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Ultra-thin CIGS solar cell (on textured substrate)

= Thin film CIGS solar cell technology: Eront contacts ZnO:Al - 225 nm

iCi ZnO - 80
> Record efficiency of 23.35 % ——

= Usual thickness of CIGS = 1.8 um

| _ Absorber _. m)
> Consumption of scarce materials CIGS

(e.g. In, Ga)
> Longer deposition times (thick layer)

MoSe; - 5 nm
Back contact = Mo - 400 nm

ITO - 200 Nnm
Textured resist

= Our aim: usage of ultra-thin (< 600 nm)
CIGS absorbers -> J_.reduction —

> Sol-gel SiO, based lacquer with NIL

imprinted texture for light management Soda lime glass substrate - 1 mm
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AFM measurements of textured substrates =

3 types of textured substrates: SLG—textured resist—ITO surface

Texture M - Texture W - Texture H —
Random nano pyramids Large random pyramid texture Periodic texture

051 um

0.0 um

0.0 um

¥

Oms =~ 85 NM Orms = ~ 400 nm Orms =~ 60 NM

rms —
L ~ 350 nm L

autocorrelation autocorrelation 1200 nm Period ~ 1000 nm
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Layers growth on textured substrates

Cross sectional SEM images of CIGS cell structures deposited on textured substrates

Texture H —
Periodic texture

1pm EHT= 100kV  SignalA=SE2  MixSignal=00000  Chamber = 2576-003 Pa
H WD=42mm  Aperture Size=30.00 um  File Name = H_01 tf
SUPRA 35 VP National Institute Of Chemistry, Ljubljana Operator: Kapun G. Date :11 Dec 2019
[ J [ ] [ ] [ J [ ] [ ] [ ] [ J [ J [ ] [ J [ ] [ ] [ ] [ ] [ ] [ ] [ ]

M. Kovacic Virtual Chalcogenide PV Conference 2020, May 25-2 5




PV University of Ljubljana
Faculty of Electrical Engineering

Detailed view on texture transfer

Cross sectional SEM images of CIGS cell structures deposited on textured substrates

Texture M - Texture W - Texture H -
Random nano pyramids Large random pyramid texture Periodic texture

Textured resist

Textured resist . i

200 nm EHT= 100KV  Signal A=Inlens  Mix Signal =0.0000  Chamber =9 738-004 Pa 1pm EHT= 100k¥  Signal A=inLens  MixSignal =0.0000  Charmber = 8.32e-004 Pa 300 nm EHT= 100KV  Signal A=SE2 Mix Signal =0.0000  Chamber = 1.46e-003 Pa
WD = 3.3mm Aperture Size = 10.00 pm File Name = M_021f WO = 35mm Aperture Size = 1000 pm File Name =W _08 tif WD = 34mm Aperture Size = 1000 pm  File Name = H_04 tif
SUPRA 35 VP MHational Institute: Of Chemistry, Ljubljana Operator: Kapun O Date :11 Dec 2019 SUPRA 35 WP Hational Institute Of Chemistry, Liubjana Operator. Kagun & Date 111 Dec 2019 SUPRA 35 VP Hational Institute Of Chemistry, Ljubljana  Operator: Kapun G
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3D model of non-conformal growth - concept

(1-9) xwm _I_ g x ' ‘ g = 0 => fully conformal growth
Q |

g =1 => fully isotropic growth

conformal isotropic
(vertical) (perpendicular)
growth growth

g = 0.3 means more conformal
than isotropic growth

Deposition direction
d

v

M. Sever et al., Sol. energy mater. sol. cells., 119 (2013) 59-66. M. Kovacic et al., Sol. energy mater. sol. cells., 200 (2019) 109933.

M. Kovaci¢ Virtual Chalcogenide PV Conference 2020, May 25-28




University of Ljubljana

S Faculty of Electrical Engineering

Texture transfer prediction - Random nano pyramids — V| m

Model
Prediction
(Yellow)

Layer
Deviation interfaces’

(nm)* Initial layer
108

9 6 EHT = 1.00kV Signal A = InLens Mix Signal = 0.0000 Chamber Eoo nm EHT = 1.00kV Signal A = InLens Mix Signal = 0.0000 Chamber =9.73 / |
WD = 33mm Aperture Size = 1000 um  File Name = M_02 tif R = WD = 33mm Aperture Size = 1000 um  File Name = M_02 tif
SUPRA 35 VP MNational Institute Of Chemistry, Ljubljana Operator: Kapun G. Xy \V ¥, SUPRA 35 VP National Institute Of Chemistry, Ljubljana Operator: Kapun G.

