representative values of Ls. The values of Eg,min,
Eg,max,A, Lg, ζ and Lx for the optimal designs are also provided in the same table. The corresponding data for
optimal solar cells with a planar backreflector ( =L 0g ) are provided for comparison in table 7.

Just as in section 3.5, on comparing tables 6 and 7, we found that periodic corrugation of theMo
backreflector slightly improves η for L 600 nms . Thus, for =L 200 nms , themaximum efficiency predicted
is 11.04%with a planar backreflector and 11.69%with a periodically corrugated backreflector.Whether the
backreflector is planar or periodically corrugated, the optimal parameters for forward grading are:

E = 0.92 eVg,min , E = 1.49 eVg,max , and »A 1. The optimal parameters for the periodically corrugated
backreflector for =L 200 nms are: =L 100 nmg , z = 0.50, and =L 500 nmx . No improvement in efficiency
was found for >L 600 nms by the use of a periodically corrugated backreflector.

The highest efficiency predicted in tables 6 and 7 is 17.07%,which arises when =L 2200 nms ,

E = 0.91 eVg,min , E = 1.49 eVg,max , and =A 0.99 for both planar ( =L 0g ) and periodically corrugated
backreflectors. The values of Jsc,Voc, and FF corresponding to this optimal design are 36.72mAcm−2, 628mV,
and 74.0%, respectively. Relative to the optimal homogeneous CZTSSe layer (section 3.4), themaximum
efficiency increases from 11.84% to 17.07% (a relative increase of 44.1%)with forward grading of theCZTSSe
layer; concurrently, Jsc,Voc, as well as FF are also enhanced.

The optimal values of E [ ]Î 0.91, 0.93g,min eV and [ ]ÎA 0.99, 1.0 in tables 6 and 7, and the optimal values
of Eg,max are independent of Ls, whether the backreflector is planar or periodically corrugated. Also, the optimal
corrugation parameters are veryweakly dependent on Ls: =L 100 nmg , [ ]z Î 0.5, 51 , and

[ ]ÎL 500, 550x nm.
No difference could be discerned in the semiconductor regions of the forward-graded solar cells with the

highest efficiency in tables 6 and 7, the CZTSSe absorber layer being 2200 nm thickwhether the backreflector is
planar or periodically corrugated. Spatial profiles of E ( )zg and ( )c z are provided infigures 3(a), (b), whereas
figure 3(c) presents the spatial profiles of E ( )zc , E ( )zv , and E ( )zi . The spatial variations ofEc and Ei are

Table 6.Predicted parameters of the optimal CZTSSe solar cell with a specified value of [ ]ÎL 100, 2200s nm,when theCZTSSe
layer is linearly graded ( ¹A 0) according to equation (3) and theMobackreflector is periodically corrugated. The values of
Eg,min and Eg,max provided pertain to the optical part of themodel.

Ls Eg,min Eg,max A Lg ζ Lx Jsc Voc FF η

(nm) (eV) (eV) (nm) (nm) (mA cm−2) (mV) (%) (%)

100 0.92 1.49 0.99 100 0.50 510 20.24 544 76.0 8.44

200 0.92 1.49 1.00 100 0.50 500 27.42 572 74.5 11.69

300 0.91 1.49 0.99 100 0.50 510 29.88 592 74.0 13.01

400 0.92 1.49 0.99 100 0.51 550 31.39 603 73.0 13.91

600 0.91 1.49 1.00 100 0.50 502 32.98 612 73.6 14.87

1200 0.93 1.49 0.99 100 0.51 500 35.02 617 73.5 15.90

2200 0.91 1.49 0.99 100 0.51 500 36.72 628 74.0 17.07

Table 7.Predicted parameters of the optimal CZTSSe solar cell with a specified value of
[ ]ÎL 100, 2200s nm,when the CZTSSe layer is linearly graded ( ¹A 0) according to

equation (3) and theMobackreflector is planar ( =L 0g ). The values of Eg,min and Eg,max

provided pertain to the optical part of themodel.

