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Basic relations among n, x , €

The theories for the light-matter interaction give the simplest expression for the
complex dielectric susceptibility x = x1 — 1 x2.

Refractive index, dielectric susceptibility and permittivity € = ¢; — i €2 are connected by
the following simple equations:
E=(n—ik)>=1+7%.

Therefore:
€1 = 1+ x1, €2 = X2-

1 / 1 /

and:
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Oscillator normalization =~ =
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Inside kSEMAWCc € is calculated as a sum of ”oscillators” y; ~ ~ ;
. - : .. e=1+ =14+ C; f;
corresponding to different groups of electronic transitions: Z Xi Z ofi

(hq)*N B N(em™3)

— V2
2eom.  4.61706- 1020

Sum rule on yo: / x2(E)EdE = T
0

where N is electron number per unit volume of the material (all of them, including the core
electrons), ¢ is the electron charge and m, is the electron mass.

As far as possible, the oscillator functions ﬂ in o ~ B
kSEMAW¢c are normalized according to: /0 Im(fi(E))EdE = 1
_ m(hg)*N

N 26077?,6

7ideal global fit (0 < E<o0)” = = Z C;

)
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The Flat Oscillator —
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Generally the fit is limited to energies lower than a few eV.

Transitions at higher energies, not explicitly included in the oscillator sum, give anyway a substan-
tial contribute to €;.

To simplify the fit, the 1 is replaced with a user-selectable parameter C’J%l at:

€= C]%lat + Z )Zl - Cjzclat + Z CZJ?Z

C'iat is the only parameter of a special “flat” oscillator and, since it is squared to obtain ey,
Ciqt corresponds fairly well to the refractive index offset generated by this “Flat” oscillator:

n~ Crlgt+....

A “flat” oscillator with Cy;,; > 1 must be always included in the fit
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Oscillators available in ksemawc v2.6 e
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é(F) is calculated summing up to 20 oscillators belonging to the following 18 classes:

Flat

Lorentz = Single peak in g,
Quantum-homo

Lorentz-Dirac Direct Gap Tauc-Exciton
Quantum-inhomo

Direct Gap Cody-M-M,

Drude .| Free carrier effects Direct Gap Tauc-M-Ms
Drude-ionized

Direct Gap Cody-Lorentzian tail Direct Gap Cody-Urbach (exponential) tail
Direct Gap Tauc-Lorentzian tail Direct Gap Tauc-Urbach (exponential) tail
Indirect Gap Cody-Lorentzian tail Indirect Gap Cody-Urbach (exponential) tail
Indirect Gap Tauc-Lorentzian tail Indirect Gap Tauc-Urbach (exponential) tail
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Oscillators parameters

All the oscillators have less than four free parameters.

C (eV?) EO (eV) D W(eV)

Flat C >1 - - -

Single peak intensity Peak energy Line width -
Lorentz-Dirac intensity Peak energy Line width Line asymmetry
Drude intensity - Line width -
Dir/Indir. Gap Lorentz intensity Eg Line width Band width
Dir/Indir. Gap Urbach intensity Eg Urbach tail Band width
Dir. Gap Exciton intensity Eg Line width Binding energy
Dir. Gap M1-M2 intensity Eg (E-E))/2 Band width
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Single peak oscillators formulas
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“Lorentz”

- _ 2C 1
X = 7 |E2-E242ED

“Quantum-homo”

- _ C 1
X = 7By | Eo—E+iD

“Lorentz-Dirac”

- _ 20 1
X = 7 |E2-E212iE(D+E2W)

“Quantum-inhomo”

- & {o(F

) —ien - (54) |}

C = (th*q?N)/(2mey) is the oscillator amplitude with dimensions [eV]?

Ej is the resonance energy.
D is the line width.

W is the asymmetry parameter for the Lorentz-Dirac oscillator

D is the Dawson function

K is a normalization constant for the Quantum-inhomo oscillator
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Single peak oscillators =
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Lorentz: standard function for the fit of peak shaped absorption spectra. Its long tails may cause
problems if used for materials with a high transparency in adjacent energy range.

Quantum-homo: obtained neglecting a not-resonant term in the Lorentz oscillator. Its simpler
expression allows to obtain analytical results in convolution calculations.

Lorentz-Dirac: asymmetric line shape. Useful for the fitting of noble metals optical costants.

