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Efficiency limits

43.8 mA/cm?
gy -

metal hole selective contact 89.1% — \

non-contacted surface ' Limi '
\ Imit \

N\ 150um~ |

29.5% l'
i ':

. |
Si wafer ; |
5 ':
I i
]
|
\ | :
edge electron selective contact 73rmv~ !
metal :
0 |

0 100 200 300 400 500 600
Voltage, mV

Green, IEEE ED-31, 684, 1984, Tiedje et al., ibid., 711.
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Efficiency limits

l? """""""""""""""""" |
metal hole selective contact 89.1% \

non-contacted surface : Limit !

N ' 150um-

29.5% |'
_ i Nimp= Pmp~7E15/cm?

Si wafer !

| Phimp = 0.5Qcm

E Psheet = 36 Q/0
T .
\ e ! |
edge electron selective contact 73rmv~ !
metal !

p > 20cmn—type)
p > 0.8Qcm (p—type)

0 |

0 100 200

Popt = ~20Qcm (p —type)

Green, IEEE ED-31, 684, 1984, Tiedje et al., ibid., 711.
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Efficiency limits —wafer qualityz5

metal

hole selective contact

edge electron selective contact
metal

0 |
0 100 200 300 400 500 600

Voltage, mV

non-contacted surface

\
N

T T — T —

>30 ms for pFF > 88%

VVVVVV

Green, IEEE ED-31, 684, 1984; Tiedje et al., ibid., 711. o UNSW
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Efficiency n [%]
N N
%) (®))

N
S

23

POLO? IBC

POLO? BJ

\ POLO BJ

PERC+ POLO
PERC+

1000 10000
Fixed bulk lifetime 1, [us]

lcontact

T T T T ——

itive contact _

) 300

400

500

Voltage, mV
Kruse et al. (ISFH) | Scientific Reports | (2021) 11:996
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tact
POLO? IBC [
26 )/ i
X, POLO? BJ :
< I
> 25 ‘)/‘ |

B Mass production efficiency is sensitive to wafer quality. N-type wafer spec should be
controlled. Prisen

17 March 2021 | PV HeterojunctionTech Online

- 24 5 |

/(YPERC+ POLO itive contact 1%
PERC+

) 300 400 500 600 700 800

Voltage, mV
1000 10000 Kruse et al. (ISFH) | Scientific Reports | (2021) 11:996
Fixed bulk lifetime 1, [us]
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Efficiency limits — surfaces?

45 | O
F <t imit
metal . % 150um
hole selective contact 2 70 \
non-contacted surface : 3-3% \
\ 1 )
—— |
<l > '.‘
: 10 fA/cm2—" t‘
|
! | !
Si wafer ! :'
i '.
- :
1 |
]
]
—— ]
l
edge A
-2.9% ~ !

0 100 200 300 400 500 600 700 800

Voltage, mV

Green, IEEE ED-31, 684, 1984, Tiedje et al., ibid., 711.
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Efficiency limits — surfaces?

non-conté

Max.FF(n = 1)

<2 fA/ecm? for pFF > 88%

10 fA/em2—"

% 150um

Sum Jo, fA/lcm?2
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Efficiency limits — surfaces?

45 —~-_ Limit
g ‘\‘150um

non-conté -3.3% \
! '-.
<2 fA/em? for pFF > 88% ‘|
P . 10 fA/cm2—" %‘
high injection g
FF supercharging! ",
\ 4%(rel) boost E
edge |
-2.5%\ :

600 700 800

Sum Jo, fAlcm?2
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Contact selectivity S,

metal

hole selective contact

non-contacted surface

\ I
hY)

. J I
Jo, P constant i
Si wafer :
i
:
\ ,

edge electron selective contact

metal
510 = 108[ ~]

JoPc

(_ lo [minority carrier incremental R
5 majority carrier incremental R

Schmidt et al. (ISFH), SOLMAT 187 (2018) 39—-54

]|v=o)
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Contact selectivity S,

metal
non-contacted surface
\\
(q\|
-
(@] AN
?_ N
o
_) .
'\ a-Si‘
dge 1
e
g metal A difused | \
Vin iffused p|n
S1 = lo @ poly-Sip|n
0 8[]0pc] o poly-Sipjn

