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OUTLINE 'ﬂ(IT

o Light matters for PV

- Light & solar cell operation principle

- Optics losses and their relation to the power conversion efficiency

o otate-of-the-art light management in Si solar cells
- Reducing light reflection
o Light trapping
- Avoiding shading and area losses
o Nanophotonic light management concepts
- Nanophotonic light management in thin film Si solar cells

o Nanophotonic light management in perovskite solar cells



SKIT

] ] ?
W h at IS I I g ht ] Karlsruher Institut fur Technologie

“In the beginning God created the heaven and the earth.

And the earth was without form, and void;

and darkness was upon the face of the deep.

And the Spirit of God moved upon the face of the waters.

And God said, Let there be light: and there was light.” Genesis, Chapter 1

But what God © really said was much more complex:

Light is a wave ... but light is a
- particle
VX FE = _a_B E=E_ cos(kx—wt)j
_Jt
— — aD N - E fad
VxH=—+] B=—""cos(kx—wt)k

Maxwell
Particle properties:

Light is emitted and absorbed
as discrete packets of energy,
i.e. quanta, called photons

Wave properties:
EM radiation has a
wave like behavior
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Solar cell: Operating principle

m Solar cell as a diode:

llllll

Principles:
Light management

Jsc 1. The active layer absorbs incident light

front contact incident light

2. Charge carriers are created
Voc

FF i

Electron
management

Source: Slide adapted from Christos Trompoukis, Valerie Depauw (imec)



Solar Cell Performance parameters '\&(IT
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Source: Slide adapted from Christos Trompoukis, Valerie Depauw (imec)
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Solar Cell Performance parameters

Efficiency

Sunlight Intensity (KW/m?um)

SV PR |eef o
AT
[

n 0 05

1 15
wavelength (um)

Open circuit voltage Fill factor
kT 7 FE ~ qV,o !k, T —In(0.724+ gV, / k,;T)
V., =-——2— In =< +1 ~ 2oV kT
q Jo q9Voc /! *p

Short circuit current density

o Which parameter relates most to optics ?
Jsc = q f, EQE(A) ®py2d2

E
Jsc = q [, ¢ AQ) Dpp da X

optics of the solar cell




Solar Cell Performance parameters ﬂ(".
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Efficiency Irradiated intensity

J -V - FF [
77:/ scfoc A)/ P _([P(ﬂ)dﬂ

o
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Sunlight Intensity (KW/m?2/um)

P

in ol

/ ’ °e wa1velength (:an) : =
Open circuit voltage Fill factor
k,T Jo FE ~ qV,o !k, T —In(0.724+ gV, / k,;T)
I/oc:: g In J—0+1 1—|—qVOC/kBT

Short circuit current density

Jsc =—q [, EQEA) ®pp2dA

Eg A
Jsc = — qf D,padA X IQE ,: X IQEg X (1 — R) X y !
0 tot

See also textbook p. 136.
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Solar Cell Efficiency

If we discriminate the optical aspects in the device we get:

fEG hc
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—= &4 Eg [C6d,, 1dA A V
phA G ph,A ocC
n = Oooh/l' X — (}’lc X IQE, X (1 —R) fo X IQE,p¢ X X FF
fo TCDPW‘M fo GT(DPWCM ot

Source: Textbook
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o Light matters for PV

o Light & Solar cell operation principle

- Optics losses and their relation to the power conversion efficiency

o otate-of-the-art light management in Si solar cells
- Reducing light reflection
o Light trapping
- Avoiding shading and area losses
o Nanophotonic light management concepts
- Nanophotonic light management in thin film Si solar cells

o Nanophotonic light management in perovskite solar cells
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Solar Cell Efficiency

spectral irradiance [W m-2 nm-]
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Solar Cell Efficiency
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If we discriminate the optical aspects in the device we get:
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Reflectance at the surface ﬂ(“.
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. .. 1.0 1.0
air/Si interface _
Nair = 2 0.8} 0.8
Ng; = R= ntop Ny x i b~
o © 06F 106 §
n, tn, Q . / o
top ot s pure interface | ©
i‘-} 0.4} 0.4 g
© ] c
_ 4nt0pnb0t = ©
= 0.2F {02 &
(ntop + nbot)z 1
DO " 1 L 1 " 1 i 1 " 1 L 1 " 00
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wavelength A [nm]