Quantum-inhomo: obtained as the convolution between a quantum oscillator and a Gaussian
distribution centered in Fy and with HWHM equal to D ; the line width of the quantum oscillator
is assumed to be much lower than the Gaussian width.

Useful to model a set of absorbing centres which cannot be considered as identical replicas due, for
example, to proximity to other randomly distributed defects or to random fluctuations of strain
(inhomogeneous broadening).

The fast decay of its yo away from the resonance energy avoid some problems encountered using
the Lorentz oscillator.
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Comparison of the 4 single oscillators -_—
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The oscillator parameter used for this figure are:

C=5.6 eV? and Ey = 3 eV.

D=0.1 eV for Lorentz, Quantum and Quantum-inhomo oscillators.
D=0.01 eV and W=50 eV for Lorentz-Dirac oscillator.
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Comparison of y_ for the 4 single oscillators -_—

10 3 T T T T T T T
F —— Lorentz
i —— Lorentz-Dirac
1 —— Quantum 3

—— Quantinhomo

0.1}

0.01

X2

1E-3

1E-4 |

1E_5 1 1 1 1 1 1 1 1
E (eV)

X2 for the 4 single peak oscillators (Lorentz, Lorentz-Dirac, Quantum and Quantum-inhomo) with
C=5.6 eV* and Fy = 3 eV.

D=0.1 eV for Lorentz, Quantum and Quantum-inhomo oscillators.

D=0.01 eV and W=50 eV for Lorentz-Dirac oscillator.
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Drude oscillators =~ =
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The “Drude” oscillator describes fairly well the response of a free electron gas.
It can be obtained simply setting Fy = 0 in the Lorentz oscillator :

20 1 2¢ D
r D2y R T L E(DEyER)

X1 = —

D is related to the carrier scattering time 7 by D = h/T.

The optical mobility can be deduced from D using the equation p = qr/m* = (qh)/(m* D).

C = (th*¢?N)/(2m*eo) where N is the carrier density and m* is their effective mass.

A sligthly modified version (“Drude-ionized”) is available where D has an energy dependence

(D(F)) to approximate the energy dependence of the carrier scattering time when the scattering
is caused by ionized impurities.
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Direct and Indirect gap oscillators -_—
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condyction
band

\
\! elecqrons r/ IE‘
R / conduction band
\ /
'
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direct-gap malerials indirect-gap malerials
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The oscillators introduced up to now are unsuitable
to describe the optical constants of systems with a
continuous distribution of density of states such as
semiconductors.

The theories reported in textbooks on semiconductors
usually derive xo only and exclusively at energies near
the fundamental gap.

The calculation is made by hypothesizing that the
excited states have infinite lifetime, i.e. that every
transition between two states may take place only by
absorbing /emitting photons and phonons with a total
energy exactly equal to the difference of their energetic
levels.
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X2 ‘S for excited states with infinite lifetime
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Joint density of states

Calling Xé”f the xo calculated for excited states with infinite lifetime, we have
for direct transitions:

M, ch/ | dS a \\\

znf (hw) Cabs ‘ — |
w? \ Ec(k:) By(k)~hw |V(Ec(k) — By (k)|
For indirect transitions : S
. M, hw—i— hwi, T
) o« oMl [ Gty Gy o - By

-

:

Conduction and valence band convolution

et This work was financially supported by the European Union’s Horizon 2020 research and 1 3
innovation programme under the grant agreement 952982 (Custom-Art)




Tauc and Cody approximations -_—
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Tauc approximation <= constant momentum matrix element |M,,|?

A constant [(r)|? assumption can be also used as proposed by Cody for the amorphous
semiconductor case.

A relation between the matrix elements of these two operators can be obtained by using

commutator relations: ,
h
OF = 1Mo ()

This work was financially supported by the European Union’s Horizon 2020 research and 14
innovation programme under the grant agreement 952982 (Custom-Art)




Energy dependence near Eg

If the bands are parabolic:

Tauc Cody
1 in Mcv ? in
Direct gap () o Vel /BB, | 35 (B) x| 0) PVE - E,
. inf E |JWC'U|2 E_ E. )2 inf 2 - 2
Indirect gap x5 (E) 72 9)” | X2 (E) o< [ ({r) [F(E — Ey)
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3D critical points

AGENTIA MATIOMALE
FER LE NUOVE TECNOLOGIE, LENERGIA
E LO SVILUPPO ECONOMICO SOSTENIBILE

—

V(Ec(k) — Ev(k)) =0 : Mp(minimum), M; (saddle), My (saddle), M3 (maximum).

