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Passivating contacts based on thin-film 

silicon and alloys



Heterojunctions based on a-Si:H

• Quick review of HIT solar cells 

• Physics of a-Si:H

• Passivation from i-aSi layers and alloys 

• Device properties and limitations

• Specific devices and opportunities 
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Diffused junction solar cell

Heterojunction solar cell

Direct contact between 

absorber and metal

=

Recombinative contact

 Lower Voc

Thin semiconductor layer between

absorber and metal

=

Passivated contact

 Higher Voc

From homo- to heterojunction solar cell
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Historically

Invented by Sanyo (now Panasonic), about 25 years ago…  18% already !

Commerciallized under ‘HIT’ name shortly after
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 Highest ever measured Voc on any c-Si solar cell! 

Efficiency [%] 24.7

Jsc [mA/cm2] 39.5

Voc [mV] 750

FF [%] 83.2

Pmax [W] 2.510

Total cell area [cm2] 101.8

Cell thickness [mm] 98

M. Taguchi et al, IEEE Journal of Photovoltaics 4(1), 2014, 96-99

Heterojunction c-Si technology: record



Becoming a mainstream technology ?

[De Wolf et al, Green 2, 7 (2012).]

Increase R&D 

activities.

Several groups 

and industries 

above 20% with 

screen-printing or 

plated contacts

(CIC, INES/EDF, 

Kaneka, R&R, LG, 

Hyunday,…….)

But industries 

leaving the field, 

saturation of 

progress…
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Evolution of efficiency
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Impressive steadiness in the efficiency increase 

up to the “practical limit” of Si PV technology…



Becoming a mainstream technology ?

Ampere !

SHJ module 

production 

in Europe ! 
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First demonstration of PECVD a-Si:H (1969)
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• Resistivity up to 1014 Ω.cm

• Large activation energy

• Photoconductivity observed



Doping in a-Si:H
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Hydrogenated Amorphous silicon

Doping 

possible



Doping in a-Si:H (1975)
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Doping in a-Si:H (1975)
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Doping possible but at the cost of 

huge amount of defects… quality

too low for p-n solar cells



First cell (1976)
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With a p-i-n structure a 

solar cell can be made



Process fabrication: Si layers
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- Millions of square meters 

of thin-film Si modules,

- TFTs in many displays,

Now mostly consumer 

electronics…



Typical density of state in a-Si:H
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~ 1.7 eV

Material quality limits the efficiency

of single-junction a-Si:H cells

c-Si : 1.1 eV



Light-induced degradation of a-Si:H (1977)

17

• Light absorption creates

metastable defects in a-Si:H.

 Inherent to amorphous nature, 

end of a-Si:H as a PV technology…



Variations around a-Si:H
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• Band gap increase possible through alloying with O or C (> 2 eV):

Morimoto, T. et al., J. Appl. Phys., 1982.

K. Haga, H. Watanabe, Jpn. J. Appl. Phys., 1990.

• Band gap decrease possible through

alloying with Ge:

M. Stutzmann et al., J. Appl. Phys., 1989.

Issue: alloying yields more defective material…

• Microcrystalline material can be grown

from H-rich plasma (BG = 1.1 eV)

J.Meier, et al., Appl. Phys. Lett., 1994.

Microcrystalline siliconAmorphous silicon



Variations around a-Si:H
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[Vallat Sauvain et al, JAP 87, p3141 (2000)]

Low SiH4 / H2 ratio 

 crystalline growth

[W. Beyer and H. Mell, in Disordered 

Semiconductors, edited by Kastner, Thomas, 

and Ovshinsky (Springer US, 1987)]

C incorporation in a-SiC:H

depends on C precursor…



Variations around a-Si:H
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Lower T°, higher H2 dilution

“usable range” for 

heterojunctions, 

wider EG possible

Higher C or 

O content

All layers are conducting enough (even undoped) 

for charge collection unlike SiNx, Al2O3, …

 Passivating contact possibility !

5% to 30% H !
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Heterojunction solar cell

From homo- to heterojunction solar cell

- Si surface passivation 

from (i)a-Si:H

- Selectivity induced 

by doped a-Si:H

- Lateral transport provided 

by TCO (metal on rear)

But…

All layers are interlinked and influence each other !

