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Losses in solar cells

particle number (multiplied by electronic charge)
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Losses in Solar Cells : limited efficiency
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Different kind of losses:

e Emission : recombination of carrier->PL

e Carnot limit : unavoidable heat loss to the surroundings
e Boltzmann : irreversible entropy generation

Thermalization : carrier with energy largely above SC Eg
Below SC Eg: photon with energy bellow SC Eg
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Solar irradiance conversion with solar cell

Down conversion
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Acceptor donor emitters : Rare earth ions, Qds...
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Rare earth ions for donnor-acceptor system
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Development of frequency conversion layer
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Growth of thin films by RF magnetron
sputtering



Important parameters

e Chemical :

rare earth (RE) ratio
activation of rare earth(RE3*)
high concentration required

 Physical :

energy matching between host matrix density of states and RE states
RE low excitation cross-section (1021 cm?)
Cross relaxation between same kind of RE

Excitation of Donor ions directly or indirectly (matrix sensitization)->Matrix (SiO,, SiN,,
SiON,) properties

Cooperative energy transfer from donor (D) to acceptor (A) ion->D-A distance dependent

Relaxation mechanisms trough energy transfer between the same kind of ions->distance
dependent

« Optical :
— transparent in 550-1200nm range and efficient in UV (DC) or in IR (UC)
« Technological Process :

Compatible with Si solar cell process

— stable in time (20-25years), non toxic



Si based down shifting and down conversion layers
in homogenous and multi layer configurations
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Growth of thin films by RF magnetron sputtering

Heating lamps
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Grown of thin film by magnetron
sputtering

Depositions parameters:
Deposition Temperature , Ty, (°C)
Plasma Pressure, P, (sccm)

Gaz : Argon and nitrogen
* Nitrogen rate, rN,

RF Power density on target, P
(W/cm?)

Depositing time, ty, (s)

target
Confocales

targets conf.

Plasma
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Grown of thin film by magnetron
sputtering

Depositions parameters:
Deposition Temperature , Ty, (°C)
Plasma Pressure, P, (sccm)

Gaz : Argon and nitrogen

* Nitrogen rate, rN,
RF Power density on target, P
(W/cm?)
Depositing time, ty, (s)
Annealing with rapid or slow ramp of T
under specific gas (N,, Forming...)

target

Confocales
targets conf.

Plasma
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Homogenous thin film and multilayer systems
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Structural and physical properties of Si based
layer grown by magnetron sputtering
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Frequency layer optimization



Down conversion layer

ADVANCED OFTICAL MATERIALS
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SiN, matrix photoluminescence
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Energy transfer to Th3*
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Tb3*concentration effect on luminescence
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Energy transfer to Yb3*
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Intensité PL Tb (unit. arb.)
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SiN, :Th3+Yb3*
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Fig. 5. Down-conversion process. A schematic of the energy levels of the down-
conversion system with the excitation in black arrows, the radiative de-excitation
(photon emission) in colored arrows, the non-radiative de-excitation in black Wavelength (nm)
straight dashed line arrows, the energy transfer in big blue arrows, and the
cooperative energy transfer in black curved dash line arrows. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article)

Fig. 9. Yb** emission for different matrixes. Photoluminescence spectra of the best
samples obtained of SiN, and SiO,N, co-doped matrixes for an excitation wave-
length of 285 nm measured with a grating of 600 s/mm-750 bw.
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SiN,:Tb>*,Yb** versus SiN,O, :Th**,Yb**

SiN, or SiNxoy layer

Table 1
Extraction efficiencies. Extraction efficiencies of the SiN, and SiO,N, matrixes in the

air, the layer, and the silicon.

