Modern PV-Technologies
3.1: Solar cell materials
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cPFL Materials

B Large Area Electronic Materials — Crystalline Silicon |

IEM NEUCHAT

EL

« Absorbers (semiconductor)

c-Si (best compromise btw. cost and efficiency)

CIGS, CdTe (high efficiency, potential bottleneck rare materials)
Organic, dye, perovskite (under research)

GaAs + llI-V (highest efficiency, highest cost)

Thin film silicon (moderate efficiency, large area)

« Contacts (metals, TCOs)

Ag (reflectivity, conductivity)

Al (normally high reflectivity, but...)
In,05:SN0O, (ITO, rare element In)
ZnO (unstable with acids/bases)
SnO,:F (FTO, poor transparency)

N
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Absorption in a medium

Wave vector in medium defined with refractive index n + ik

2T 2T T
=—(n+ik) =—+/€

k =
lesr Ao Ao

Field amplitude and intensity:

g AN =

E(x,t) = E, exp{i((n + i) kox — a)t)}

ECx, )2 = |Eg exp{i((n + i)kox — wt)}|’
= |E,|? exp{—(\ZK : Zn//lj)x}
a

Absorption coefficient: exponential decay of intensity

v

a =4nk/ A

Issue: how to find n or ¢
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=PFL Dispersion (frequency dependence)
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A (very) simple model for atoms in a solid: oscillator with damping
e.g. movement of electrons against cores

mi + 2B% + wix = eEje '@t

20 A N

inertia damping restoring harmonic
force driving force

Average amplitude of driven oscillator

ek
Xo = 70(—0)2 — 2ifw + wi)
Dipole moment and macroscopic polarization:

N N
P = s =7 8% = €o(€ — €x)E

Find dielectric function:
e?N 1
eomV (wé — 2ifw — w?)

\ J

x (susceptibility)

e(w)=Mm+iK)?> =€, +
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=PFL - Comparison to measured dispersion
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The primitive model with one oscillator yields dispersion effects
Two oscillators (or more) can yield better correspondence (y is additive!)
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Data: c.f. Green, SEM (2008)
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=PrL - Absorption coefficient (measured)

linear plot log. plot
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Oscillator model: Photon energy [eV]
- OK for c-Sion lin. scale

- BUT no gap behaviour (c.f. log scale!)

- fails totally for CIGS
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=PrL - Absorption coefficient of semiconductors
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Needs quantum mechanics

Heuristic link between €' and absorption:

1
Pys = Ea)eoe”EoEg = ha)z Wy

KR
— J }
Y
Absorbed power Absorbed power by summing
from Poynting all allowed quantum-mechanical
theorem transitions

solve for €", determine €’ via Kramers-Krdnig relation

2 OOwl . E,, wl
e’(a))=1+—-SDJ > (Z)dw’
T 0 W?P-w

More precise derivation with density operator: Adler, Phys. Rev. (1962)
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Direct absorption (e.g. GaAs)

Band diagram (pseudopotential method)
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Interaction Hamiltonian:
electron-radiation

H = He = _%A)ﬁ

(neglect |/T|2 term)

r

Transition probability:

Fermi’s Golden rule

Wye =

B 225 (B.(F) - (B(F) + o)

<CE'

e 75

details of derivation: see e.g. Hamaguchi, Basic Semiconductor Physics
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=PrL - Absorption coefficient
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A=0.34 eV (split off-band)
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Proportional to square root!
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0
hw<Eg

\

a=A4m - k/A~—

e?p2. 8m*3 for
2meqm 2w? | ho (hw — Ey) hw > E,

+ term of split-off band for Aw > E; + AEj,

. . 1 . 1 A A n __ .
13 14 15 16 17 18 19 20 € =2-mK

1 h E
w\/w 9

Direct gaps: generally high absorption ~10°% cm! close to gap
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Indirect absorption (e.g. Silicon)

Band diagram Interaction Hamiltonian:
. electron-radiation + electron-lattice
N7 AN
H =H, +H, _
Y | Deformation
s ® e - otential
> Hepr = __Aﬁ P
o m
o of © 1
// \\ | He=Dy Vi=
-2 — h 3.3 igr t . ,—igr
L r X W K r = Dy Zqu-(leglq)(a-e —a -e )
' 12
Fermi’s Golden rule Z (f|H,, + Hyjlm¥{m|H,, + Hy|i)| 2m 5(E: - )
W. - . — .
(second order) T L Em — E; povT
4rre? 2 |64mBmidrn 2 h 1 1
Integrated: " . ¢ Th Z (hw + hos — E Fo 4=
J ¢ eow?m? (2m)* nz 8 (ho £ “q 0) 2maw, nE3 T 2

F.-J. Haug



=PrL - Absorption coefficient c-Si
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Green, 2008

Root of absorption coefficient (cm™?)

