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Diffused junction solar cell 

Heterojunction solar cell 

Direct contact between  

absorber and metal 

= 

Recombinative contact  

 Lower Voc  

Thin semiconductor layer (a-Si:H) 

between absorber and metal 

= 

Carrier-selective passivating contacts 

 Higher Voc, FF 

Crystalline Si technology 

Efficiency: 18-20 %   

Efficiency: 22 – >26 %   
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Past research at EPFL (1) 

Intrinsic a-Si:H buffer layer 

Doped amorphous silicon 

Impact TCO deposition 

optimum  

c-Si surface 

passivation 

sputter-damage  

and optimum 

contact passivation 

optimum  

carrier  

collector 

Heterojunction solar cell 

properties  

of a-Si:H materials  
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Study of Parasitic Light absorption 

Thin amorphous silicon and TCO layers absorb unfortunately some light… 

Z. Holman et al., IEEE JPV 2 (7), 2012. 

How mitigate these losses? 

 High mobility TCOs 

 

 Use of advanced rear-reflectors 

 

 

 

 Use of oxide window layer 

 

 

 

IO:H vs ITO  

IR Light management  

Patterned rear MgF2  

ZnO:Al+SiO2  

a-SiOx:H(i) 

Bandgap 

absoprtion 

in a-Si:H Free-carrier 

and plasmonic 

absorption in 

TCOs and 

metal 

 moderate Jsc
 

EQE A=1-R 

J. Appl. Phys. 113, 013107 (2013) 

Light Science & Applications (2013) 

IEEE JPV 3, 1243  (2013) 

Adv. Mater. Interf. (2015). 

SOLMAT 115, 151 (2013) 

J.Appl. Phys. 115, 024502 (2014) 

Improved 

IR response! 

Improved 

IR response! 

Improved UV response but 

transport problems! 

Past research at EPFL (2) 



Strategies explored at EPFL-CSEM 

 

2. Simple IBC-SHJ solar cells 
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1.Two-side-contacted SHJ devices with  

   metal oxide materials 

Objective: Ultimate current generation in SHJ devices! 

patterning-free!! 

photolithography-free!! 

a-Si:H(p) MoOx 



Strategy 1 
 

Patterning-free approach for 

Jsc enhancement  

 

Problem 
parasitic bandgap absorption of 
light in doped a-Si:H 

replacement of doped a-Si:H layers 
with wide bandgap metal oxides 

Possible  
solution 

metal oxide 

with proper 

work-function 

passivating 

layer  

a-Si:H(i) 
+ 

a-Si:H(p) MoOx 

passivating contact 
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Example: MoOx, high-WF metal oxide to replace p-type a-Si:H 

Metal-oxide based SHJ 

C. Battaglia et al., Appl. Phys. Lett. 104, 2014. 

Cross-sectional 

schematic: 

Front-hole-

collecting SHJ 
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Metal-oxide based SHJ 

 a-Si:H(p) quite absorbing for 

λ<600 nm 

 

 MoOx wide bandgap  higher 

transparency in short-λ region 

 

A
b
s
o
rp

ta
n
c
e
 (

%
) 

 Clear potential Jsc 

gain for MoOx-based SHJ 

solar cells 

C. Battaglia et al., Appl. Phys. Lett. 104, 2014. 

 
Example: MoOx, high-WF metal oxide to replace p-type a-Si:H 
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 MoOx/TCO stack enhanced 

absorptance (IZO,ITO,ZnO,IO:H 

as TCOs) 

 

 MoOx coloration due to TCO 

sputtering (annealing, ion 

bombardment, UV light)  

J. Geissbühler et al., Appl. Phys. Lett. 107, 2015. 

Metal-oxide based SHJ 

 
Problem: Coloration of MoOx after TCO deposition 

J. Werner et al., Appl. Mater. Interfaces 8, 2016. 

still better UV-visible 

response in MoOx-based cell 

 but 

the potential Jsc gain is only 

partially exploited 
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Metal-oxide based SHJ 

As-deposited: 

 

• Sharp a-Si:H(i)/MoOx interface 

• Well-defined MoOx/IO:H 

interface 

After annealing (200°C): 

 

• Occurence of an inter-layer at 

the MoOx/IO:H interface 

• Seems to cause S-shaped IV 

curves... 

J. Geisbühler et al., Appl. Phys. Lett. 107, 2015. 

Need for a low-temperature cell process! 