Strateqgies to overcome:

1. Anti reflection coatings
2. Microtextures which enforce multiple incidences on the surface

3. Nanotextures which induce a gradual matching of the refractive index.

Source: Slide adapted from Karsten Bittkau (Forschungszentrum Juelich)



Reflectance at the surface -\&(IT
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single layer ARC
Nair = 1’ Ns; =4
Nare = 2

multi-layer ARC

- further improvement

nARC = \/ntop X nbot

+ interference effects! 10 B 10
1.0 LS e S T T T 1.0 ,//"‘ ‘A?'\\"-'_::_ e
K IR ' 08r: " ~~doublelayer . 7 ---._108
08} ~~,o____ 408 v | single layer |
« | single layer — @ 06 / lo6 §
g 06f 7/ 1os 8 c | pure interface |
C i 1 - =
% pure interface ‘g i 0.4} 0.4 (’7:,
L 4 &= et .
2 04 04 € © o single layer o
= [ . 2 "\ “~double | N0 £
o '\ single layer | § 0.2 '\ -doublelayer e {02 &
02F .- -TT 402+ _ N ___’{_,__’"
. P ' 0.0 LT ' L 0.0
0 , Lo , , , 0.0 200 300 400 500 600 700 800 900
200 300 400 500 600 700 800 900 wavelength A [nm]

wavelength A [nm]

Source: Slide adapted from Karsten Bittkau (Forschungszentrum Juelich)



Reflectance at the surface .\S(IT
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Textured interfaces reduce reflectance by multiple incidences

A
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7 Source: Slide adapted from Christos Trompoukis, Valerie Depauw (imec)
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Reflectance at the surface

Nanoscale textures can reduce reflectance by “effective medium ARC”

R 0.6 ' ! ! ]
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Source: Slide adapted from Christos Trompoukis, Valerie Depauw (imec)



Solar Cell Efficiency
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If we discriminate the optical aspects in the device we get:

fEG hc
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Losses of active area

Silicon solar cell technology

* contact fingers
* busbars

Solar Module

MEH@mMMm
ME@OMEMI
MEMEIEI
* dead module area \(I(I(INHED
+ frame (MMM
MH@IMM@D
MIMMIM
(L LT IT LT U )

Solar Cell

Solar Panel

* dead area
between modules

20
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Thin-film solar cell technologies

Area loss
frame

Area loss
interconnection

Front glass

back sheet/glass

Source: https://commons.wikimedia.org/w/index.php?curid=34961018



Solar Cell Efficiency

If we discriminate the optical aspects in the device we get:

fEG hc

o A Dpp,adA Eg fo P p,2dA
o hc Ec he
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Imperfect light absorption

‘_I/\ [ T T T T [ T T T T [ T
- & 6
Lambert-Beer law o 10 Perovskite CH3NH3PbI
intensity in a medium: 3 10° EOPV (DPP:PC60BM)
5 10°
— —ax S silicon
I(X) Ioe = ;
a : absorption coefficient 8 1 O
o 2
. . c 10
Absorption of a single pass -_8
o 10’
— —a(E)d
A(E) =1— e %&) 2
d : thickness of the solar cell © 1 O
1 0'1 | 1 1

Energy hv [eV]

22
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Imperfect light absorption

)

-1

Lambert-Beer law

Si solar cell, dgjicon = 180UmM

intensity in a medium:

I(X) — Ioe—ax silicon

a : absorption coefficient

Absorption of a single pass

A(E) =1— e *E)d

d : thickness of the solar cell

absorption coefficient o (cm

Energy hv [eV]

