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Crystalline Si technology

Diffused junction solar cell

Ag
Si0,, SiN_ Direct contact between
¢-Si (n*) absorber and metal
Si -
s Recombinative contact
c-Si (p*) - Lower V.
Al
Efficiency: 18-20 %
Heterojunction solar cell
Ag
- TC0 Thin semiconductor layer (a-Si:H)
X between absorber and metal
¢-Si(n) . . - . c
Carrier-selective passivating contacts
a.‘g}?ﬁ*('n‘% - Higher V., FF
TCO
Ag Efficiency: 22 — >26 %
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Heterojunction solar cell

a-Si:H (p*)
a-Si:H (i)

TCO
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Past research at EPFL (2)

Study of Parasitic Light absorption

id shadowing (2.8 mA/cm’ = 6.1%)

Bandgap
absoprtion

In a-Si:H Free-carri

600

- TCO d
Wavelength (n S an

metal

and plasmonic
absorption in

- moderate J,

How mitigate these losses?

Front-surface reflection

(1.4 mA/lcm’ = 3.0%)

>

Escape reﬂgction
(1.3 mA/cm” = 2.8%)

er

3lue parasitic absorption
1.5 mA/ecm” = 3.2%)

-area JSC
Jem® =79.8%)

=/ IR parasitic absorption
{ (2.4 mAlcm’ = 5.3%)

>

- Improved
IR response!

SOLMAT 115, 151 (2013)

High mobility TCOs
IO:Hvs ITO

> Use of advanced rear reflectors

Mmproved
asponse!

IR Light managemer Q‘
Patterned rear Mr Q/
ZnO:Al+SIO, 62\ _3, 013107 (2013)
® \ & Applications (2013)
O 5, 1243 (2013)
7| 5 ?cer. Interf. (2015).

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

Use of c.
a-Sio,:H(i)

—>Improved UV response but
transport problems!

Z. Holman et al., IEEE JPV 2 (7
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Strategies explored at EPFL-CSEM

Objective: Ultimate current generation in SHJ devices!

a-Si:H(p) MoO,
1.Two-side-contacted SHJ devices with
metal oxide materials

patterning-free!!

2. Simple IBC-SHJ solar cells
photolithography-free!!
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Strategy 1

Patterning-free approach for
J.. enhancement

parasitic bandgap absorption of

Problem light in doped a-Si:H

a-Si:H(p) MoO,

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

metal oxide passivating
E with proper + | layer
\ work-function a-Si:H(i) j

Y

passivating contact

M :: CSeM Berkeley 6
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Metal-oxide based SHJ

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

Cross-sectional
schematic:

Ag (100 nm)
IOH/ITO (50/10 nm)
MoO, (10 nm)

A\ V.
_di a-SiH (5 nm) \‘

collecting SHJ_Ead

(230 nm after KOH)

R IOH/ITO
i a-Si:H (5 nm) i

n a-Si:H (10 nm) MoO
ITO (200 nm) i 2.Si'H

Ag (200 nm)

c-Si

C. Battaglia et al., Appl. Phys. Lett. 104, 2014.
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Metal-oxide based SHJ

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

10

[+~

[+ 7]

Absorptance (%)

P

404 600 800 1000 1200
Wavelength [nm]

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

» a-Si:H(p) quite absorbing for

A<600 nm

» MoO, wide bandgap —> higher

transparency in short-A region

—> Clear potential J,
gain for MoO,-based SHJ
solar cells
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Metal-oxide based SHJ

Problem: Coloration of MoOx after TCO deposition

10 —
2 of
O [
O 6k
§ N MoO, as deposited -
5,51 4 MoO /IZO
%) N e | ZO .
o) _ ]
< %F \\«— :
0 [ | 1 | [ I

400 600 800 1000 1200 1400
Wavelength (nm)

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

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

M LI LI » MoO,/TCO stack enhanced

absorptance (1Z0,ITO,Zn0O,IO:H
as TCOs)

» MoO, coloration due to TCO

sputtering (annealing, ion
bombardment, UV light)