Band for a simple cubic lattice in the Tight-Binding s-level nearest-neighbor approximation with
an overlap integral equal to D:

In 3 dimensions the Joint Density of States can show four types of critical points where

E(k) = Ejep — 2D|cos(kga) + cos(kya) 4 cos(ka)]

03}
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Plot for the 2-D case Density of states for the 3-D case
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|
—— MOM3 E=(Fs+Ey)/2 , W =FEs;—E
L Es—FE
0.1
0.0

(E-E)/D

To keep the oscillators simple and with 4 parameters only, My-M3 and M;-Msy contributions to
direct transitions are simulated by separate oscillators.
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Direct gap-Cody and Direct gap-Tauc (M -M.)

Eg E3=Eg+W Ep E3=Egp+W
in C inf C /(E - Ey)(E3 — E)
X2—fdz"r’—COdy<E) — K—Cd (E — Eo)(E3 — E) X2—dir—Tauc(E) = KTd E2
™2 Krg = ~(2Ey + W — 2\/Eo(Ey + W
KCd:EW (2Eq + W) Td—§( 0+ - o(Eo +W))

/ e%(B)EdE = C
0
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Indirect gap-Cody and Indirect gap-Tauc -_—
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inf _ 16C _ 2 n 2 in
o) = R~ FP )= % (- (o W ) = 586 15— (B WP

X;nffindfTauc(E) = K'C?IS/VC;E2 (E - E0)2

T

Eg  Eg+Wi4 Eq+3Wi4 Eg+W

X ina-coay (B) = w5 {2 = % (B~ (Bo+ W/2) it B) = g {2 # 1B = (Bo+ W/2) )
Koy — By + WTQ Krpi = f(Ey/W)
dr + 1 4dr +4 4r 4+ 3
_ 2 2 B 2
f(r)—2[87“ ln( i )+8(T+1) In <4r+3> (148(r" +7))ln (47“—#1)}

FEy is the gap energy , W is the absorption band width
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The convolution approach

The analytical expressions for y(F) are obtained by performing the convolution between a suitable
X;nf calculated for infinite lifetime and the normalized complex ¥4, describing the response of a

quantum oscillator:
WE) = [ (B (B, - E)E,

The function x,, is given by the expression given before, normalized so that the integral of its
imaginary part is equal to 1:

1 1
oo B By) = — | —|
XQ( ) WET—E+ZD

The result of the convolution can be expressed as analytical functions in the four previous cases.
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Direct gap Cody - Lorentzian tail
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inf .
XQ—dir—Cody (E) -

0.10
0.05

0.00

Xy

-0.05

-0.10

-0.15

-0.20

convolution with x4,

C . C |Eo+ E3 . : :
ir—Cody(F) = —FE+1D—+/FEy—FE+1D\/FE3—FE+1D
K—Cd (E_EO)(ES—E) I:>Xd C dy( ) KCd [ 9 +1 \/ 0 + 1 \/ 3 +1
, : : : : : 0.30 : : .
0.25 | 4
0.20 |- i
o 0.15 -
0.10 |- 4
T XidirCody - XiZn-Lir-Cody
0.05 | i
i T Xo-dir-Cody
1 é I é I All ' 5 1 ' 5 ' ; ) p ' 5
E (eV) E (eV)

The example in this figure has: C=1, Fy =2eV, W = F3 — Eyg =2¢eV, D =0.1¢eV.
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Direct gap Tauc - Lorentzian tail
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The convolution between the Xé”_fdirT aue and the normalized complex x4, gives:

C 1
—dir—Tauc E) = . 21D 2F — 2/ ExFE
Xa—dir~Taue(B) 2DKTd§R{2(D—zE)(z T vV Z05s

(i~ 1)V2/D —i(E — Eo)\/—iD - E + E3>

*m(‘””””? E0E3+(i+1)\/§\/D+i(E—Eo)WD—E+E3>
+ E(D —iE)*\/D+i(E — Eo)\/D +i(E — E3)/ (D* + E?)*
+ E(D +iFE) \/D—Z \/D_Z )/(D2+E2)2