 Doped layers influence passivation

 TCO influences passivation

 TCO influences selectivity

 …



Heterojunction c-Si technology
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Band bending, band offsets, surface inversion often 

represented in equilibrium…



Heterojunction c-Si technology
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equilibrium 1-sun OC

1-sun MPP1-sun SC



Process flow
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PECVD a-Si:H

Amorphous silicon 

deposition

Process:

plasma enhanced chemical vapour deposition

Features:

- Process-gas: silane (SiH4) + hydrogen (H2)

- Films can be doped by adding dopant 

gasses

-Deposition-rate: ~1-10 Å/s

-Deposition-temperature: ~200 degrees C

-Cross-contamination may be an issue, hence 

use of separate chambers for intrinsic, p-type, 

and n-type deposition

-employed gasses can be explosive and / or 

toxic – caution needed ! 

 non-ideal safety-wise

Process gas Process gas

Taken from Aberle & Hezel, Prog. in Photovolt.: 

Res. Appl. 5 (1997) 29-50

Intrinsic films
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Key points passivation I

[De Wolf et al, APL 90, 042111 (2007)]

[De Wolf et al, APL 93, 032101 (2008)]

Many in-depth papers from De Wolf

- Epitaxy is detrimental to passivation—only amorphous films passivate c-Si?

- ~200 °C annealing of a-Si:H can yield strong improvements

Intrinsic films
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Key points passivation I

Many in-depth papers from De Wolf

- Epitaxy is detrimental to passivation

- ~200 °C annealing of a-Si:H can yield strong improvements

- Defects at c-Si/a-Si:H interface are similar to bulk a-Si:H defects

[De Wolf et al, PRB 85, 113302 (2012)]

For a-Si:H/c-Si interface

Energy barrier of ~0.75 eV, 

independent of deposition conditions as well

1) Physical evidence that interface states 

are dangling bonds as well

2) Evidence that a-Si:H/c-Si interface has 

no unique properties compared to a-Si:H

bulk 

Intrinsic films
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Key points passivation I

Many in-depth papers from De Wolf

- Epitaxy is detrimental to passivation

- ~200 °C annealing of a-Si:H can yield strong improvements

- Defects at c-Si/a-Si:H interface are similar to bulk a-Si:H defects

- Light-induced degradation also impedes passivation

[De Wolf et al, PRB 83, 233301 (2011)] [De Wolf et al, PRB 85, 113302 (2012)]

Lifetime is a very 

sensitive probe to 

small changes in 

defect density !
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Key points passivation I

For good devices:

•Go towards the amorphous-to-crystalline transition as much as possible, but NO EPITAXY !

 Use highly depleted silane plasmas

 H2 plasma during a-Si:H growth (‘layer-by-layer’)

SiH4

H2

t

p
o

w
e

r

[Descoeudres et al., APL 

97, 183505 (2010)]

Intrinsic films

[Bartlome et al, APL 

94, 201501 (2009)] 



ATR-FTIR
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Key points passivation I

For good devices:

•Go towards the amorphous-to-crystalline transition as much as possible, but NO EPITAXY !

 Use highly depleted silane plasmas

 H2 plasma during a-Si:H growth (‘layer-by-layer’)

Intrinsic films

[Descoeudres et al., APL 

99, 123506 (2011)]

• Layer properties

 Increase in hydrogen content

 Increase in band gap

 More disordered

 Etching effect if H2 plasma is too long
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Key points passivation I

For good devices:

•Go towards the amorphous-to-crystalline transition as much as possible, but NO EPITAXY !

 Use highly depleted silane plasmas

 H2 plasma during a-Si:H growth (‘layer-by-layer’)

Intrinsic films

• Layer properties

 Increase in hydrogen content

 Increase in band gap

 More disordered

 Etching effect if H2 plasma is too long

5-20 mV gain in Voc

• Globally beneficial for devices

[Geissbuehler et al., APL 102, 231604 (2013)]

 Minimum buffer layer thickness to be present!