23
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Imperfect light absorption

‘_I/\ I 1 1 1 1 I 1 1 1 1 I 1 1
6
Lambert-Beer law E/ 10" E OPV solar cell, dgp, - 100nm
intensity in a medium: 3 10° & (DPP:PC60B
"GC_J' 104 ---------------------------------
I(x) = [.e %* (s silicon
(%) = I s
a : absorption coefficient 8 10
© 2
. . c 10
Absorption of a single pass .©
L 2 10
A(E)=1—e %) g
| Q 10
d : thickness of the solar cell ©
10'1 | 1 1

Energy hv [eV]

24



Imperfect light absorption

Lambert-Beer law

intensity in a medium:

I(X) = Ioe_ax

a : absorption coefficient

Absorption of a single pass

A(E) =1— e *E)d

d : thickness of the solar cell

absorption coefficient o (cm™)

25
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—

Energy hv [eV]



Imperfect light absorption ﬂ(“.
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Strategies to improve light absorption are called “LIGHT TRAPPING”

1. Back Reflector 2. Light scattering 2. Light quiding

-
4 - &b
- Y o
- s 2=

mirror

- double the light path * increase light path by scattering
angle

 total internal reflection for
Usca” Aeritica o Oeritica = aSIn(n 1 /n2)

* Coupling to waveguide modes
(requires thin absorbers)

» Coupling via diffraction or
nanophotonics
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If we discriminate the optical aspects in the device we get:

E; hc E

Jo T Ppnadd  Eg [ DppdA A e
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Termalization Sub band gap Imperf. s Arealoss/ Imperfect Voc FF
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Solar Cell Efficiency

If we discriminate the optical aspects in the device we get:

ig

ig
P(2)dA  E,[N(A)dA . )
n=-=" X 1,0 Xy < (1-R) x (SL"Z) X 1, X qu x FF
| P(A)dA j P(A)dA

0

tot g
0

NOTE AGAIN! Light management influences the current generation but also
the charge carrier dynamics!
Open circuit voltage

V= kT -ln(iﬂ}
q Jo

28
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Concentration Photovoltaics

Example for impact of light management on Voc!

Fresnel lense

= Concentration via Transmission
concentraction factor ¢ < 500

fresnel lense

rod lense .

solarcell —

= Concentration via reflector

=concentraction factor ¢ £ 500

I

Solar cell

rod lense _
asperical lense

29 Slide adapted from Christos Trompoukis, Valerie Depauw (imec)
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Concentration Photovoltaics

Example for impact of light management on Voc!

= Concentration via transmission

= Concentration via reflector

i a1 ;
e B

Concentrix Solar GmbH

30
Slide adapted from Prof. Uwe Rau (Forschungszentrum Juelich)



Karlsruher Institut fur Technologie

Concentration Photovoltaics

Example for impact of light management on Voc!

Concentration factor c: Multiple of the incident intensity of the sun (p,,, = 1000W/m?)

. C -0 . . . s .
=> Jsc =CJsc concentrated short circuit current density increases with ¢

KT .0 kT
- VOCC ~ nldk ln C]SC — VOOC _|_ nldk

. Inc=V,. +AV,,
q Jo q

concentrated Voc increases.
.C c c .0 c c .0 c c
¢ — Pmax :]SCVOCFF :C]SCVOCFF :JSCVOCFF
c c 0 0
pin pin Cpin pin

increase in efficiency only due to increase in Voc (increase in Jsc cancels out).

=> 77

31 Slide adapted from Prof. Uwe Rau (Forschungszentrum Juelich)
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Matthios Loster 2008

ie =18 TWe

Human mankind consume 18TW

per year (2013), for solar cells with
8% efficiency this is the consumed

area!
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EVALUATION BREAK

The evaluation of the lecture will be performed online. An invitation with the link
will follow per mail. Please contribute and help us to improve the lecture!