1.E-04 1.E-03 1.E-02 1.E-01 1.E+00

Contact resistance, ohm cm?2




Contact selectivity S,

non-contacted surface

\
N
\
edge
V
S0 = log[—
10 g[fopc

metal

metal

1000
AN

100
AN
=
&)
<
o
S

17
18 A\ diffused p|n \
\ O poly-Si p|n
0.1 , N ,
1.E-04 1.E-03 1.E-02 1.E-01

Contact resistance, ohm cm?2

1.E+00
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Contact selectivity S, ‘ 1000 5

30 1

28 |

269 f I
inkjet 6% fu

~ D
@. ~ N\
\\~ \ \1

D\\ '

O s 28% full
Mo ),\
\\I
5@
N '/29"/\fll
olu
A\ diffused p|n +* \
10 11 12 13 14 15 16 17 18 O poly-Si p|n
1.E-03 1.E-02 1.E-01 1.E+00

< Efficiency
26

Opt. contact R >

Efficiency limit, %
N
~

20

S10 '

Contact resistance, ohm cm?2

Brendel et al., 32" EUPVSEC, 2016




Contact selectivity S,

30

28 +
< Efficiency

26

Efficiency limit, %
N
~

20

Opt. contact R >

S10

10 11 12 13 14 15

Brendel et al., 32" EUPVSEC, 2016

0.8

0.6

04

0.2

269 f I
inkjet 6% fu

~ D
@. ~ N\
\\~ \ \1

D\\ '

O \\28% full

a-ol
25 29% full

A diffused p|n \

O poly-Si p|n

1.E-03 1.E-02 1.E-01 1.E+00

Contact resistance, ohm cm?2
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Electron & hole selectivity, S,,, & Sy,

non-contacted surface
\L

metr | ‘ hole selective contact

] pCh[]- + 10(51011_5108)/2:

A

ch —
pc,opt

St water Peell + 10(510e—510h)/2]

ce
Pc,opt

e J
edge i \ electron selective contact
metal

SlOt ()_(Slomax_Slomin)/z)

Vin
= log[ ] > (S10min—1
{\/]oepce + \/]ohpch }2 ( Homin

Schmidt et al. (ISFH), Solar Energy Materials and Solar Cells 187 (2018) 39-54 g UNDW
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The contenders

Current, mA/cm?2

passivation layer

metal

/ |

26.6% IBC (HJT)  25.3% HJT

24.0%
PERC

25.2% TOPCon —

Will the others catch HJT Voc?

150um

100 200 300 400 500

Voltage, mV

600




The contenders

B e e e e s —_Limit

40 % 150um
\
35 5%, -6.5% \\'
30 |
N |
5 25 24.0% :
< PERC —
€ 20 (LONGI) :
PERC 2 ‘.
= 15 i
O !
? 10 '
-OR- 8%~ |
0 2

Just getting started? 0 100 200 300 400 500 600 700 800

Voltage, mV
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The contenders

T g g g g g g g g
- = = ~T.150um
- e 10 “
: \
~ |\
w
Ef:
o
.- 1 E |
S|
= ]
PERC 21
" - 0.1 g :
. 11.2Qcm ¢ 1.4Qcm L !
Ga doping 34Qcm < 1.00cm I
) |Al,O, passivated A 24Qcm > 0.8Qcm !
- level footing n-type? Ga doped silicon 3 106N W RS .o ;
10" 101 1018 e [0 800
Excess carrier density (cm'3)

Grant et al., Sol. RRL 2021, 5, 2000754




The contenders

PERC

Alternative
contacting?