 
Problem 2: Effect of Annealing on MoOx 

10 

as-deposited 

annealed 



Cu-plating metallization: 

 

•Below 130°C 

•FF above 80% 

•22.5% certified 

 

Next step: Fully dopant-free devices? 

Copper-plating + Metal-oxide based SHJ 
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Fully doping-free SHJ 

J. Bullock et al., Nat. Energy 1 (3), 2016.  

front 

back 
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Strategy 2 
 

Simple IBC-SHJ solar cells 
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A. Tomasi et al., IEEE JPV 4(4), 2014 

A. Tomasi et al., Proc. 40th IEEE PVSC, 2014 

B. Paviet-Salomon et al., IEEE JPV 5(5), 2015 

A. Tomasi, PhD dissertation, 2016  

 No grid electrode at front 

 More freedom in engineering of 

front layers 

World-record efficiency of 26.3% 
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IBC-SHJ Fabrication Process 

Inkjet + wet-chemical etching 

TCO/metal back-electrodes 

Full-area process Patterning Step 

Front side 

Back side 

3 cm 

Chemical Baths 

Texturing and wafer cleaning 

c-Si(n) 

deposition  

a-Si:H(i) layers 

and ARC 

a-Si:H(i) 

ARC 

in-situ masking  

a-Si:H(n/p) doped layers 

a-Si:H(n) 

a-Si:H(p) 

deposition 

TCO/metal layers 

TCO 

Metal 

1 

2 



Fabrication of the a-Si:H(n/p) collectors 

15 

 deposition (PECVD) through laser-cut Si masks: 

 Simple process 

 No photolithography step 

laser-cut  

Si mask 

patterned doped 

a-Si:H finger 

(aligned) laser-cut Si  

in-situ shadow mask 

c-Si 

1 
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Fabrication of the back contact 

LIGHT 

 Hot melt inkjet printing 

 Wet-chemical etching 

 Hot melt stripping 

Hot melt  

etch resist 

metal 

TCO 

Hot melt 

2 mm 

TCO/metal 

2 mm 2 mm 

Optical microscope images: 

2 
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LIGHT 

 Hot melt inkjet printing 

 Wet-chemical etching 

 Hot melt stripping 

Hot melt  

etch resist 

metal 

TCO 

Hot melt 

2 mm 

TCO/metal 

2 mm 2 mm 

Optical microscope images: 

Hot melt 

a-Si:H 

Fabrication of the back contact 2 



18 

LIGHT 

 Hot melt inkjet printing 

 Wet-chemical etching 

 Hot melt stripping 

metal 

TCO 

Hot melt 

2 mm 

TCO/metal 

2 mm 

Optical microscope images: 

Hot melt 

a-Si:H 

2 mm 

Metal 

a-Si:H 

Fabrication of the back contact 2 
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LIGHT 

 Hot melt inkjet printing 

 Wet-chemical etching 

 Hot melt stripping 

metal 

TCO 

2 mm 

Metal 

a-Si:H 

A. Tomasi et al., IEEE JPV 4 (4), 2014. 

Fabrication of the back contact 



The Path towards Efficient IBC-SHJ Devices 
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 a-Si:H(in)/ITO front stack 

 100 μm gap a-Si:H(n)/(p) 

 ITO/Ag back electrodes 

The first IBC-SHJ devices: 

100μm 
100μm 

300μm 

Main features: 

High efficiency by 

optimization of: 

Device optics 

Back contact architecture 

Charge-carrier transport 



 

Problem: free carrier 

and band gap 

absorption in front ITO 

 

Optical-Loss Mitigation 
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 Development of a low temperature a-SiNx:H ARC (<200°C)  

a-SiNx:H 

ARC 

Device optics 

a-Si:H(n) 

a-Si:H(i) c-Si(n) 

a-Si:H(p) or (n) 

ITO 

Ag 

ITO 

h
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h
e
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v
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e
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n
c
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B. Paviet-Salomon et al., IEEE J-PV 5(5), 2015. 



