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A (very) brief history of bulk defects in c-Si for PV

Structural defects:
* Grain boundaries

* Dislocations




A (very) brief history of bulk defects in c-Si for PV

Oxygen-related defects:
* Boron-oxygen defect

*  Oxygen complexes (thermal donors, oxide
precipitates, ring defects)
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A (very) brief history of bulk defects in c-Si for PV

*  Oxygen complexes (thermal donors, oxide

precipitates, ring defects)
Metals:
* Dissolved
* Precipitated
H-related process-induced defects:
* LeTID
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Oxygen complexes (thermal donors, oxide
precipitates, ring defects)

Metals:

Dissolved

Precipitated
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Oxygen complexes in Cz-Si o
(a) 11

e (b)
Thermal donors \/Jhﬂ\/ W’\/’

* Small clusters of ~ 4-12 oxygen atoms.
© (@

* Donors but not recombination active. W W

* Negligible impact on cell performance.

Oxide precipitates M. Pesola et al. Phys Rev Lett (2000)

* Evolve from thermal donors, nm-sized.
* Occurin ‘rings’ of individual precipitates.
* Strongly recombination active.
* Can be decorated by metals.
Typical oxygen concentrations
* [0]>7x10Y cm3~5 years ago
*  [0]<5x10Y cm3 today...

b) Group l-annealed

*  Fewer observations of ring defects
R Basnet et al. J Appl Phys (2020) J—




Metals in Cz-Si - Fe

Fe is still present in trace amounts
Concentrations between 10°-10'2 cm?3
Very strong recombination centre

Interstitial Fe can be detected in p-type Si via Fe-
acceptor pairing

Ga-doped p-type RCz-Siingots shown here

Segregates towards tail end of ingots
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Metals in Cz-Si - gettering
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Fortunately, Fe can be removed by impurity gettering.

* Phosphorus diffusion, doped poly-Si films.

e Evendielectric films such as SiN,, AlO,.

* Reduces [Fe;] by 2-3 orders of magnitude!
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Metals in Cz-Si - dissolution

\P) 10"
* Ga-doped p-type RCz-Si
* High temperature anneal (1050°C) [Fe] increased
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Solidified fraction (g)

Modern phosphorus-doped n-type Cz-Si
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Modern phosphorus-doped n-type Cz-Si

Implied open-circuit voltages iV, derived
from bulk lifetime measurements.

Phosphorus diffusion gettering (PDG)
improved iV, by about 5mV.

All ingots of similar quality.
B-diffusion did not affect iV

[0.] <5 x10Y cm3, no ring defects
observed.

Bulk lifetimes are very close to the Auger
limit at open-circuit after PDG.

Almost defect-free Si materiall

Antimony as n-type dopant - more uniform
resistivity.
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c-Si as a photovoltaic material — how lucky we are!

Band-gap just right for single-junction cells.

Non-toxic and abundant.

Carrier diffusion lengths >> photon absorption depth.
Made of very stable covalent bonds.

... and many more...

Silicon

Sl
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c-Si as a photovoltaic material — how lucky we are!

In terms of defects and impurities:

* Covalent bonds - very high formation energy for Frenkel
pairs (3-4 eV, ~ 1000 °C)

* Elemental — few species of intrinsic defect (no Schottky
defects or anti-sites!)

* Extremely low solid solubility for many impurities:

growth (k < 10" for many metals)

* Enables gettering to surface films during cell
fabrication.

* Enables purification by segregation during ingot ‘
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Conclusions

Modern n-type Cz-Si is approaching the point where it is effectively defect-free.
As cells become thinner, surface passivation and optics will limit performance.
The last defects left to mitigate in Cz-Si:
* Ring defects occasionally occur during high-temperature steps

* Difficult to predict

* Related to oxygen content, but what else triggers them?

*  Will become less relevant as [O;] is reduced further
e Trace metals such as Fe

*  Measurable impact in as-grown wafers, but can be effectively gettered.

* Process-induced defects such as H- and Cu-related defects still important
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