Jo, fA/lcm2
)

17
18 A\ diffused p|n +*
01 \ O poly-Si p|n

1.E-04 1.E-03 1.E-02 1.E-01

Contact resistance, ohm cm?2

1.E+00
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150um

\

e
\

-6.5%

F s =ese=ess-s-sseme--s----=Zocoo Limi

l"""""
- = =

24.0%
PERC
(LONGI)

-8% —

600 700 800

500

(@)

(=] o

>
S

[Aw] *°A abejjoa yinauio uado

g8 8 3

45

The contenders

[o%] & Aouaiog

4 620

SOLMAT 212, 110586, 2020

I

ISFH

= 6102 Inf
= 810z Inf
S 210z Inf
i 910z Inf
.. S10Z Inf
2 vL0Z InP
= cLoz Inf
= zi0zInr
= LLozInr
2 010z Inf

6102 Inr
. 810z Inf
 z10z 107
2 010z Inr
2 L0z inr
] pL0Z Inf
 cLozinr
 zLoz It
2 110z Inr

oiLoz Inr
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The contenders

Efficiency 7, [%]

PERC+POLO

®
23 0@ e
=~ PERC ” »
5t oOCi PERC+

Pl i . i e = e e

2 e g Limit
40 < 150um
\
. 5% -6.5% ‘\|
\
30 "
N |
g o5 24.0% :
i PERC_ — '
—— (LONGI) E
e oe] ? :
Ag finger TOP-PERC?
SiN,
Phos-Emitter
o ) NG
Nn-POLO
BSF
AlO, / SiN,,
Aluminum

ISFH, SOLMAT 212, 110586, 2020

——
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The contenders

45 —
Doublelayer AR [T °°"""""""""7TE \(lelt
Top contact (Ti/Pd/Ag) coating \‘1 50um
' 6.5% n
I\ // | \.‘
£ ' ) ( ) :
50 . 24.0% \
Ultrathin SiO {20A°) Nt Nsurface SiO2(60) 26.0% | A
00 (LONGI) .
= i
o = !
First 18% Si cell: MINP (1983) R OPPERC? R
+ . < »
IS | e
Rear contact

Poly-Si did not start with SIPOS (1984) but to make MIS contacts screen-printing compatible (1981)
Green & Blakers, Solar Cells 8, 3 (1983); Green,”High Efficiency Si Solar Cells”, TransTech, 1986.
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The contenders

PERC+POLO

o ©o
* PERC o @
p 5©®  perce

Efficiency 7, [%]

- T T v v = v=  x= v =

(\150um

24.0%
PERC ——
LONGI)

Jul 2011 E

AQg Tinger
SiN,
Phos-Emitter

BSF

| AlO, / SiN,

Aluminum

B.Min et al. (ISFH), Sol.RRL 5, 2000703, 2021

p-type

T

ISFH, SOLMAT 212, 110586, 2020

——
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The contenders 1000

(4

N\
N\

-
> A~ diffused (p) .

100 \dlffused (n) >(>A
26%  _~- 7N < 26% full

" \\ \\
N 14 s \\

\ . l‘l \ \
- ‘\ Al BSF diffused

\ 21%

Front Ag grid Silicon nitride

p-type Phosphorus emitter
silicon Laser-doped p-type BSF

B : Aluminum !Rear

oron-doped | |
silicon nitride oxide Ag grid

. 28% full

29% full

Lohmdiller et al.(ISE), IEEE 7th WCPEC, 3727 (2018)

Contact resistance, ohm cm?2

1.E-03 1.E-02 1.E-01 1.E+00
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The contenders

tunnel axsde

n* poly-Si

TOPCon

n- or p-type?

Current, mA/cm?2

45
40
35
30
25
20
15
10

25.2% TOPCon ——
LONGi

(also 25.2% with p-type!) 722 mV

-5% A\

150um

100 200 300 400 500 600 700
Voltage, mV
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The contenders (TOPCon + diffused emitter)

!p” emitter !n" emitter

n-type c-Si p-type c-Si p-type c-Si n-type c-Si
n-TOPCon p-TOPCon
SRR SRSy
FJ BJ FJ BJ
Exp. 25.8% Exp. 26.0% (25.5%)

102cm,30002/0 10cm (10 02cm),16.5 kN /[]

Richter et al. (ISE)
NATURE ENERGY | VOL 6 | APRIL 2021 | 429-438 |

B potype || ntype
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The contenders (TOPCon + diffused emitter)

!p" emitter | !n* emitter

n-type c-Si p-type c-Si p-type c-Si n-type c-Si
n-TOPCon p-TOPCon
FJ FJ BJ
26.4 - 26.7%