—>still better UV-visible
response in MoO,-based cell

but

—>the potential J.. gain is only
partially exploited

MW :: CSemMm Berkeley

IMT NEUCHATEL i ot iosine UNIVERSITY OF CALIFORNIA



Metal-oxide based SHJ

(a) as-depoSited

Problem 2: Effect of Annealing on MoO,

As-deposited:

« Sharp a-Si:H(i)/MoO, interface
+  Well-defined MoO,/IO:H
interface

After annealing (200°C):

« Occurence of an inter-layer at
the MoO,/IO:H interface

« Seems to cause S-shaped IV
curves...

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

—~>Need for a low-temperature cell process!
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Copper-plating + Metal-oxide based SHJ

40 T T v 1 v I

35}

Cu-plating metallization: i
30

*Below 130° C
*FF above 80%

25F  ZiFraunhofer s 7//

ISE  PvCels

20

Current density(mA cm™)

*22.5% certified | V1725 mV
15 F _ 5 _
i JSC - 38.6 mA/cm
0T FF:80.36 % 1
St Eff.:22.5% T
O " 1 X 1 1 1 i
0.0 0.2 0.4 0.6 0.8
Voltage (V)

Next step: Fully dopant-free devices?
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Fully doping-free SHJ

Hole-selective
material molybdenum

a oxide (MoO,) D ——
I0:H / ITO
A Al o A N \
_ A\, A\
a-Si:H(/)
c-Si
Electron-selective
material lithium 44—
flouride (LiF,)
b c
10 T T T T T T T ,\']00
s / 1 2 J. Bullock et al., Nat. Energy 1 (3), 2016.
S0 ()
§ i V. = 7164 1 % nature
ENOF Ly = a707 1T 8 Cnefgy
> - - e
= FF = 73.15 © 50
g-zo— n = 19.42% 4
© B . EJ) ,
5-30— . = /
: 1 &N
O-a0- o bow 0w 4 g iy , ____.A
00 02 04 06 08 07200 600 800 1000
_ Voltage (V) Wavelength (nm)
‘B . A - M Berkele
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Strategy 2

Simple IBC-SHJ solar cells

» No grid electrode at front

» More freedom in engineering of
front layers

—>World-record efficiency of 26.3%

A. Tomasi et al., IEEE JPV 4(4), 2014
A. Tomasi et al., Proc. 40" IEEE PVSC, 2014
B. Paviet-Salomon et al., IEEE JPV 5(5), 2015
A. Tomasi, PhD dissertation, 2016
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BC-SHJ Fabrication Process

Full-area process Patterning Step

Chemical Baths c-Si(n) Front side e

Texturing and wafer cleaning a-SitH(i)
o B ARC

T B 2-Si:H(n)

deposition _

a-Si:H()) layers B 2-Si-H(p)
\andARC/ TCO
I Metal

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

——
—

deposition

s e

'”Bac Sie

2

Inkjet + wet-chemical etching
TCO/metal back-electrodes
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1 Fabrication of the a-Si:H(n/p) collectors

—> deposition (PECVD) through laser-cut Si masks:

(aligned) laser-cut Si
in-situ shadow mask llll llll
e VIV

patterned doped / Cc-Si
‘

a-Si:H finger

»  Simple process

»  No photolithography step

|
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2 Fabrication of the back contact

Hot melt
etch resist

metal
TCO

» Hot melt inkjet printing
» Wet-chemical etching

» Hot melt stripping

LIGHT

Optical microscope images:

|| Hot melt

m . .(l)ﬂ- .e Csem ‘\\W& MEYER BURGER
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2 Fabrication of the back contact

Hot melt
etch resist

metal
TCO

» Hot melt inkjet printing
» Wet-chemical etching

» Hot melt stripping

LIGHT

Optical microscope images:

" melt , Nl | Hot melt

m . .(l)ﬂ- .e Csem ‘\\W& MEYER BURGER
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2 Fabrication of the back contact

metal
TCO

» Hot melt inkjet printing
» Wet-chemical etching

» Hot melt stripping

LIGHT

Optical microscope images:

| Hotmelt | Hot melt

m . .(l)ﬂ- .e Csem ‘\\Wi MEYER BURGER
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Fabrication of the back contact

metal
TCO

» Hot melt inkjet printing
» Wet-chemical etching

» Hot melt stripping

LIGHT IEEE JPV 4 (4), 2014.
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IMT NEUCHATEL Foia?oritsaie

The Path towards Efficient IBC-SHJ Devices

The first IBC-SHJ devices:

Main features:

IO
a-Si:H (n)
a-Si:H (i) > a-Si:H(in)/ITO front stack
c-Si (n)

w0 > 100 ym gap a-Si:H(n)/(p)
a-Si:H (n or p)
ITO

Ag

> ITO/Ag back electrodes

100um

—>Device optics ]

igh efficiency by | >Back contact architecture ]

optimization of:

- Charge-carrier transport ]

m . .(l)ﬂ- .e Csem ‘\\WE MEYER BURGER
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Optical-Loss Mitigation

[ —>Device optics ]

{ 1o

4 asiHM)
a-Si:H(i)
{ a-Si:H(p) or (n)
ITO
Ag

Problem: free carrier
and band gap
absorption in front ITO

» Development of a low temperature a-SiN,:H ARC (<200°C)

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

)
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higher device efficiencies

a-SiN,:H
ARC




Optical-Loss Mitigation

[ —>Device optics ]

4 asiNH
4 asiHM)

a-Si:H(i)

{ a-Si:H(p) or (n)
ITO
Ag

Problem: band gap
absorption in front
a-Si:H(n)

» Development of a low temperature a-SiN,:H ARC (<200°C)

~0.5 mA/cm? J . gain

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

IMT NEUCHATEL Foia?oritsaie
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higher device efficiencies

a-SiN,:H
ARC




Optical-Loss Mitigation

[ —>Device optics ]

) 0.5-sun light bias a _
4 a-SIN,:H 100 R a-SiN,:H

xS ARC
4 asiHM) 4

80H

n-layer

thickness N? Vo FF
. - 60 decreases| o000
a-Si:H(i) 2 J,. gain

40 n-layer thickness :

— 12 nm

{ a-Si:H(p) or (n)
ool —6nm ]
ITO ——3nm \

glu——nonlayer .,
A 400 600 800 1000 1200
g wavelength (nm)

EQE and absorbance (%)

» Development of a low temperature a-SiN,:H ARC (<200°C)

higher device efficiencies

=~0.5 mA/cm? J_, gain

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

[ —>Device optics ]

100 - —c
. < . .Y
4 a-SiN,:H S o %
Q n-layer
s thickness N? VooFF
LG s 60 decreases| _y o ooo.
a-Si:H(i) § 2 J,. gain
‘.U Y
T 40 n-layer thickness :
{ a-Si:H(p) or (n) ° — 12nm
o [ —6nm
G 20 3
—3nm
o glu——nonlayer .,
A 400 600 800 1000 1200
g wavelength (nm)

0.5-sun light bias

03
.

\

» Development of a low temperature a-SiN,:H ARC (<200°C)

-

=~0.5 mA/cm? J_, gain

» No a-Si:H(n) in the front stack

=1 mA/cm? J,. gain

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

J.. >40.5mA/cm?

‘T . AW - csem 3, & weven suncer

k=)
o & R ITrOLTIo %08
IMT NEUCHATEL sotuas o iavsanie 1N

higher device efficiencies

o

a-SiN,:H
ARC

No front
a-Si:H(n)

J
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In-situ patterned a-Si:H layers

[ —>Back contact architecture ]