Ls Eg,min Eg,max A Jsc Voc FF η

(nm) (eV) (eV) (mA cm−2) (mV) (%) (%)

100 0.91 1.49 0.99 19.34 550 76.8 8.18

200 0.92 1.49 0.99 26.18 568 74.2 11.04

300 0.91 1.49 0.99 30.07 590 73.2 13.00

400 0.91 1.49 0.99 31.16 601 73.4 13.75

600 0.92 1.49 0.99 33.17 610 73.6 14.92

1200 0.93 1.49 0.99 35.02 617 73.5 15.90

2200 0.91 1.49 0.99 36.72 628 74.0 17.07
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quasilinear, quite similar to that of Eg. Figure 3(d) presents the spatial profiles of ( )n z , ( )p z , and ( )n zi .We note
that ni varies linearly with z such that it is small where Eg is large and vice versa.

Spatial profiles of ( )G z and ( )R n p z, ; are provided infigure 3(e). The generation rate is higher near the
front face and lower near the rear face of theCZTSSe layer, which is in accordwith the understanding [38, 70]
thatmore charge carriers are generated in regionswhere Eg is lower and vice versa; less energy is required to
excite a charge carrier from the valence band to the conduction bandwhen Eg is lower. The Jdev–Vext curve of the
solar cell is shown infigure 3(f). From thisfigure, =J 32.11dev mAcm−2, =V 0.53 Vext , and =FF 74.0% for
best performance.

3.7.Optimal solar cell: sinusoidally graded bandgap and planar/periodically corrugated backreflector
Finally, we considered themaximization of η for solar cells with a sinusoidally gradedCZTSSe layer according to
equation (4) and a periodically corrugated backreflector. The parameter space used for optimizing η is:

[ ]ÎL 100, 2200s nm, E [ ]Î 0.91, 1.49g,min eV, [ ]ÎA 0, 1 , [ ]a Î 0, 8 , [ ]ÎK 0, 8 , [ ]y Î 0, 1 , [ ]ÎL 1, 550g

nm, ( )z Î 0, 1 , and [ ]ÎL 100, 1000x nm. The values of Jsc,Voc, FF, and η predicted by the coupled
optoelectronicmodel are presented in table 8 for eight representative values of Ls. The values of Eg,min,A,K,α,
ψ, Lg, ζ and Lx for the optimal designs are also provided in the same table. For comparison, the corresponding
data for optimal solar cells with a planar backreflector ( =L 0g ) are provided in table 9.

Just as in sections 3.5 and 3.6.2, on comparing tables 8 and 9, we found that periodic corrugation of theMo
backreflector slightly improves η for L 600 nms . For =L 200 nms , the optimal efficiency predicted is

Figure 3. Spatial profiles of (a) E ( )z ;g (b) ( )c z ; (c) E ( )zc , E ( )zv , and E ( )z ;i (d) ( )n z , ( )p z , and ( )n z ;i and (e) ( )G z and ( )R n p z, ; in
the semiconductor region of the optimal solar cell with the 2200 nm thickCZTSSe layer with forward-graded bandgap. (f) Jdev–Vext

andP–Vext curves of this solar cell. The numerical values of Jdev and Vext formaximum P are also identified. The spatial profiles are the
samewhether theMobackreflector is periodically corrugated (table 6) or planar (table 7).
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17.48%with a planar backreflector (table 9) and 17.83%with a periodically corrugated backreflector (table 8).
The optimal bandgap parameters for either backreflector are: E = 0.92 eVg,min , =A 0.99, a = 6, =K 3, and
y = 0.75. The geometric parameters of the optimal periodically corrugated backreflector are: =L 100 nmg ,
z = 0.51, and =L 510 nmx . For =L 2200 nms , the optimal efficiency predicted is 19.56%, regardless of the
geometry of the backreflector, the optimal bandgap parameters being: E = 0.92 eVg,min , =A 0.98, a = 6,

=K 2, and y = 0.75. Indeed, the effect of periodic corrugation remains the same as in the cases of the
homogeneous bandgap (section 3.5) and the linearly graded bandgap (section 3.6.2): very small improvement
for thinCZTSSe layers and no improvement beyond L 600 nms .