— ED (D*(Ey + E3) + E(—4EyE3 + E(Ey + E3))) / ((D2 + B?) /EOE3>}

CD
Krq

x % {~ (D~ iE)*V/D+i(E~ Bo)v/D+i(E - Es)| / (2D (D* + E%)*)

X2—dir—Tauc (E) -

_ [(D +iE)2\/D —i(E — E3)\/D —i(E — Eo)} / (2D (D% + E2)2)
+ D [D*(Bo + Es) + E(~4EoFs + E(Eo + F3))] / (2D (D* + E?)* V/Eo ) }
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Direct and Indirect gap oscillators with Urbach tail
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0.01 } i

X,

Direct gap Cody xzi”f
1E-3 |-

Direct gap Cody-Lorentz
Direct gap Cody-Urbach

N 1 N
1 2 3 4 5
E (eV)

The parameters are: C=1, Eg =2¢eV, W =2¢eV, D =0.1 eV.
D corresponds to the quantum oscillator line width in one case

and to the characteristic energy D of the Urbach
tail (x2(F) o« exp(+E/D)) in the other one.
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o is modified adding an

Urbach tail on both band edges.

The real part y; is then obtained

by means of the numerical integration
of the Kramers-Kronig relation:

2 > xa(x)T

v
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Direct gap Tauc-exciton

PERLEN E TE El
E LO SVILUPPO ECONOMICO SOSTENIBILE

The oscillator included in kSEMAWCc is based on an improved version of the Elliott’s theory
presented by Tanguy in 1995 [1] which gives a very compact expression for the susceptibility of a
semiconductor with a direct gap in the Tauc approximation taking into account the excitons and
a Lorentzian broadening of the states :

UE) = et a6+ D)+ 0u(6(~ D)) ~ 244 6(0)

9a(§) = 2In¢ = 2meot(m€) — 24p(§) — 1/€ w

%4 E.=E
€)= 5

where ¥ (z) = dInT'(2)/dz is the complex digamma function, D is the width of the Lorentzian
broadening function, Ej is the energy gap and W is the exciton binding energy.

A

I 1|

[1] C. Tanguy, Optical dispersion by Wannier excitons, Phys. Rev. Lett. 75, 4090-4093 (1995).
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Direct gap Tauc-exciton: broadening effect
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L T T T k T T T J T T 12 T T T T T T T T T T T
——D=5 meV - | —— D=5 meV
——D=10 meV| | ——D=10 meV
——D=20 meV| | or ——D=20meV| |
8 .
3 5! 6 - -
o 4r 7
2+ 2 - &_ B
4 ! . ! . ! . ! . ! . 0
' T T \ T T T T T T
1.4 1.5 1.6 1.7 1.8 1.9 2.0 14 15 16 17 18 19 20
E (eV) E (eV)
The other parameters are: C=4, Fy = 1.6 eV, W =40 meV .
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3D M -M_ critical point oscillator
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06 —— 11— ——T——T——T————T———————
—— M1-M2 Cody
— M1-M2 Tauc |
Plot of x5 for a M;-Ms oscillators with
T l C=1eV?,Ey=16¢eV, W =2eV and D=0.5 eV
y < using the Cody (black curve) and
Tauc (red curve) approximations.
0.2 .
The real part y; is obtained
by means of the numerical integration
- 1!4‘1!6 1!8I2{0‘2!2I214‘2!6‘218‘310‘312‘3.4 316‘318‘4.0 of the KramerS-KrOHig relation.

E (eV)

C W _ —
xz-canz(E) = {Kl [,/7 ~D-O(E-E|- D)\/|E ~E|-D

+ (F — Ep)(F — E3)}
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A familiar case: crystalline silicon
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50 T T T T T T
Eo
a0l , Cc-Si |
30 | .
~ L
w
20 ]
10 | ) .
El
] \ | . ] . m 21
5 4 6 3 k’—crl[u,l}l k=(000) k'T“p,D}
E (eV)
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A familiar case: crystalline silicon -_—