- Solar Enerqgy

(https://onlineumfrage.kit.edu/evasys/public/online/index/index?online_php=&p=EUEFM&_ga_8K
KDCKFB6WY=GS1.1.1610446757.1.1.1610446816.0&_ga=GA1.1.764319627.1610446757&r_a
nonymous_id=%22b8160e93-4991-4352-a149-
8486066f2bcf%22&rl_user_id=%22wfkrfy45wb86dgzd50zcgbn310%22&rl_trait=%7B%7D&ONLI
NEID=98090540693974710859462656885556377047270)



https://onlineumfrage.kit.edu/evasys/online.php?p=EUEFM
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o Light matters for PV

o Light & solar cell operation principle

- Optics losses and their relation to the power conversion efficiency

o State-of-the-art light management in Si solar cells
- Reducing light reflection
o Light trapping
- Avoiding shading and area losses
o Nanophotonic light management concepts
- Nanophotonic light management in thin film Si solar cells

o Nanophotonic light management in perovskite solar cells
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etching Improved periodic pyramides w. lithography

Reducing light reflection

Random pyramid texturing by alkali

|

| ' . > _{'\ < s 2
Etching of Si in KOH or NaOH:

Etch rate depends on crystallographic planes
-> formation of pyramids

@ im

34 Sourcehttp://www.pveducation.org/
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Reducing light reflection

Additionally, ARCs are deposited on top of the etched pyramids.

ntop(glass) =14

P Optimal RI for an ARC:Napc(1) = (/N (AN, (1) = 2.2
Si— V-

—e— Random textured (e)
—=— Random textured + ARC ]

N [ e LTI B

600 800 1000 1200
Wavelength [nm]

Commonly used (for mono Si):

Pyramid texturing

80nm SiN ARC [ R(600nm) ~ 0]
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Light trapping

The textured front surface of So solar cells also scatter incident light

-> increase optical path

Textured surface:
» Multiple reflections: more impacts, more harvested photons
* Refraction: Longer path of the photons in the absorbing

medium

solar light

'

s

5i(100) ;’f

T. Yagi et al | Salar Energy Materials & Solar Cells %0 (2006 ) 264 7-2656

36



Light management in Si solar cell 'ﬂ(“.

For an exemplary state-of-the-art Si solar cell

RN
o

Jsc increase significantly:

o
o

36mA/cm2 -> 42mA/cm2

o
o

(planar) (pyramids)

o
~

[ —=— random pyramids
i planar
[ —— Yablonovitch limit

o
N}

external quantum efficiency

o
o

400 600 800 1000 1200
wavelength A [nm]

There is a limit — the Yablonovitch limit ?

Is says: “... The maximum light path enhancement factor is 4 n2 d.”

=> A=1-exp(-a<w>)Ra<w>=4dn’ad
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Avoiding shading and area losses

Shading losses - the challenge of designing metal contacts

o : All contacts on rear-side
Minimise metallised areas... —
but without losing from series resistance

@ imec

38
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Avoiding shading and area losses

Advancing module design

- Using interdigitated back contact solar cells we obtain black modules

- Record power conversion efficiency of such a Sl solar 23.8% (Panasonic)

This is already close to our goal:
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o Light matters for PV

o Light & solar cell operation principle

- Optics losses and their relation to the power conversion efficiency

o otate-of-the-art light management in Si solar cells
- Reducing light reflection
o Light trapping
- Avoiding shading and area losses
o Nanophotonic light management concepts
- Nanophotonic light management in thin film Si solar cells

o Nanophotonic light management in perovskite solar cells
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Towards thin Si
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» Crystalline silicon wafers (c-Si) are an expensive component of the Si solar cell

» Trend of going towards thinner Si wafers (ITRPV)

Limit of cell thickness in future module technology for different cell types

170 -
160
£ 150
w L
pa
c 140 =
=
[&]
2
= 130 @ ]
5 \\x
-
o 120 \.-\\‘ \l
E %\
-
110 +—— [TRPV 2019 ~
100 \l
2018 2019 2021 2023 2026 2029
-o-full cells -=half cell

shingled cells
-#-Silicon heterojunction (SHJ) cells

=¢multi bus bar cells
-A-back contacted cells

Source: ITRPV 2018.