N layer

7 (%) Air Layer Silicon
SiN, 15.8 60.8 23.4
SiN,O, 22.8 59.7 17.5

Internal efficiency of SiN, based film is about 29 times larger than the one obtained with SiN,O,
based film

External efficiency of SiN, based film (with extraction into the Si solar cell) is about 12 times
larger than the one obtained with SiN,O, based film

Highly Efficient Infrared Quantum Cutting in Tb3+- Yb3+ Codoped Silicon Oxynitride for
Solar Cell Applications, YT An et al, Advanced Optical Materials 1 (11), 855-862, 2013

*  SiN,:Tb3*-Yb3*, an efficient down-conversion layer compatible with a silicon solar cell
process, L Dumont et al, Solar Energy Materials and Solar Cells, 2016
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Down shifting layer

Solar Energy Materials and Solar Cells
Volume 169, September 2017, Pages 132-144

Down-shifting Si-based layer for Si solar applications

L. Dumont 2, P.Benzo 2 !, J. Cardin 2, 1.-S. Yu, C. Labbé 2, P. Marie 2, C. Dufour 2, G. Zatryb ¢, A,
Podhorodecki ¢, F. Gourbilleau @ & &
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PL Extraction eff|C|ency S|N :Th3*
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Fig. 15. Photoluminescence spectra of the optimized samples obtained of Th**-doped

. 34 ; 8 4
516, o SO, Acpa terbioso: rkekoss Bor o165 i sicdntion wavelatiph midcnat Fig. 1. Modeled Tb”" PL spectra recorded in the three media, only the two more intense

with the 600 lines/mm-750 bw grating. peaks/bands representing the °D, to “F4 and D, to ’Fs energy transitions are considered.
Table 2
;r:;g;lzltescilhlctl;linescence efficiencies of the SiN, and SiO.Ny matrixes in the air, the layer, La rger efficiency of the DS Iaye r With the
o " Layer sicon]  SIN, matrix than with SiN,0, due to larger
SiN, 8.7 56.3 35 Tb content and to larger extraction into the
SiN, Oy 13.8 60.2 26 .
Si PV cell

* Down-shifting Si-based layer for Si solar applications, L Dumont et al, Solar Energy
Materials and Solar Cells 169, 132-144, 2017
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Integration in an industrial process
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First down converter multilayers integration in an industrial Si
solar cell process
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Integration in an industrial process
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Modeling of Donor (Th3*)-
Acceptor(Yb3*) ions system



Modeling of Donor(Tb3*)-Acceptor(Yb3*)
ions system
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Rate equations modeling of steady state

of electronic energy levels
dNy Ny  No

7 = —0¢ (N1 — Ns) + ;r) + nr + KggTNsN§ + l?) + kpp(T6°")Ns

Tel 21 T51 \
dNg N5 N3 Ny

dt 7%, 7% 7% Cooperative energy Energy  transfer
iN, N- N, N, transfer between between Tb* ions
r =g + T Tb3* Yb3*ions (cross-relaxation)

e L S V4
dN; N5 Ny

dt TSy T3
dNs ‘ 4 N5 o N5 ;

dz‘) = 0¢ (N1 — Ns) — 2 T’-")- — Ko prNsNg — 7_1)1;’ — kgp(Tbh"")Ns

" Y )
dj\[( ; -’) N"' vz ‘3

df) = —2KcprNsNg + _I‘ + n‘ + kgp(Yh +)NT

Ti6  T6
dN; ., Ny Ny 5 energy  transfer
g~ 2ReprNsNG = 2= Zpr — ke (Y0 JNT petween Yb3* ions

) { {

(cross-relaxation) ..
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Look on modelling parameters

Keep Kep(Th3*) and Ki(Yb3*) distance dependent (r) and therefore

function of concentration [Tb3*] and [Yb3*] .

1 3+
KC’ET X 5 6 KET(RE ) X 7a6
Prps+ —yps+ - TTps+ —yps+ RE®t—RE®Y

 Those parameters are depending on statistical distribution of rare
earth ion in thin films

‘Thinfilm - - .° .= Thinfilm ML L 20
Silicon sub Silicon sub

* Homogenous thin film and ML thin film allow to reach different kind

of spatial distribution and concentration of rare earths ions
[RE3+]S10+20 cm3 [RE3+]S].O+21'22 cm3



Comparison of homogenous thin film and
multilayer systems

* Monte Carlo method for determination of average
distance between first, second...neighbors

20

15 4

10

210 4

.15 -

® RE1
® RE2
* RE2 geometrically projected

o, 2 8P o o, g 8Pod o,
P R L T NS
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<r.> (nm)

Thin film and multilayer systems

[Yb™] (cm™)
1(()).00E+OOIJ 2.00E+021 4.00E+021
4 1 I X
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i —4— Mulilayer film 1nm/1nm
4 Mulilayer film 2nm/2nm
—»— Mulilayer film 3nm/3nm
Yo
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v 4 g "
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Integration in an industrial process