FER LE NUOVE TECNOLOGIE, LENERGIA
E LO SVILUPPO ECONOMICO SOSTENIBILE

T T T T T T
50 | E #0sc type C E0 {eV) D {eV) W (eV)
cSi 1 1 |Quantinhemo v |730972  ||3.3e575 [ [o.0s31545 | unused
40 - E 2 Quant-inhomo ~ |4 | |4.23 | |D.09 | unused
3 [ | Dir-Gap-Cody-M1M2 I | [2.05 | [o.6 | [3.86 |
e 1 4 [ | Ind-GapCody-Urbach | [o.85 [ L1 [ [0.03 |3 |
“ 5 (1 | Quantinhomo v|[1z1081  [[s.ame2r [[o.233499 | unused
20r - Exp 7 3 Quant-nhomeo ~ |42 | |4.34 | |D.2B | unused
S 7 Flat ~ unused unused unused
w0} .
8 [ | Dir-Gap-Cody-Urbach v||ss.0221  |[331285  ||o.osoosss | 114783
5 [ | quant-inhomo v||ss.4053  |[sossss | [oasmess | unused
1
0 1 7
3 T T T T T T
sof ] 7+ -
40 - 3 6 .
30 5 _ —
0| 3 - ]
L ] 4 .
— 1 c
< 10t ] i ]
L E 3k ]
of E A ]
I ] 2| i
10t ] | |
20 | r 7
~ 0 1 1 1 1 1 1
0 0 7 0 1 2 3 4 ) 6 7
E (eV) E (eV) E (eV)
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Perovskite film on glass -_—
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#0sc type C ED (&V) D (eV) W (ev)
1 Flat w unused unused unused
2 |Lorentz + | |1000 | [17.4 | 185 | lunused
3 [ | Dir-Gap-TaucExciton v | |3.42 | |1.59 | l0.022 | |0.009 |
4 [ | Dir-Gap-Tauc-MiM2 v |38 | |1.68 | |o.56 | |2.23 |
5 Quant-inhomo w |13.3 | |3.52 | |D.6? | unused
1.0 T T T 1.0 T T T 1.0 T T T
g 08l - 08| i
g 06 - 06| i
£ ki
1 “ oal - ® oal 4
1 OO 1 1 1 00 1 1 1
3 4 1 2 3 4 1 2 3 4
E (eV) E (eV)
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/ZnSe film on glass -_—

#0sc type C ED (eV) D (eV) W (V)
1 Flat ~ unused unused unused
2 [ | Dir-Gap-Cody-Urbach v||122.793 | |2.37205 |lo.0s48758 | |s.21083 |
3 []  Dir-Gap-Cody-Urbach v |195233  ||a07013  ||o.233088 | [s7es04 |

wr— - ¥7¥——7 0.50 — T T T T T T T
0.45 — —
08} . 040 | i
0.35 — ]
06 |- E 0.30 _ ]
- o 0.25 — 4
04 A 0.20 E
0.15 i E
0.2 — 0.10 — e
0.05 — ]

0.0 L—— . : : : : : : 000 L L L ! ! ! ! !

0.5 1.0 15 2.0 25 3.0 35 4.0 45 0.5 1.0 15 2.0 25 3.0 35 4.0 4.5
E (eV) E (eV)
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IWO film on glass -_—

. . #0sC type C ED (V) D (eV) W (eV)
From Drude parameters, using m* = 0.35m,, we get:
m* 1 Flat e unused unused unused
-3y _ 2 1020 _ 1020, —3
N(Cm ) - C(eV )m 4.617- 10 2.83- 107 em <:| 2 Drude-ionized ~ | [1.75451 unused 0.0357026 unused
e
2 2 3 Dir-Gap-Cody-Urbach | (489,375 3.80252 0.25282 13.97
cm 1.159 cm
L - 38.5(—)
’u( Vs ) D(eV)m*/m, Vs 4 [ | Dir-Gap-Cody v |0.139887 | |o.s72ses | |2.8878e07 | |2.9341 |

1'0 T T T T T T T T 0'50 T T T T T T T T
0.45 | -

08 - 0.40 | -

F Exp

035 ——sim| 1

06 - 030
0.25

— o«

04 . 020 |
0.15 |

02} - 010 |
0.05 |-

0.0 L L L L L L L L 0.00 I 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L

00 05 1.0 15 20 25 30 35 40 45 0.5 1.0 15 2.0 25 3.0 35 40 45
E (eV) E (eV)
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CZTSSe solar cell