Psheet ~ 700 'Q/
Poulk = 3—40 Qcm

Exp. 25.8% Exp. 26.0% (25.5%)
10cm,3002/07 102cm (10 Qcm),16.5 k2/C]

Richter et al. (ISE)
NATURE ENERGY | VOL 6 | APRIL 2021 | 429-438 |

B potype || ntype
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The contenders (TOPCon + diffused emitter)

!p-* emitter !n* emitter

n-type c-Si p-type c-Si p-type c-Si n-type c-Si
n-TOPCon p-TOPCon
FJ BJ FJ BJ
26.4 - 26.7% 26.6 - 26.8%

Psheet ~ 700 -Q/ Psheet ~ 1,000 -Q/
Ppuik = 3 —40 Qcm Pouik = 1—10Qcm

Exp. 25.8% Exp. 26.0% (25.5%)
10cm,3002/07 102cm (10 Qcm), 165 k2/C]

Richter et al. (ISE)
NATURE ENERGY | VOL 6 | APRIL 2021 | 429-438 |

B potype || ntype
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The contenders (TOPCon + diffused emitter)

!p+ emitter !n‘“ emitter

n-type c-Si p-type c-Si p-type c-Si n-type c-Si
p-TOPCon
FJ BJ FJ BJ
26.4 - 26.7% 26.6 - 26.8% 26.5 - 26.8%7?7 26.6 - 26.8%7?7

Psheet ~ 700 -Q/ Psheet ~ 1,000 -Q/ Psheet = 300 Q'/|:| Psheet ~ 1,000 -Q/D
Phulk = 3 — 40 QOcm Ppulk = 1—10 Qcm Ppulk > 3 Qcm Ppulk > 1.5 Qcm

Exp. 25.8% Exp. 26.0% (25.5%)
10cm,3002/00 12cm (10 Qcm), 165 k2/C]

Richter et al. (ISE)
NATURE ENERGY | VOL 6 | APRIL 2021 | 429-438 |

B potype || ntype
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The contenders (TOPCon + diffused emitter)

R S B R R B e e,

FJ
26.4 - 26.

Psheet ~ 700
Poutk = 3 — 40

Exp. 25.8%

1 0cm, 300 2/] L

Richter et al. (ISE)

NATURE ENERGY | VOL 6

—
-

. |

A measured Jy g

——calc. Jy .. (S=0)

Electrostatically f

induced i
\if’:
a”"

-

|

front surface sheet resistance Ry .o ks (€2/5Q)

100

1000

10000

n-type c-Si

BJ
26.6 - 26.8%77
Osheet ~ 1,000 Q/[]
Ppulk > 1.5 Qcm

VVVVVV
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The contenders (TOPCon + diffused emitter)

e T e T,

FJ
26.4 - 26.

Psheet ~ 700
Poutk = 3 — 40

Exp. 25.8%
1 0cm, 300 0/

Richter et al. (ISE)
NATURE ENERGY | VOL 6

600 Q/[]

~
:_ \
[ | A I | L Ll 1

A measured Jy g

——calc. Jy .. (S=0)

Electrostatically f

induced i
\if’:
a”"

100

1000 10000

front surface sheet resistance Ry .o ks (€2/5Q)

n-type c-Si

BJ
26.6 - 26.8%77
Osheet ~ 1,000 Q/[]
Ppulk > 1.5 Qcm

VVVVVV
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The contenders (ISFH: POLO) — the ones we’ve seen before!

/v Allle T/ VYV R

p-type
PERC: 23.7% TOP-PERC (PERC+POLO): 24.1%

n-type

POLO BJ{24.7%) TOPCon: 24.4% (vs 26.4-26.7%)

Kruse et al. (ISFH) Scientific Reports | (2021) 11:996 |
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The contenders (2 polarities poly)

WA Ay e A

n-type P-type
POLO? BJ: 25.1% (Tetrasun 2009) POLO? BJ: 25.0%
FJ?