The optimal designs in table 8 have [ ]ÎL 100, 110g nm, [ ]z Î 0.5, 0.51 and [ ]ÎL 500, 510x nm. The
values of E [ ]Î 0.91, 0.92g,min eV, [ ]ÎA 0.98, 0.99 , a = 6, y = 0.75, and { }ÎK 2, 3 for both planar and
periodically corrugated backreflectors.

The highest efficiency achievable is predicted to be 21.74%with a sinusoidally gradedCZTSSe layer of
thickness =L 870 nms , whether the backreflector is planar (table 9) or periodically corrugated (table 8).
Figure 4 shows the projections of the nine-dimensional space onto the sets of axes with the efficiency on the
vertical axis and each of the optimization parameters on the horizontal axis, when =L 870 nms and the
backreflector is periodically corrugated. The large dots highlight the location of the solar cell with themaximum
efficiency. The optimal combination of the values of the parameters Eg,min,A,α,K,ψ, Lg, ζ, and Lx is recorded in
table 8.

The highest possible efficiency (21.74%)with a sinusoidally gradedCZTSSe layer amounts to a relative
increase of 83.6% over the optimal efficiency of11.84%with a homogeneous CZTSSe layer of thickness

=L 1200 nms (sections 3.4 and 3.5). Alongwith the increase in efficiency, Jsc increases from30.13 to
37.39 mA cm−2 (a relative increase of 24.0%),Voc from558 to 772mV (a relative increase of 38.3%), and FF
from 70.3% to 75.2% (a relative increase of 6.9%).

The highest possible efficiency (21.74%)with a sinusoidally gradedCZTSSe layer is 27.3% higher than the
highest possible efficiency (17.07%)with a linearly gradedCZTSSe layer (section 3.6.2). The short-circuit
current density for sinusoidal grading is somewhat higher as well, but the open-circuit voltage is enhanced
considerably from628mV to 772mV. Let us note, however, that the optimal sinusoidally gradedCZTSSe layer
is only 870 nm thick, but its optimal linearly graded counterpart is 2200 nm thick. Indeed, the sinusoidally
graded bandgap ismore efficient than the homogeneous and linearly graded bandgaps for all considered
thicknesses of theCZTSSe layer.

Table 8.Predicted parameters of the optimal CZTSSe solar cell with a specified value of [ ]ÎL 100, 2200s nm,when theCZTSSe layer is
sinusoidally graded ( ¹A 0) according to equation (4) and theMobackreflector is periodically corrugated. The values of Eg,min provided
pertain to the optical part of themodel.

Ls Eg,min A K α ψ Lg ζ Lx Jsc Voc FF η

(nm) (eV) (nm) (nm) (mA cm−2) (mV) (%) (%)

100 0.92 0.98 3 6 0.75 100 0.50 500 25.72 701 78.7 14.22

200 0.92 0.99 3 6 0.75 100 0.51 510 32.99 716 77.5 17.83

300 0.92 0.98 2 6 0.75 100 0.51 510 35.15 745 74.7 19.58

400 0.92 0.98 2 6 0.75 100 0.51 510 36.32 762 74.4 20.62

600 0.92 0.98 2 6 0.75 100 0.50 500 37.23 771 74.8 21.47

870 0.92 0.98 2 6 0.75 100 0.50 500 37.39 772 75.2 21.74

1200 0.92 0.98 2 6 0.75 100 0.51 510 37.08 766 74.8 21.26

2200 0.92 0.98 2 6 0.75 100 0.51 510 36.45 736 72.8 19.56

Table 9.Predictedparameters of theoptimalCZTSSe solar cellwith a specifiedvalueof [ ]ÎL 100, 2200s nm,
when theCZTSSe layer is sinusoidally graded ( ¹A 0) according to equation (4) and theMobackreflector is
planar ( =L 0g ). The values of Eg,min providedpertain to the optical part of themodel.