De-hydrogenation and rehydrogenation

• De-hydrogenation and re-hydrogenation visible 

through ellipsometry and FTIR

• Very slow etching rate ~2 nm/min

Intrinsic films

J. Shi et al., Appl. Phys. Lett. 109, 031601 (2016)



De-hydrogenation and rehydrogenation

• Re-hydrogenation with H2 plasma allows to recover initial lifetime after high-

temperature annealing 

• Only for thick-enough layers 

• Only up to certain temperature (e.g. here 500 °C)

• Too long plasma is detrimental to passivation before complete etching

J. Shi et al., Appl. Phys. Lett. 109, 031601 (2016)

Intrinsic films



Process flow
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Doped layers effect on passivation

Doped films

[De Wolf et al,  APL 88, 022104 (2006)] 

• Doped-layer deposition on thin (i)a-Si:H can yield poor passivation

General note:

Doped layers are “easy” 

to develop, most effort 

is required for (i)a-Si:H.



Doped layers effect on passivation

Doped films

S. De Wolf and M. Kondo, J. Appl. Phys. 105, 103707 (2009)

• Passivation from a-Si:H degrades especially for p-

type a-Si:H layers upon annealing, with EG drop

 Defect formation in a-Si:H requires less energy 

if EF is close to the Valence Band.



S. De Wolf and M. Kondo, J. Appl. Phys. 105, 103707 (2009)

• Passivation from a-Si:H degrades especially for p-

type a-Si:H layers upon annealing, with EG drop

 Defect formation in a-Si:H requires less energy 

if EF is close to the Valence Band.

• due to defect creation from H effusion, more 

energetically favorable when EF is close to the VB.

• Also occurs for the intrinsic layer in i/p a-Si:H stacks

Doped layers effect on passivation

Doped films



in/i

in/ip

Potential passivation drop after

p-layer deposition

i1
i2

i3

i4

i5

istrong

iweak

Linked to the 

(i) a-Si:H layer properties

Enhanced

doping

(i) a-Si:H

(p) a-Si:H

TCO

Metal

Hole-selective

passivating contact

Stronger 

drop

L. Barraud et al., Silicon PV, (2016)

Doped layers effect on passivation



Better resilience towards H loss / defect formation

• H incorporation increases with C content,

• H diffusion coefficient decreases with C content,

• Temperatures of high- and low-temperature H-

effusion maxima increase with C content.

W. Beyer in Thin-Film Silicon Solar Cells, A. Shah, (2010)

Binding energies: 

Si-H : 3.0 eV – 3.2 eV

C-H : 3.4 eV – 3.9 eV
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• Low carbon 

incorporation 

observed with 

SIMS in the film: 

~4% of C atoms 

for a 50% gas 

ratio.

• passivation scales down with CH4 ratio initially,

i/p stack

i/n stack

W. Beyer in Thin-Film Silicon 

Solar Cells, A. Shah, (2010)
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M. Boccard and Z.C. Holman, J. Appl. Phys, 118, 065704, (2015)

Better resilience towards H loss / defect formation



• Low carbon 

incorporation 

observed with 

SIMS in the film: 

~4% of C atoms 

for a 50% gas 

ratio.

• passivation scales down with CH4 ratio initially,

• yet it scales up with CH4 ratio passed 300 °C.

• i-p side limits lifetime in all cases.

i/p stack

i/n stack

W. Beyer in Thin-Film Silicon 

Solar Cells, A. Shah, (2010)
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M. Boccard and Z.C. Holman, J. Appl. Phys, 118, 065704, (2015)

Better resilience towards H loss / defect formation



Further readings

• Fundamentals of passivation

– De Wolf et al., many more papers

– Schultze, T. et al., many papers

• Doped layers influence

– Reusch et al., Energy  Procedia  38  ( 2013 ) 

– Bivour et al., Solar Energy Materials & Solar Cells (2012)

– Barraud et al.

• a-SiC:H / a-SiO:H

– Martin et al., 

– Mews et al.,

– Mazzarella et al.,

– Seif et al.,

• … many more
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Sputtered TCO

Transparent conductive oxide deposition

Process: 

usually done by sputtering 

(also known as physical vapour deposition)

Variants include DC and RF-sputtering 

(shown example is DC sputtering)

Typical target-material: indium-tin-oxide (ITO)

See e.g. M. Ohring, “Materials Science of Thin 

Films”, 2nd Ed., Academic Press (2002)

http://upload.wikimedia.org/wikipedia/commons/2/2a/DCplasmaSputtering.jpg
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• Electronic passivation losses by sputtering

• Cause: plasma UV illumination + …

• Curing  passivation restored

[Demaurex, et al. APL 101, 171604 (2012)]

TCO sputtering

Sputtered TCO
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• Electronic passivation losses by sputtering

• Cause: plasma UV illumination + …

• Curing  passivation restored

• …Not always !