Photon energy (eV)

Excellent correspondence to measured data
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Phonon population
hwz =~ 55 meV

)~ ho + h ‘ ho — h ‘
a( V)NZ harg (hw + hwg — E;)" + hag + 1) (hw — hwg — E,)
e kT — 1 e kT — 1
(lattice provides phonon) (lattice absorbs phonon)

MacFarlane, PR 1955
Braunstein, PR 1959
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=PTL Close-up of low absorption region
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"""" indirect gap
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=y
o O
=y w
T T
«—

- 019 | 1i0 | 1i1 | 1j2 | 1i3 | 1i4 | l-.5
Energy (eV)

Weakly absorbing tail below gap

Fine structure:

- large signatures at £ 60 meV
- weak signatures at = 20 meV
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Explanation: LO and TO phonons
mediate absorption
below gap: lattice must provide phonons (cooling)
above gap: phonons are emitted (heating)
Haynes, JPCS 1959

Vouk, JPC 1977
Cody, JNCS 1992
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Close up: sub-gap absorption

Temperature dependence of ultra-low absorption:
(use generalized Planck radiation law to invert photoluminescence vyield)

Absorption coefficient (cm™)
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at low temperature:

» Absorption drops massively (lattice must provide phonons)

* Steps become more prominent (less thermal broadening) McFarlane. PR 1958

 Average slope changes (up to about 10 meV) Daub, PRL 1995
Trupke, JAP 2003
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=PFL Temperature dependence of E, (c-Si)
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Empiric model:
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Varshni, physica (1967)
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=PrL - Absorption coefficient (summary)

logarithmic scale (usually shown) linear scale (clearer proportionality)
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Direct: strong absorption close to gap a~(hv — Eg)2

Indirect gap: weak onset a~(hv — Eg)z, requires thick absorbers!
a-Si: essentially indirect
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=PTL Other dispersion effects in c-Si
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Frequency dependence of contributions to polarizability arising from
a) free electron plasma (depending on doping, can be up to vis)
b) lattice vibrations (IR)
c) displacement of electrons (vis and UV) Chandler, JAP, (2005)

d) interactions with core electrons (X-ray regime) Green, Sol. En. Mat. (2008)
Palik, Handbook of Opt. Const.
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=PTL - Absorption in a silicon slab
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1—Re~ad

- primary reflection (high refractive index) => needs AR functionality
- avoid transmission loss by rear reflector
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=PrL Optical improvement
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Add AR coating (70 nm, n = 2 at front)
Add reflector, eg. silver (at rear)

still significant loss due to low absorption
=> needs absorption enhancement

=
[eE]
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Enhancing absorption via prolonged light path

Total internal reflection modern high eff. cells: inverted pyramids
0.,=17° (n=4)

crit

B e SRR i — ——

REFLECTIVE
COATING
Apply geometric ray optics
for optimization
D. Redfield, Appl. Phys. Lett. (1974) from Goetzberger, Sonnenenergie (1997)
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=PFL Thin cells: refraction — scattering
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Reduce size of texture to film dimensions

-—|T0 Transport texture from interface to interface

<— 1 SiHy (attention: texture gets modified by growth)

- |TO

-— Meotal

j=—Glass Deckman, JVST (1983)

FIB cross-section through an n-i-p a-Si solar cell

' ' ' ' ' l / a-Si (n-i-p sequence)

/ ZnO buffer layer

| - ____— Agelectrode and reflector
— textured substrate
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=PrL
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Randomly textured TCOs as growth template

SnO,:F (Asahi-U)
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Atmospheric pressure CVD
(AP-CVD)
SnCl, + HF + H,0 — SnO,:F

Sato, Asahi Res. Rep. (1990)
Kambe, 3" World PV Conf (2003)

LP-CVD ZnO:B (22)
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Low pressure CVD
(LP-CVD)
Zn(C,Hg), + H,O + B,H; — Zn0O:B

W. Wenas, Jap. J. Appl. Phys (1991)
S. Fay, EU PV Conf. (2000)
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=Pl Scattering particles (here: in the back contact)
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0.5 um
]

Identical absorber geometry,
plasmonic performance not (yet?)
beyond “classic” structure
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C. Pahud, IEEE JPV, (2012)
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=PrL Summary

« Enhanced optics (general)
— AR coating (interference or by index grading)
— reduce parasitic losses (contact layers with higher gaps)

« Enhanced absorption by scattering (needed for weakly absorbing cells,
either indirect gap, or thin cells)
— textures (proven for Si-based cells)
— nanowires (S0-S0)
— plasmonic scattering (theoretically interesting, but parasitic absorption)
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