Ls Eg,min A K α ψ Jsc Voc FF η

(nm) (eV) (mA cm−2) (mV) (%) (%)

100 0.91 0.99 3 6 0.75 25.65 703 78.6 14.19

200 0.92 0.99 3 6 0.75 32.40 719 75.0 17.48

300 0.92 0.98 2 6 0.75 33.94 744 75.0 19.01

400 0.92 0.98 2 6 0.75 35.69 762 75.0 20.35

600 0.92 0.98 2 6 0.75 37.17 771 74.8 21.46

870 0.92 0.98 2 6 0.75 37.39 772 75.2 21.74

1200 0.92 0.98 2 6 0.75 37.08 766 74.8 21.26

2200 0.92 0.98 2 6 0.75 36.45 736 72.8 19.56
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The variations of Eg andχwith z in the semiconductor region of the solar cell with the optimal sinusoidally
graded 870 nm thickCZTSSe layer are provided infigures 5(a), (b).With E = 0.92 eVg,min and =A 0.98,
E ( ) [ ]Îz 0.92, 1.486g eV. Themagnitude of E ( )zg is large near both faces of the CZTSSe layer, which elevatesVoc

[28]. Furthermore, bandgap grading in the proximity of the rear face of theCZTSSe layer keeps theminority
carriers away from that face (where recombinationwould be highly favored in the absence of the Al O2 3 layer

Figure 4. Scatter plots of the optimization results projected onto the plane containing η and (a) Eg,min, (b)A, (c)α, (d)K, (e)ψ, (f) Lg ,
(g) ζ, and (h) Lx , for solar cells with a 870 nm thick sinusoidally gradedCZTSSe layer and a periodically corrugated backreflector. The
large dots highlight the location of the solar cell with themaximumefficiency.
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[48]) to reduce recombination [71] and improve the carrier collection due to the drift field provided by the
bandgap grading [72]. The regions inwhich Eg is small are of substantial thickness, and it is those very regions
that are responsible for increasing the electron-hole-pair generation rate [38, 70], because less energy is required
to excite an electron-hole pair across a narrower bandgap. Thus, this bandgap profile is ideal for the
enhancement ofVoc whilemaintaining a large Jsc.

Figure 5(c) shows the variations ofEc,Ev, andEi with respect to z. The spatial profiles ofEc andEi are similar to
that ofEg. Figure 5(d) shows the spatial variations ofn,p, and ni under equilibrium; specifically, ni varies such that it
is largewhereEg is small andvice versa. The spatial profiles ofG andR are shown infigure 5(e). Specifically,G is
higher in regionswith lowerEg andvice versa, as discussed forfigure 5(a). Thehigher recombination rate in the
60 nmthickmiddle region is due tohigher defect/trapdensity causedbyhigher sulfur content. The Jdev–Vext

characteristics are shown infigure 5(f).Ouroptoelectronicmodel predicts =J 32.72dev mAcm−2, =V 0.659 Vext ,
and =FF 75.2%forbest performance.

4. Concluding remarks

We implemented a coupled optoelectronicmodel alongwith the differential evolution algorithm to assess the
efficacy of grading the bandgap of theCZTSSe layer for enhancing the power conversion efficiency of thin-film
CZTSSe solar cells. Both linearly and sinusoidally graded bandgapswere examined, with theMo backreflector in
the solar cell being either planar or periodically corrugated.