 

Problem: band gap 

absorption in front    

a-Si:H(n) 

 

a-Si:H(n) 
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 Development of a low temperature a-SiNx:H ARC (<200°C)  

a-SiNx:H 

ARC 

Device optics 

a-SiNx:H 

c-Si(n) a-Si:H(i) 

a-Si:H(p) or (n) 

ITO 

Ag 

≈0.5 mA/cm2 Jsc gain h
ig

h
e
r 

d
e
v
ic

e
 e

ff
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n
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s
 

Optical-Loss Mitigation 

B. Paviet-Salomon et al., IEEE J-PV 5(5), 2015. 



n-layer thickness :

 12 nm

 6 nm
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 Development of a low temperature a-SiNx:H ARC (<200°C)  

a-SiNx:H 

ARC 

Device optics 

c-Si(n) 

a-Si:H(n) 

a-SiNx:H 

a-Si:H(i) 

a-Si:H(p) or (n) 

ITO 

Ag 

h
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d
e
v
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e
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≈0.5 mA/cm2 Jsc gain 

No Voc-FF 

losses 

 Jsc gain 

Optical-Loss Mitigation 

B. Paviet-Salomon et al., IEEE J-PV 5(5), 2015. 
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 Development of a low temperature a-SiNx:H ARC (<200°C)  

a-SiNx:H 

ARC 

Device optics 

c-Si(n) 

≈0.5 mA/cm2 Jsc gain 

 No a-Si:H(n) in the front stack  

≈1 mA/cm2 Jsc gain 

No front  

a-Si:H(n) 

a-SiNx:H 

a-Si:H(i) 

a-Si:H(p) or (n) 

ITO 

Ag 

h
ig

h
e
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d
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v
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Jsc >40.5mA/cm2
 

+1.5 

mA/cm2 

No Voc-FF 

losses 

 Jsc gain 

Optical-Loss Mitigation 

B. Paviet-Salomon et al., IEEE J-PV 5(5), 2015. 



Back contact architecture 
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a-SiNx:H 

ARC 

c-Si(n) 
No front  

a-Si:H(n) 

In-situ patterned a-Si:H layers 

 

Problem: morphology 

of doped a-Si:H finger 
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in-situ shadow mask

Profilometry measurement of a-Si:H on a polished Si surface: 

 Tapering & tailing 

 Lower deposition rate for 

narrower mask slits 
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Back contact architecture 
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a-SiNx:H 

ARC 

c-Si(n) 
No front  

a-Si:H(n) 

Thicker  

a-Si:H(p) 

and  

a-Si:H(n) 

 Thicker doped a-Si:H layers 

a-SiNx:H 

a-Si:H(i) 

a-Si:H(p) or (n) 

ITO 

Ag 

h
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FF and Voc improvements 

 

Problem: morphology 

of doped a-Si:H finger 

 

 Tapering & tailing 

 Lower deposition rate for 

narrower mask slits 

In-situ patterned a-Si:H layers 



 

Problem:  

Sputtering damage 

 

Back contact architecture 
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a-SiNx:H 

ARC 

c-Si(n) 
No front  

a-Si:H(n) 

TCO Sputtering damage 

Thicker  

a-Si:H(p) 

and  

a-Si:H(n) 

a-SiNx:H 

a-Si:H(i) 

a-Si:H(p) or (n) 

ITO 

Ag 

h
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 Thicker doped a-Si:H layers 

 Heritage of the 

conventional IBC design 

 ITO sputtering on         

a-Si:H(i) passivation 

loss! 

FF and Voc improvements 



Back contact architecture 
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a-SiNx:H 

ARC 

c-Si(n) 
No front  

a-Si:H(n) 

 NO GAP between a-Si:H(n)/(p) 

FF and Voc improvements 

No gap  

a-Si:H(n)-(p) 

a-SiNx:H 

a-Si:H(i) 

a-Si:H(p) or (n) 

ITO 

Ag 

TCO Sputtering damage 

h
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Thicker  

a-Si:H(p) 

and  

a-Si:H(n) 

FF >67 % and  

Voc >720 mV 

+FF 

+Voc 

 Thicker doped a-Si:H layers 

FF and Voc improvements 

 

Problem:  

Sputtering damage 

 

 Heritage of the 

conventional IBC design 

 ITO sputtering on         

a-Si:H(i) passivation 

loss! 