Kruse et al. (ISFH) Scientific Reports | (2021) 11:996 |

B o-type [ ntype £ UNSW
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The contenders (2 polarities poly)

e

POLQO? BJ: 25.1% (Tetrasun 2009)

&

POLO IBC: 25.5% POLO? IBC: 25.9% (SunPower)(Exp. 26.1%)

Kruse et al. (ISFH) Scientific Reports | (2021) 11:996 |

B ptype [l | n-type E unsw
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- The contenders
Metal 49

................................ Limit

40 |(39.48 mA/cm?) (85.5%) ‘.(\150um
\
. \_10% \ \
25.3% HJT 4% \
30 LONGI !
100 '|
!
80 :
: TOPCon |
Metal | 907 ':
wl ]
HJT 3 4o | :
{]
1% !
20 !

700 800

s 8 s =8 s 8 8 8 8 s | (1485mv)

™ <t Te] (o] N~ [o0] (0] o — (q\]
Wavelength, nm

sYoOsEY
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- The contenders

Metal

ad a-si: H(p) front emitter a-Si:H(n) front surface field
_ pitch_ '
_TC0 c-Si(n)
Pas) — absorber
NES) —
Ha-Si) —— a-Si:H(n) back surface field a-Si:H(p) rear emitter
n'(a-5)
TCO
b C - %2 pitch "
20 30 50 80 130200 20 30 50 80 130200
Total Current Density @ MPP (mA/cm?)  Total Current Density @ MPP (mA/cmz)

M. Bivour et al. / Solar Energy Materials & Solar Cells 122 (2014) 120-129 - p-type
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- The contenders

TCO
pla-5)
a-S)

nic-S)
Ha-S)

n'(a-S)
TCO

HJT

Is a-Si now needed over
whole top surface?

Li et al, Joule 5,16 June 2021, p.1535

EQE, %

40 |

20

300

Front TCO-free SHJ solar cells

w/o front TCO
40.44 mA/cm?

with front TCO
39.45 mA/ecm?

metal contact
SiN,
N a-siH (iin")

c-Si (n)
& A 4 a-SiH (p'i)

TGE
metal contact

400

600 800 1000
Wavelength [nm]
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- The contenders

Metal
N

45

(i) layer [nm]

1.2

e

92 % 138

a—Si(p) = 8.1 nm

a—Si(p) = 12.7 nm

a—Si(p) = 18.7 nm

uc—Si(p) =30 nm

22 I

a BB 3

i

3L | I $Ii37 7113175 ¢ 7T
— 21 T T % { 1] | !
S 19 F EIII I}{ VocTJschF(thicki)1
18 |
(l) 110 210 30 (l) IIO 210 310 (l) 110 210 310 (l) IIO 2l0 310
Light soaking [days]

Cattin et al. (EPFL et al.), IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 11, 575 , MAY 2021
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¢ Sai et al., Phys. Status Solidi A 2021, 218, 2000743
A VY

--------- Limit
(\150um

‘t
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-4% \

0

l

I

\

0

]

\

'

[

0

0

(]

I

]

)

0

{]

-1%\:
00 o600 700 800
(748.5 mV)
UNSW
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Efficiency limits for PERC, TOPCon, HJT and IBC

All continue improving to 26% & beyond in production:

. better wafers: > 30 ms lifetimes for hi-resistivity (P & Ga) — supercharged FF
. improved surfaces: J, contribution < 2 fA/cm? — supercharged FF

. improved contact selectivity: S;,.,=15-16; S;p; > 15

. patterning a-Si & poly-Si!

!!!!!!
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Efficiency limits for PERC, TOPCon, HJT and IBC

All continue improving to 26% & beyond in production:

. better wafers: > 30 ms lifetimes for hi-resistivity (P & Ga) — supercharged FF
. improved surfaces: J, contribution < 2 fA/cm2 — supercharged FF

. improved contact selectivity: Sy, ,=15-16; S;o: > 15

. patterning a-Si & poly-Si!

PERC.:

. poly-Si/oxide n-contacts, diffused p-type, rear J?

TOPCon:

. further optimization, surface doping, 2 polarities

HJT:

. decrease top absorption!; increase pFF towards hi-injection Auger limit
IBC:

. poly-Si or a-Si?

!!!!!!
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