AGENTIA MATIOMALE
FER LE NUOVE TECNOLOGIE, LENERGIA

E LO SVILUPPO ECONOMICO SOSTEMIBILE
B ksernawc — O x Valin \/ Model \/ Simulation \/” Numerical Search \/ Data Fit \/ Graph Range }
100 — M layer_1 Model of the optical device (from Front to Back)
| 3 type Mave d{mm-A) rough (A) GRAD-n dGRAD-n/dE CLURV-n GRAD+ CURV-k material
— - = ayer_ - - - - - -
P bttt . bulk v - dw | 0.10 | | 0.0 = | 0.0000 = 0.000 0.0000 0.0000 0.0000 T |Material #6
~ a0 '/ '~ W layer_3
2 + hY homo, film v up dw | 2400.00 | | 500.0 > | 0.0000 0.000 & 0.0000 0.0000 5 0.0000 5 |Material #3 v
g, + “ W layer_4
!
- T B B layer 5 homo. film v up dw | 500.00 | | 0.0 | 0.0000 > 0.000 > 0.0000 = 0.0000 > 0.0000 > | |Material #5 v
£ . 3 yer _
E a0 ! ) layer_& homo, film v up dw | 300,00 | | 0.0 5 | 0.0000 3 0.000 5 0.0000 = 0.0000 5 0.0000 | Material #4 v
= _
| ! 4 = 5 5 & 5 5
o A 2 W layer_7 homa. film v up dw | 10000.00 | | 10000 5 | 0.0000 5 0.000 3 0.0000 % 0.0000 0.0000 % | |Material #8 v
Q
' H S = = S = =
E 40 'f-}\\ 1] homo. film ~ uwp dw | 2500.00 | | 0.0 3 | 0.0000 3 0.000 3 0.0000 3 0.0000 0.0000 7 |Material 57~
- ) T -
o i “ LT S, homo. fim || wp anl | 5000.00 (2] | 0.0 3] 0.0000 = 0.000 % 0.0000 2 0.0000 % 0.0000 3| [Material 22w
=] ¥ Y e
a ’f L s bulk w dw 0.00 0.0 0.0000 & 0.000 % 0.0000 5 0.0000 & 0.0000 % | |Material #1
< 20 1 1 LI - - - - - -
i ] & Y bulk up - 0.00 0.0 5 0.0000 5 0.000 3 0.0000 5 0.0000 0.0000 5 | [Material #1
fir o\ % s v
"n” o * + N. layers |7|= ] symmetric on 2nd face inhomogeneity as |23+ | subfim computing <fi(x)> with N= Flot Exp Meas ! Simulate !
r T T : :
= X . - - L
0 = & i Materials
———T T T T T T T T T [ T T T T T T T )
Material #1 unknown n k with EMA f
4.000 6.000 8.000 10.000 12.000 14.000
Material #2 czTsse cellsfMo ENEA v (1 [1] [l air n=1k=0 0.000 =
wavelength (A)
Material #3 CZT55e cells/ITO standard w1 0 [l air n=1k=0 0.000
1_ POIym (bu I k) Material £4 CzTsSe cells/Cds ENEA v (1 0 [l airn=1k=0 0.000
Material #5 CzTsse cellsfZnO ENEA w1 1] [l air n=1k=0 0.000
2 |TO Material #5 CzTs5e cells/Polym IPC 1L O v |1 ] [l air n=1k=0 0.000
Material #7 czTsse cells/MoSes2 Richter v (1 [1] [l air n=1k=0 0.000
Material 3 CzZTSse cells/CZTS5e Gokmen v (1 [1] [ air n=1k=0 0,000
3'Zno output 5F constant nk MR | [0 O airn=1k=0 0.000
input 5F constant nk v 1 | [0 O airn=1k=0 0.000
4-CdS input PDS constant nk vl [1 | o O air n=1k=0 0.000
input ELT-1 constant nk v 1 | [0 O air n=1k=0 0.000
input ELT-2 constant nk vl [1 | o ] air n=1k=0 0.000
input ELT-3 constant nk MR | [o O airn=1k=0 0.000
6 S S input ELT-4 constant nk vl [t |0 O airn=1k=0 0.000 =
-Mo(S,Se)
2 Load 5pj! Save 5pj! ‘CZTSSe_ceIIstZTSSE_ceIIJJcIy_IPC.Spj | info: |CZTSSE cell with a 100 um front polymer encapsulant |
7- M o Load nk! Clear nk ! ‘CZTSSe_oeIIstZTSSe_Gahnen.nk | info: |CZTSSe Eg=1.13 eV k:Adachi_2015 Book+ Gokmen_2014 {DOL: 10. 1063/1.4390844) n: Adachi_2015 Book |
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HJ c¢-S1 solar cell