Multilayer Integration on silicon solar cell

o0 (A) i Gl 35 B)
80{sin 30 7 . e .
- sl [[Bi
< 50 SINYD™/SIN, TH* e R b el i i
8 - —— 'E T '7'03.36-
& 504 8% s 3+ O 2.0- T334 .
s ‘SINXZYb IS|NX:Tb -FG :( ] —332
e 40— © 15- "0 2 4 6 8 10 A
(V] 1 x.
@ 30- St ) V(10? V)
i 1.0+ @
20 | ——3iN,
104 0.5 —=—SiN :Yb*/SiN . Tb* .
0 e 0o | T SN ISIN, TE- FG
300 400 500 600 700 800 900 1000 1100 : —_— .
apslengiis) 0 1 2 3 4 5 6 7
avelength(nm 5
v . V(10! V)
Reflectance of three layers (SiNXx, |-V curves corrected of series resistance for three c-Si solar

SiNX:Yb3+/SiNx:Tb3+ MLs, SiNx:Yb3+/SiNx:Tb3+ MLs
with forming gas post treatment) deposited on textured
emitters.

Voo Jses Pseudo
ARC Layer \" mA-cm™2  FF
SiN, 0.605 3341 0.82
XC25(1.5/1.5) 0.599 33.61 0.82

XC25(1.5/1.5) + FG 0.598 33.94 0.82

@ €-TON soLar

cells topped with SiNx, SiNx:Yb3+/SiNx:Tbh3+ MLs and
SINx: Yb3+/SiNx:Th3+ MLs with forming gas post treatment

Pseudo Efficiency
(%) £ 0.03%

Established Improvement

16.48 of solar cell efficiency

16.53
16.66

.national Conference "Nanotechnologies and Nanomaterials" NANO-2019, 27 - 30 August 2019, Lviv, Ukraine

40



Current / (mA/cm?)

Monolayer Integration on silicon solar cell

Front metal contact

R

€

\

. ]gr megal contact .
Diagram ot c-Si solar cells with

spectrum conversion layers

AR coating (Down-shifting of

or down-conversion layer)

&
:[80 nm

=~ n’ region

=~ p-type silicon

\ Back surface p~ field

p-type c-Si (100) \ 304

= SiN_ WAR:6.04%
LS et —— SiN :Tb* WAR:6.20%
PCI, thermal diffusion 251 = SiN_:Tb*-Yb* WAR:5.86%

Isolation etching

Laser cutting (3.5 cm X 3.5 ¢cm)

HF dip

Reflectance / %
v

Screen print Ag and Al

-

Co-firing /

T

Process flow of c-Si solar cells
with spectrum conversion layers.

0 v T T T T T T T T
200 400 600 800 1000 1200
Reflectance  ofavekageen™ |ayers

35 deposited on textured emitters
30 1 . .
] Samples Jsc Voc Pseudo Pseudo Efficiency to normalized
251 (mA/lcm?) (V) FF (%) Efficiency (%) transmission (%)
20-. SiN, 32.091 0.546 0.804 17.13 18.23
154
1 SiN,:Tb3* 32.098 0.552 0.803 17.31 18.45
1091 —siN,
5: e SIN TH SiN,:Tb3*-  32.165 0.552 0.806 17.36 18.44
. g SiNXITbJ'-th Yh3+
0.0 0. 0.2 03 04 0.5 06 PV performances of c-Si solar cells with SiN,, SiN,:Tb3* and SiN,:Th3*-Yb3* layers
Voltage / V . relative incr 1.34% in th nversion efficien
Pseudo /-V curves for three c-Si solar elative increase by 1.34% in the conversion efficiency
cells with SiN,, SiN,:Tb3* and SiN,:Th3*- = = @ = TON o
e
Yb3* layers, respectively. SERNEES
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Conclusion

* Established results:
— SiN, O, and SiN, based DC, DS layer

— Integration of ML and homogenous DC layer in an
industrial process of Si PV cell

— relative increase by 1.34% in the conversion efficiency

* Perspectives:
— Ce>* emission in SiN,O, /SiN, layer ->increase of
excitability

— Distance distribution model in material -> further
Improvement

— Up conversion layer with Er3*
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