83
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— S
(1Y
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Texture transfer prediction

Texture W - Texture H -
Large random pyramid texture Periodic texture

tas jZ. ~ /¥.“- = . ‘ e y - P, d
T »' 2 & X \ ; e o 30 -4’ Y ol L il Layer
L £ ITO/ O'L.; P PR L A 3 i interfaces

Initial layer

300 nm EHT= 100kvV  Signal A=InLens  Mix Signal = 0.0000 )
WD = 34mm Aperture Size = 10.00 um  File Name =H_1
SUPRA 35 VP National Institute Of Chemistry, Ljubljana Operator: Kapun G.

Signal A = InLens Mix Signal = 0.0000 Chamber = 8.32e-004 Pa
Aperture Size = 1000 um  File Name = W_08 tif
Operator: Ka

Chemistry, Ljubljana pun G
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Modelled texture transfer in 3-D used in optical simulations =

Periodic nano texture - H Random nano pyramids — M

Period =1 um *Period =2 um
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Optical modelling & simulations

Alir

= Nano-sized internal textures: i
> Realistic layer growth |
> 3D Finite Element Method (FEM) o %
> COMSOL Multiphysics Simulator c—% 5
L& CoOMSOL ‘A:\,)}

MULTIPHYSICS

Mo

= Micro-sized textures:
> 3D Combined Ray Wave Optics
> *CROWM simulator

*Informacije MIDEM, nr. 41 (2011) pp. 264-271
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Model of texture transfer
+

optical data and thicknesses of layers
+

optical simulations with FEM or combined wave & ray optics

prediction of EQE and Jg. + analysis&optimization
(assuming certain carrier extraction rate)
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et s
R measurements & simulations

Random nano pyramids — M Periodic nano texture - H

50 50
Measured; B8 - flat

Measured; B5 - flat
Measured; B2 - textured
® Measured; E3 - textured
—— Simulated - ideally flat (FEM)
—— Simulated - textured (FEM)

Measured; N1 - flat
Measured; L2 - flat
Measured; H3 - textured
® Measured; G3 - textured
—— Simulated; ideally flat (FEM)
—— Simulated; textured (FEM)
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EQE measurements & simulations - Periodic nano texture-H =

Measurements, d;cs = 600 nm Simulations, d; s = 600 nm
1.0 1.0
—— Flat 1 —— Flat - simulated
—— Flat 2 —— Textured - simulated
0.8 4 —— Textured 1 0.8 -
' —— Textured 2
0.6 1 « 0.6 -
L
ot g
i 0.4 |
0.4 Flat: J,_ = 27.73 mA/cm?
Flat: J, = 24.25 — 24.36 mA/cm? Textured: J .. = 28.63 mA/cm?
02 | Textured: J, = 22.88 — 24.53 mA/cm? 0.2 - A =+32%
0.0 . . . 0.0 . . . .
400 600 800 400 600 800

1 _
Wavelength, A (nm) \\
* In simulations an ideal extraction ‘

of charge carriers is considered

\ 12 um
s0um
: J’“’"
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EQE & optical losses in cell - Mo contact

Simulations:
Periodic nano texture - H
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EQE & optical losses in cell — highly reflective back contact m

Simulations: +
Periodic nano texture - H texturization

1.0

Reflection
Cds

Zn0O
ZnOAl
Ag/AlLLO, ZnO - 80 nm
CIGS CdS - 60 nm
CIGS (Mo BR - textured)
CIGS (Ag BR - flat)

Reflected

720

ZnO:Al - 225 nm

o
o]

o
)

CIGS - 600 nm

o
~

AlLO; - 25 nm

MO - 40U NM
ITO - 200 nm
Textured resist

Absorptance, A (a.u.)

o
N
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Wavelength, A4 (hm)
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Conclusions

= Using modelling and simulations supported by experimental
verification we evaluated optical impact of internal textures
(textured substrate) in ultra-thin CIGS solar cells

= Actual texture transfer (conformal + isotropic) of CIGS solar cell
layers on top of a textured substrate is modelled and further used
In optical simulations

= Main losses of textured and flat devices are evaluated and a 2. o4 BN
solution with an internal nanotexture and highly reflective back ~ :. -
contact (e.g. Ag) is proposed for more than 17 % increase in J. |
(compared to flat thin CIGS solar cell on Mo back contact)

CIGS
(600 nm)

Jo=33.61mA/cm?
AN, =+17%

More on modelling of ultra-thin CIGS:
- M. Kovacic et al., Sol. energy mater. sol. cells., 200 (2019) 109933
- M. Kovacic et al., Inf. Midem., Vol. 49, No. 3(2019), 183 — 190
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