AGENTIA MATIOMALE
FER LE NUOVE TECNOLOGIE, LENERGIA
ELO ILUPPO ECONOMICO SOSTENIBILE

._ ksermawc - D X Valin Model Simulation \/” Numerical Search \/ Data Fit \/ Graph Range \
Model of the optical device (from Front to Back)
100 W layer_1 type Move d{mm-a) rough (&) GRAD-n dGRAD-n/dE CURV-n GRAD& material
- -y (.
_ " "'"-n..ﬁ‘ layer_2 homo. fim v - dw | £90.00 |5 ‘ | 0.0 3 | 0.0000 5 0.000 5 0.0000 = 0.0000 5 < Material £2 ~
- . -
- Ll - - - - - - -
‘69... 80 bl P mi 2 hamo. film v up dw | 120,00 |5 ‘ | 0.0 2 | 0.0000 3 0.000 5 0.0000 |3 0.0000 3 0.0000 5 Material £3 ~
S *. SYEr_ = = 5 5 5 5 5
- 9 h hamo. fim “[ w an | [ 2s00000.00 [F] | 10000 (=] 0.0000 '+ 0.000 |2 0.0000 5 0.0000 = 0.0000 & | |Material #4 -
C - [} W layer_4
i i homa. fim w up dw 150.00 = 0.0 = 0.0000 = 0.000 = 0.0000 = 0.0000 = T Material #3 ~
o i
L — W layer_5
&= a0 [} YEr_ homo. fim ) = dw 690.00 | 0.0 2 0.0000 | % 0.000 % 0.0000 |3 0.0000 3 0.0000 5 Material #2 ~
| B [
i 5 5 5 5 5 5 5
8 n 1 bulk up dw 0.00 - 0.0 - 0.0000 - 0.000 - 0.0000 5 0.0000 0.0000 + | |Material £1
c ] E = = = = = = =
m 40— “ bulk up dw 0.00 & 0.0 [ 0.0000 5 0.000 5 0.0000 & 0.0000 + - Material #1
4 i
E _ “ bulk up dw 0.00 & 0.0 ;> 0.0000 5 0.000 5 0.0000 & 0.0000 & T Material #1
- L] N - . . N - .
8 20 [ bulk up - 0.00 - 0.0 - 0.0000 - 0.000 - 0.0000 5 0.0000 0.0000 + | |Material £1
T L ]
-& T ‘\ N. layers El [ symmetric on 2nd face inhomogeneity as computing <f(x)> with N= El Plot Exp Meas ! Simulate !
t ‘\ Materials
n- —_— -..'!:l Material #1 unkniown n k with EMA f
I T T T T T T T T T T T T T T T T T | Material #2 ITOATO standard w1 '] O air n=1k=0 0.000 =
4000 6.000 8.000 10.000 12.000 Material #3 H1 stackfa-5iH CNR |1 [t} O air n=1k=0 0.000
Wﬂ\fﬁlength (A) | Material 24 silifeSinx. 1 w1 o O air n=1k=0 0.000
Material #5 constant nk v 1 | o O air n=1k=0 0.000 B
Material #6 constant nk vl [1 | [0 [ air n=1k=0 0.000
Material #7 constant nk v [1 | [o ] air n=1k=0 0.000 B
1- ITO Material 23 constant nk vl 1 | o ] air n=1k=0 0.000 2
output 5F constant nk v 1 | o O air n=1k=0 0.000 B
2_a_Si . H input 57 constant nk v [1 | [o |0 air n=1k=0 0.000 :
: input PDS constant nk |1 | o O air n=1k=0 0.000
input ELI-1 constant nk vl 1 | o ] air n=1k=0 0.000 2
3'C‘S| input ELT-2 constant nk | [1 | [o O air n=1k=0 0.000
input ELI-3 constant nk vl [1 | [0 [ air n=1k=0 0.000 B
4 3 Sl . H input ELT-4 constant nk v [1 | [o ] air n=1k=0 0.000 B
Load Spij! Save 5pjl HI_stack/Simulaz_HIFlat_amorfi. 2.5pj | info: |TCU-aSI-\SI—aS\—TCD
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