But Si is a poor absorber
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10° : 5
Si solar cell, dgjjcon = 180um

In order to reduce costs one
would like to go for thin Si
films < 50um

e Letuslookin the future:

absorption coefficient o (cm™)

Epifoil (~ 40um) 2 i i
o Si solar cell, dgjicon = Tum 3
S )
= - A i =
(] -
S ___silicon
b5
S v
, c 4 T
Epifree (~ Ium) 2 RS -,
o Oo_ ©°
o [
(2]
QO
- (4y]
1 Pm 5 CS| S il ] 1 1 1 1 1
2 3

Energy hv [eV]



Conventional light management is not
compatible with thin Si -\S(IT
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Advanced light trapping for
ultra-thin film technologies is
needed!

-> NEED TO GO NANO

Random pyramid texturing Ultra-thin c-Si films

43 Slide adapted from Christos Trompoukis, Valerie Depauw (imec)



Heavy recent research activities on nanoscale light ﬁ(IT

management

5k Jsc=17.1 mAfcm2 .
Voc=915 mV
FF=69.6%
Eff=10.9%

current density [mA/em2]

=1.0 0.5 0.0 0.5
voltage [V]

Corsin Battaglia et al., ACS Nano, 2012, 6 (3), pp. 2790-2797

.

TalLire & —~ 0
COMMUTECATICNS -

ARTICL

| T T - O
Breadband omnidirectional antireflection coating
based o subwavelength surface Mie resaratars

B Gyl WL i L
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pubs.acs.org/NanoLett

Efficient Light Trapping in Inverted Nanopyramid Thin Crystalline
Silicon Membranes for Solar Cell Applications

Anastassios Mavrokefalos, Sang Eon Han, Selcuk Yerci, Matthew S. Branham, and Gang Chen*

Black nonreflecting silicon surfaces for solar cells

Svetoskay Koynov,™ Martin S. Brandt, and Martin Stutzmann
Waalter Neforrky Doseitad, Tiecknisele Universindt Mawechen, 85748 Corching, Ciermciry
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Fabrication of NanoTextures

Nanoimprint lithography (NIL)

Master stamp Silicone Soft stamp

1. Soft stamp fabrication s —_— - —_—
R .
. 1 T<T,
2. Nanoimprint . — N .

Spin coat resist Heat up Press Cool down
and detach

3. Pattern transfer

Resist residual layer and

o Resist removal
silicon etch

45 Slide adapted from Christos Trompoukis, Valerie Depauw (imec)



Fabrication of NanoTextures ﬁ(".

Hole mask colloidal lithography (HCL)

1. Adsorption of PS
beads

2. Etch mask
deposition

3. PS bead removal

4. Pattern transfer

46

Slide adapted from Christos Trompoukis, Valerie Depauw (imec)
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Fabrication of NanoTextures

Large variety of nanostructures successfully transferred into Si.

HCL on random pyramid texturing

HCL on Random pyramid F—— 5um
textured wafers

<) d)

47 Slide adapted from Christos Trompoukis, Valerie Depauw (imec)
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Solar cell integration: 1 um epifree

25 -
5 ~©- Nanopatterned 1 um c-Si cell - n = 4.8%
%’0 | —o—Unpatterned 1 um c-Si cell - n = 4.4%
S
a5
g
0
5
§ 5
D 0 T T T T “ 1
0 100 200 300 400 500
Voltage (mV)
: /7 N\ * Increase in current
Texturing Jge Ve FF n
( [mA/cm2\ [mV] [‘V] [%] * Voc decreased due to material
Flat 477 4.4 degradation from dry etching
Nanopatterned 1 5 5 7 4.8