Problem:  

FF losses due to  

high Rseries 
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a-SiNx:H 

ARC 

c-Si(n) 
No front  

a-Si:H(n) 

Series Resistance and heterocontacts 

No gap  

a-Si:H(n)-(p) 

Charge-carrier transport 

a-SiNx:H 

a-Si:H(i) 

a-Si:H(p) or (n) 

ITO 

Ag 

h
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Thicker  

a-Si:H(p) 

and  

a-Si:H(n) 

 Experiments 

 Rseries modelling  

High Rseries is due to 

low heterocontact areas 



Problem:  

FF losses due to  

high Rseries 
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a-SiNx:H 

ARC 

c-Si(n) 
No front  

a-Si:H(n) 

No gap  

a-Si:H(n)-(p) 

Charge-carrier transport 

 Replacement of ITO with novel TCO 

 Improved doped a-Si:H layers 

 FF gain 

Improved 

contacts 

a-SiNx:H 

a-Si:H(i) 

a-Si:H(p) or (n) 

novel TCO 

Ag 

h
ig

h
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Thicker  

a-Si:H(p) 

and  

a-Si:H(n) 

 FF gain 

FF >75 % 

+FF  
 

Series Resistance and heterocontacts 

 Experiments 

 Rseries modelling  

High Rseries is due to 

low heterocontact areas 



Optimized IBC-SHJ Devices 

31 

The best IBC-SHJ devices: 

 a-Si:H(i)/a-SiNx:H at front 

 NO GAP a-Si:H(n)/(p) 

 Improved heterocontacts  

100μm 

300μm 
200μm 
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1-sun J-V characteristic 

Jsc >40.5mA/cm2
 

FF >75 % 

Voc >720 mV 

novel TCO 



32 

HR-TEM 

Charge-carrier transport 

 New strategies to grow thin doped 

nc-Si:H films 

 

 

 Fabrication of  heterocontacts with 

extremely low contact resistivity                             

(best ρc<10 mΩ*cm2) 

HR-TEM 

J. Seif et al., IEEE JPV 6 (5), 2016. 

New heterocontact materials 

Higher crystallinity Higher doping Improved electrical transport 
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𝜌 𝑇𝐸 =
𝑘

𝑞𝐶1𝑻
𝑒

𝑞∅𝑩
𝑘𝑻  ; ∅𝑩: 𝐵𝑎𝑟𝑟𝑖𝑒𝑟 ℎ𝑒𝑖𝑔ℎ𝑡 

 

𝜌 𝐹𝐸 ~exp
𝐶2

𝑵
; 𝑵: 𝐷𝑜𝑝𝑖𝑛𝑔 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

 

Simplified expression for Thermionic Emission 

Simplified expression for Field Emission 

Ef 

Ec 

Ev 

Ef Ec 

Ev 

G. Nogay et al., IEEE JPV early access. 2016. 

Example: the electron contact 

 Contact with a-Si stack features a large 

thermionic component 
 

 Higher the doping; smaller the barrier width at 

TCO interface  larger field-emission compenent 

∅𝐵 

EF 

…different transport mechanisms? 
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Best IBC-SHJ Devices 

 new nc-Si:H doped thin film 

implemented in IBC-SHJ devices  
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Certified IBC-SHJ 

at ISE CalLab: 

New contact materials! 
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A.Tomasi et al., under submission , 2016. 

 I-V characteristic of best IBC-SHJ   

(in-house measurement) 



Affiliation Year Size [cm2] Jsc [mA/cm2] Voc [mV] FF [%] Eff. [%] 

Kaneka (JP) 2016 180 ? ? ? 26.3 

Panasonic (JP) 2014 143.7 (da) 41.8 740 82.7 25.6 

Sharp (JP) 2014 3.72 (ap) 41.7 736 81.9 25.1 

EPFL-CSEM-MBR (CH) 2016 9.0 (da) 40.8 728 77.1 22.9 

IMEC (BE) 2016 3.97 41.6 729 75.3 22.9 

CEA-INES (F) 2015 18.1 (da) 40.1 711 72.1 20.6 

LG (KR) 2014 221 (ta) 37.5 716 76.4 20.5 

HZB-ISFH (DE) 2011 1 (da) 39.7 673 75.7 20.2 

University of Delaware (USA) 2015 1 (da) 38.1 697 76.0 20.2 
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Status IBC-SHJ Devices 

 Three record devices with efficiency >25%! 

 Some new results in the 23% range! 

 Need for smart fabrication processes to make it industrially feasible! 

IBC-SHJ: Ultimate 

architecture for c-Si 

single-junction devices! 



Conclusions 
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Metal-oxide based solar cells 

• MoOx–based contacts provide better blue response  

• Proven high FF and certified efficiencies of 22.5% 

• Further optical gain by avoiding MoOx coloration 

Photolithography free IBC-SHJ cells 

• Achievement of Jsc of about 41 mA/cm2, higher than in two-
side-contacted SHJ  

• Efficiency of 22.9% obtained with new doped Si:H materials 
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