TCO sputtering

Sputtered TCO

[Tomasi, et al. IEEE JPV, (2016)]

• Also occurring for “soft” deposition
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Passivation : impact on FF

To obtain high FF : high Voc not sufficient, high lifetime at MPP required as well

- At open circuit  Voc

- At max powerpoint Vmpp  FF

V implied =
kT

q
ln

n0 + Dn( ) p0 + Dp( )
n0 p0

æ

è
ç

ö

ø
÷

[A. Descoeudres et al, IEEE JPV 3, 83 (2013)]

-2% FF !



Light annealing effects on SHJ precursors: i-layer
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Lifetime

decrease (= 

surface 

passivation 

decrease)

With intrinsic

layers

See also. De 

wolf et al. 

2006-2015

Kobayashi et al. APL 2016



Light annealing effects on SHJ: change 

with doped layers
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Kobayashi et al. APL 2016

Lifetime

increase

with doped

layers n and 

p layer !



Efficiency increase under light soaking

• SHJ efficiency increase

under

- light soaking or

- recombination current

• Typically 1-1.5% relative 

increase !

• Still not fully

understood…
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 Reflection from Ag grid and TCO anti-reflection coating

 UV and blue parasitic absorption in front a-Si layers

 UV and IR parasitic absorption in front TCO; IR parasitic absorption in rear TCO

 Incomplete trapping of IR light

Light management
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Current losses at the front

 Over 2 mA/cm2 is lost in an optimized heterojunction cell 

 due to parasitic absorption in the front layers

 All light absorbed in ITO and p-layer is lost, ~70% of light in i-layer is lost
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[Z. Holman et al., IEEE JPV 2, 7 (2012).]

 Model allows us to predict UV/blue current loss for arbitrary layers, provided optical constants 

are known
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- Free-carrier absorption erodes Jsc

- Replace ITO with IO:H or other high mobilty TCO

[T. Koida et al, JJAP (2008); 

L. Barraud et al., SOLMAT 

(2013).]

New TCO layersCurrent losses at the front
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Reduction of parasitic absorption through 
single-, mixed-phase and alloyed materials: 
microstructure and band gap variation
(i)a-SiO:H

New window layersCurrent losses at the front

[J.P. Seif et al., JAP 115, 024502 (2014).]

Doped µc-Si:H
Doped and intrinsic µc-SiOx:H

and a-SiOx:H 
Doped a-SiC:H

[Seif et al., Mazzarella et al., Van Cleef et al.…]
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Nano-crystalline SiO layers

[P. Cuony, PhD thesis, EPFL, 2010][Kaneka patent !]

New window layersCurrent losses at the front
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[L. Mazzarella, APL106, 023902 (2015)]

Nano-crystalline SiO layers

New window layersCurrent losses at the front

Jsc gain but FF drop…



• Preventing the need for transparent window contact: Tandems!
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F. Sahli et al. Adv. Ener. Materials, 2017

Tandem devicesCurrent losses at the front



• Preventing the need for transparent window contact: Tandems!
– Lower shunting  easier large-area integration

– better optical coupling  higher photocurrents

58

F. Sahli et al. Adv. Ener. Materials, 2017

Tandem devicesCurrent losses at the front
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Tandem devicesCurrent losses at the front

[A. Tomasi et al, Nature Energy (2017).]

• Preventing the need for transparent window contact: IBC !
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Current losses at the front Rear-contacted SHJ

[A. Tomasi et al, Nature Energy (2017).]

Fully back contacted solar cells
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Current losses at the front Rear-contacted SHJ

[Yoshikawa et al, Nature Energy (2017).]

Optimized process

 Ultra-low Rs and optical losses
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Conclusion and perspective

Old / New technology

- 25 years from invention to large-area world record / module efficiency world record

- Tremendous TF-Si knowledge as background

- Good perspectives for large-scale production ?

Delicate process 

- “Secret” to high FF mastered by a couple of (Japanese) companies… 

- Good passivation for thin layers requires lots of know-how

- Still many open questions on the physics of passivation

Opportunities

- Lots of knowledge on contacts to gather for all PV technologies

- There must be better alternative contacts to a-Si:H
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