4 a-SiN,:H Problem: morphology
of doped a-Si:H finger
a-Si:H(i)
4 a-Si:H(p) or (n) » Tapering & tailing
» Lower deposition rate for
ITO :
narrower mask slits
Ag
Profilometry measurement of a-Si:H on a polished Si surface:
200 . T - . - . - — - . 200
in-situ shadow mask A 1590—um-wide slit .
S
% 100 + max. thickness — 100
0 : Rm— . 0
500 1000 1500 2000 2500

cross-sectional dlrectlon (um)

m .o .(Pﬂ- Csem : MEYER BURGER

- \ K/
IMT NEUCHATEL sotuas o iavsanie 7N

higher device efficiencies

a-SiN,:H
ARC

No front
a-Si:H(n)

b 4

-

~
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In-situ patterned a-Si:H layers

[ —>Back contact architecture ]

a-SiN,:H
NI ARC
4 a-SiN,:H Problem: morphology
of doped a-Si:H finger No front
a-Si:H(i) % a-Si:H(n)
[3)
4 a-Si:H(p) or (n) » Tapering & tailing _5 ’
— > Lower deposition rate for = Thicker
narrower mask slits $ a-Si:H(p)
Ag Q a:nd
é a-Si:H(n)
» Thicker doped a-Si:H layers 3
—->FF and V. improvements Eﬂ
18

\
B .(I)ﬂ- oo Csem =::“::= MEYER BURGER
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TCO Sputtering damage

[ —>Back contact architecture ]

4 a-SIN,H Problem:
Sputtering damage
a-Si:H(i)
4 a-Si:H(p) or (n) > Heritage of the
conventional IBC design
ITO :
» ITO sputtering on
Ag a-Si:H(i) >passivation

loss!
» Thicker doped a-Si:H layers

—->FF and V. improvements

oo .(Pﬂ. oe Csem =:\W:= MEYER BURGER
Z1\N

IMT NEUCHATEL Foia?oritsaie

higher device efficiencies

a-SiN,:H
ARC

No front
a-Si:H(n)

A 4

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

27




TCO Sputtering damage

[ —>Back contact architecture ]

2NN
a-SIN,:H
NI ARC
4 a-SIN,:H Problem:
Sputtering damage No front
a-Si:H(i) @ a-Si:H(n)
. .G \
4 a-Si:H(p) or (n) > Heritage of the _5 ’
— conventional IBC design & 4 Thicker
> ITO sputtering on $ a-Si:H(p)
A . .. ) and
9 a-Si:H(i) >passivation 'S a-Si:H(n)
4 ;
loss! £=)
» Thicker doped a-Si:H layers 3
: < No gap
—->FF and V. improvements é’) a-Si:H(n)-(p)

7/

ﬂ ;
» NO GAP between a-Si:H(n)/(p)

' FF>67 % and
—-FF and V. improvements Vo >720 mV

.(I)ﬂ- oo Csem -\\”/’: MEYER BURGER
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Series Resistance and heterocontacts

[ —>Charge-carrier transport ]

<

a-SiN,:H

a-Si:H(i)

Problem:
FF losses due to
high R

series

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

ITO

Ag

. (N :: Csem 3

IMT NEUCHATEL FEDERALEDEL LS NNE

» Experiments
> Rseries
>High R

modelling

Is due to

series

low heterocontact areas

MEYER BURGER

higher device efficiencies

a-SiN,:H
ARC

No front

a-Si:H(n)

b 4

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

No gap
a-Si:H(n)-(p)

b

29




Series Resistance and heterocontacts

[ —>Charge-carrier transport ]

a-SiN,:H
4 a-SiN,:H Problem: ARC
FF losses due to
— high Regies No front
a-Si:H(i) % a-Si:H(n)
(%)
4 a-Si:H(p) or (n) > Experiments _5 ’
> Rgearies modelling % Thick
novel TCO series o !C er
SHigh Ry, is due to @ | &StHP)
Ag 2 a:nd
low heterocontact areas 7 a-Si:H(n)
o©
» Replacement of ITO with novel TCO @
%) No gap
> EE qai = a-Si:H(n)-(p)
gain \_ J
» Improved doped a-Si:H layers a | d
mprove
> FF gain FF>75 % contacts
‘e . O - m St
IMNUHAfEYDL .M(Iﬂ-  CSe 7y MR BEUREER 30