* Increased efficiency
C. Trompouckis et al., Appl. Phys. Lett. 101, 103901 (2012)

Slide adapted from Christos Trompoukis, Valerie Depauw (imec)
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Nanophotonic Light Management in
Perovskite Solar Cells ﬂ(“.
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Perovskite Solar cells:
- Perfect charge carrier collection

- Perfect absorption (E>E ) +

glass - Poor light incoupling +
ITO
w 1.0 1,0
PEDOT:PSS 8
& 08} 108
3 EQE 1
CH;NH,PbI S rooew ’ <
3INF13FDI3 = Oﬁ— o6 3
£ , band gap | %
2 / 1.55 eV 5
& 04 104 §
3 | g
PC,,BM = | . ®
70 A | o2
ZnO £ 02 ,‘ .
Ag [ 0,0 ! \ | ) . 0,0

400 600 800
wavelength A [nm]
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Nanophotonic electrodes

Spin coat resist

Fabricated by nanoimprint lithography glass substrate —

.glass-like“ resist —

Nanoimprin‘

glass substrate —
period
,glass-like“ resist — _ .
he|ght width
\' SR
Sputter ITO‘
glass substrate —
period
.glass-like“ resist — :
height ~width
ITO [~140nm] — 4

Source: U. W. Paetzold et al., Applied Physics Letters, 106 173101 (2015).



SKIT

Nanophotonic electrodes

Prototype Solar Cells

glass

resist

ITO

PEDOT:PSS
perovskite

PC60BM
ZnO
Al

~—

el Source: U. W. Paetzold et al., Applied Physics Letters, 106 173101 (2015).



SKIT

N a n o p h Oto n i c e I e ct ro d es Karlsruher Institut fur Technologie
Prototype Solar Cells 1,0
< 0,8
8 R
5 06 |
e R penod500
= —_— nm
§ 0.4 - 600 nm ]
o - 800 nm .
— 1000
021 ——1200 om 7
—flat

0,0 —

FF Vo [V] Jsc [mA/cm?] n [%]
(calc. from EQE)

0,6 500nm: J__ = 19.4 mA/cm? |
l Flat 059  0.89 18.3 9.6 L |

Nanophotonic ( 59 0.87 19.4 9.9

1000nm: J__ = 18.5 mA/cm?
(period 500 nm) =

flat: J__ = 18.3 mA/cm?

m Reduced reflection -> light management
m Still far away from the optimum!

external quantum efficiency EQE

0,0 - | 1 1 1 I‘I\\‘l_ -
400 600 800

wavelength A [nm]

g2 Source: U. W. Paetzold et al., Applied Physics Letters, 106 173101 (2015).
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Take Away Messages 'ﬂ(“.

Light matters for PV !
Optics influence directly the Jsc, but indirectly also the Voc and FF!
Key optical losses which require light management are:
- Reflection
- Shading
o Poor absorption => Light trapping
State-of-the-art light management in Si solar cells
- Reducing light reflection => textured front surface + ARC
o Light trapping => textured front surface
- Avoiding shading and area losses => IBC solar cells

Nanotechnology for next generation light management is in focus of state-of-the-art
research
Examples:

- Nanotextures for thin film cSi solar cells

- Nanophotonic electrodes for improved light incoupling in perovskite solar cells



Quick Test -ﬂ(“
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Discriminate the optical aspects that influence the power conversion
efficiency of a solar cell.

How does light managment / optics of a solar cell correlate with (1)
short-circuits current density, (2) open-circuit voltage, (3) fill factor?

Why does the open-circuit voltage of a concentrated solar cell increase
with the concentration coefficient? (Derive the correlation!)

Explain state-of-the-art light management in Si solar cells with regard to
(1) light incoupling, (2) light trapping, and (3) reducing inactive areas.

How does nanophotonic light management differ from conventional light
management?