An 870 nm thick sinusoidally gradedCZTSSe layer accompanied by a periodically corrugated backreflector
delivers a 21.74% efficiency, 37.39mAcm−2 short-circuit current density, 772mVopen-circuit voltage, and
75.2%fill factor. Even if the backreflector isflattened, these quantities do not alter. In comparison, h = 11.84%,

=J 31.13sc mAcm−2, =V 558oc mV, and =FF 70.3%,when the bandgap is homogeneous and the

Figure 5. Spatial profiles of (a) E ( )z ;g (b) ( )c z ; (c) E ( )zc , E ( )zv , and E ( )z ;i (d) ( )n z , ( )p z , and ( )n z ;i and (e) ( )G z and ( )R n p z, ; in
the semiconductor region of the optimal solar cell with the 870 nm thickCZTSSe layer with sinusoidally graded bandgap. (f) Jdev–Vext

andP–Vext curves of this solar cell. The numerical values of Jdev and Vext formaximum P are also identified. The spatial profiles are the
samewhether theMobackreflector is periodically corrugated (table 8) or planar (table 9).
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backreflector is planar. Efficiency can also be enhanced by linearly grading the bandgap, but the gain is smaller
compared to the case of sinusoidal bandgap grading.

The generation rate is higher in the broad small-bandgap regions than elsewhere in theCZTSSe layer, when
the bandgap is sinusoidally graded. Since the bandgap is high close to both faces of the CZTSSe layer,Voc is high
in the optimal designs [20, 28]. Both of these features are responsible of enhancing η.

The placement of an ultrathin Al O2 3 layer behind the rear face of theCZTSSe layer helps remove an
unwantedMo(SξSe1–ξ)2 layer and slightly enhances the efficiency. Furthermore, for a thinCZTSSe layer
( L 500s nm), periodically corrugating the backreflector can also provide small gains over a planar
backreflector.

Optoelectronic optimization thus indicates that 21.74% efficiency can be achieved for CZTSSe solar cell with
a 870 nm thickCZTSSe layer. This efficiency significantly higher compared to 12.6% efficiency demonstrated
withCZTSSe layers that aremore than two times thicker. Efficiency enhancements of comparablemagnitude—
e.g. 22% to 27.7%–have been predicted by bandgap grading of theCIGS layer in thin-filmCIGS solar cells [26]
(which, however, use somematerials that are not known to be abundant on Earth). Thus, bandgap grading can
provide away to realizemore efficient thin-film solar cells for ubiquitous small-scale harnessing of solar energy.
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Appendix. Relative permittivities ofmaterials in the optical regime

Spectra of the real and imaginary parts of the relative permittivity ( )e l e0 0 of MgF2 [52], AZO [53], od-ZnO
[54], CdS [56],Mo [57], and Al O2 3 [59] in the optical regime are displayed infigure A1. Spectra of the real and
imaginary parts of the relative permittivity of CZTS andCZTSe are available [6]. These were incorporated in an
energy-shiftmodel [36, 73] to obtain the relative permittivity of CZTSSe as a function of ξ (and, therefore, the
bandgap Eg) and l0 in the optical regime, as shown infigure A2. Spectra of the real and imaginary parts of the

Figure A1. Spectrums of [ ]e eRe 0 and [ ]e eIm 0 of (a) MgF2, Al O2 3, andAZO, (b) od-ZnO andCdS, and (c)Mo. [ ]e eIm 0 is
negligibly small for MgF2 and Al O2 3.
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relative permittivity ofMoS2 andMoSe2 are available for l  1240 nm0 [67]. Thesewere first linearly
extrapolated for ( ]l Î 1240, 14000 nmand then incorporated in the energy-shiftmodel [36, 73] to obtain the
relative permittivity ofMo(SξSe1–ξ)2 as a function of ξ and l0, as shown infigure A3.

Figure A2. (a) Spectrums of [ ]e eRe 0 and [ ]e eIm 0 of CZTS andCZTSe. (b) [ ]e eRe 0 and (c) [ ]e eIm 0 of CZTSSe as functions of
l0 and ξ.

Figure A3. (a) Spectrums of [ ]e eRe 0 and [ ]e eIm 0 ofMoS2 andMoSe2. (b) [ ]e eRe 0 and (c) [ ]e eIm 0 ofMo(SξSe1–ξ)2 as functions
of l0 and ξ.
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