Optimized IBC-SHJ Devices

The best IBC-SHJ devices:

a-SiN,:H o :
a-SitH () > a-Si:H(i)/a-SiN,:H at front
¢-si{n) > NO GAP a-Si:H(n)/(p)
. a-Si:H (i)
a-StH (norp) > Improved heterocontacts
novel TCO
Ag
300um IR
>—¢
200um 100um
1-sun J-V characteristic
NA45:IIIIIIIIIIIIIII:
§ 40f
J.. >40.5mA/cm? < 35 Area=9.0cm’ E
€ 30f Jsc=40.7 mAlcm? 3
> 255_ Voo = 725 mV E
FE>75 % @, b FF=75.6% ;
5} E N =22.3% ]
© 155— E
V. >720 mV s U
S E E
(&) | BT BT

0O 200 400 600 800
voltage (mV)

m . .(l)ﬂ- .e Csem ‘\\Wi MEYER BURGER
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New heterocontact materials

[ - Charge-carrier transport ]

> New strategies to grow thin doped

nc-Si:H films

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

> Fabrication of heterocontacts with
extremely low contact resistivity

(best p.<10 mQ*cm?)

Higher crystallinity > Higher doping =2 Improved electrical transport

m . .(l)ﬂ- .e Csem ‘\\WE MEYER BURGER
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Contact Resistivity: temperature dependence

Example: the electron contact ... different transport mechanisms?

(a) I T I T I T I
| ¢ a-Si:H(n")/ITO/Ag |7
- ®| & Le-SiHN)ITO/Ag| |

o
ol

Simplified expression for Thermionic Emission

04 B I q@B
@ p(TE) = qC Teﬁ , Og:Barrier height
ST "‘ 1
0.2 F L 2 . Simplified expression for Field Emission
i 0‘ o

©
[EEN
T

¢ - p(FE) ~exp (\/ﬁ)’ N:Doping density

000 0B

1 s

Contact resistivity (Q cm?)
o
w

o
o

0 20 40 60 80
Temperature (°C)
L a-Si:H TCO
> Contact with a-Si stack features a large AE M—' Bp
. . C
thermionic component Er
(i) (n) (

> Higher the doping. smaller the barrier width at

TCO interface - larger field-emission compenent AEj

\

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

.(I)ﬂ- oo Csem ‘\\W’: MEYER BURGER |
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Best IBC-SHJ Devices

N
o
T

|

= Fraunhofer
ISE

calss =)

Area = 9.00 cm® (da)
J,. = 40.65 mA/cm?

Vv, =728.49 mV

w
a1
T

New contact materials!

w
o

N
(9]
T

» new nc-Si:H doped thin film

N
o
T

implemented in IBC-SHJ devices -

=
(6]

current density (mA/cm?)
=
o

FF=76.36 % .
5 = 22.61 % Certified IBC-SHJ
0 . .260. . .4(|)0. —at ISE Ca.”_ab
voltage (mV)
40 ~ T T T _:
. . | Area = 2 ]
> |-V characteristic of best IBC-SHJ G ey AreaT o0 om ) g
(in-house measurement) 20 Vv =728mv
>2F FF=77.1% ]
2 20 Eff. =22.9% -
S 15| PFF=82% ;
T 10}
A.Tomasi et al., under submission , 2016. 3 of ;
00~ "Z00 200 600 800

voltage (mV)

) .o N
O :: CSEMN 3 wever auncer

IMT NEUCHATEL Foia?oritsaie
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Status IBC-SHJ Devices

Affiliation Size [cm?] 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

—21BC-SHJ: Ultimate
» Three record devices with efficiency >25%! architecture for c-Si

single-junction devices!

» Some new results in the 23% range!

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

) -\\U/,_
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Conclusions

Metal-oxide based solar cells

* MoO,—based contacts provide better blue response
* Proven high FF and certified efficiencies of 22.5%
* Further optical gain by avoiding MoO, coloration

Photolithography free IBC-SHJ cells

« Achievement of J_. of about 41 mA/cm?, higher than in two-
side-contacted SHJ

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