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Why Passivation (4 it )? |

Recombination Occurs at surface Rear Surface Recombination
Dominates

Dan?hng bonds at surfau:e
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Ref.: http://www.pveducation.org/

S. W. Glunz, Advances in OptoElectronics
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Standard solar cell PERC solar cell
(BSF) :

Screen-printed Ag-paste

- ARC
Manannda . ARaanaala iocaissk
n* emitter )

|
!
!
|
|

p-Si p-Si
* <‘<Passivation layer
Screen-printed Al-paste ck SiN, capping layer
rface
eld
Ref.:

https://www.solarchoice.net.au/blog/news/perc
-solar-cells-steadily-gaining-steam-in-pv-

160215
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Various solar cell concepts based on p- and n-type Si wafers. (i) Full Al-BSF; (ii)

Cell$ie+ 7 48 » & B i1 87

o) AFBSF ) PERT ;) BJ-Alp+ ) TBC B)

n+ Aisallasnilen p DSBS+ TR

(i) PERC (v) PERT (vii)B] PERT ., BC EWT

n+ .I—l-l-p+ mm LA
W ; 5
g = R e v e Rl m

BC EWT  (viy PERL (x) Bifacial  (xiy  HJ

F

(iii)

= w s+ —“'ﬁ"“""ﬂ+

- — — > — - —

~passivated emitter and rear (PERC) cell; (iii) backcontacted emitter wrap through (BC '
EWT) cell; (iv), (v) passivated emitter and rear totally diffused (PERT) cell; (vi)

passivated emitter and rear locally diffused (PERL) cell; (vii) backjunction Al alloyed -

rear emitter (“BJ-Alp+”) cell; (viii) backjunction PERT cell; (ix) bifacial cell; (x)

Interdigitated backcontacted backjunction (IBC BJ) cell; (xi) backcontacted emitter wrap

through (BC EWT) cell; (xii) heterojunction (HJ) cell.

|

- Ref:http://doi.org/10.1116/1.4728205
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Back contact cells &
AR Coating

Textured front surface
n-type c-Si Wafer '

]
Backside mirror  Electrical contacts

Al Paste PV36x

\I'L
=

100%

—_ 90%

:
»
-

80%

—
-

70%

60%

50%
40%

| oo ||

i
i)
l
V
i
y
i
i
1
i N
]
it

30%

World market share [%]

ELf . 20%

Ett_ps://www.m@t;er
alsnet.com.tw/Doq
int.aspx?id@%r 1

IRRINANN

-
I
-

L

IHSM 2019 2019 2020 2022 2024 2027 2030

P
o7
hitp://www.udel.ed mBSF cells ® PERC/PERL/PERT/TOPCON cells
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https://www.materialsnet.com.tw/DocPrint.aspx?id=17107
http://www.udel.edu/iec/iecReasearchSilicon.html

PERX Series

o i W A in

p-type Si pAype Si p-type Si
— Pt —.

PO PN B, o -
PERC PERL PERT_
(Passivated (Passivated (Passivated
Emitter and Emitter and Rear Emitter and
Rear Contact) Locally diffused) R_ear Totally

diffused))

F G W BSFX R # B enhidt
« 1t & | * SIN, ¥ 5 n-Siehpassivation(F & BSF» 4ept)
« #F & 1% AlLO; ¥ dielectrici® 3 p-Siehpassivation

IRef.: www.photonicsonline.com/doc/how-to-push-conventional-sided-contacted-solar-cells-to-the-max-0001

]
|
|
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Passivation (dielectric) Materials

1-2 Qcm FZ p-Si

- -
------

Velocity S_; (cm/s)

AI;O;:Ipa;sivation fﬁm)

Effective Surface Recombination

1 el AT P ]
-1[]12 -1[]13 1014 -1D15

Injection Density An (cm’ﬂ]

a-Si or SiO,: #:> £ & ¥r4E(dangling bonds) » > 4R & site
*SiN(+) or Al,O4(-) or GO(-): F§ ¢ # ok f chB LT JF kit s
44 1 (field effect passivation)

Ref.: Jan Schmidt, EU PVSEC 2008
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Different rear side passivation technologies
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2019 2020 2022 2024 2027 2030
single sided ALD AlOx + separate capping layer
1 m batch ALD AIOx + separate capping layer
m direct plasma PECVD AIOx + integrated capping layer
Hremote plasma PECVD AIOx + integrated capping layer

OEC Lab, DOEE, National Dong Hwa University Ref.: ITRPV 13



New Passivation Technology |

Tunnel Oxide Passivated Contact Heterojunctions (HJ)+ _

(TOPCon) Interdigitated back contact (IBC)
ALO,  DARC (SiN,/MgF,) Ti/Pd/Ag '
AR layer :
o / ™ Front a-5i passivation »"_
p P n-type Si
* " poly-Si tunnel oxide =5 ;
‘_i!;.uhnm e
______________________ _— Rear i:a-3i passivation l_.
TOPCor Ag i__________i__ .-'-'-'-'-'-\\ oa-Si/nia-Si '
9 ~ (tunnel oxide + doped Si &._. — Electrode pattern L
yOXIde'f}h""ﬂm i i£25.7 % B2ETH @fi@%k%?%p—a%&w -
*% R PERX? 5 #84 & BHi i i2 *HJ: a-Si Iayer passivates the c-Si surface
445 i > n*Si/n-Si¥r = ehcarrier- ‘IBC: £ & & T &I dh » 5k
_'s;elective passivating contact g_rn; o ‘F'S
L3F g‘? (e) 3»’5 A ek - g‘?‘* Ref.: S. W. Glunz, SEMSC, 2017

-("h) Az w B K. Yashikawa et al., Nature energy 2017.
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TOPCon¢g & it B

n-Slilﬁ-ﬁ#‘ 15 ~ Front Junction = Rear Junction Cell Design ===, T o p-8|§}_§j§
.EE ;'é L:Li.é i ﬁj'g: ‘;r{ = Des'g'n With FSF Without FSF .%h g"sj&d TOPC
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% &4 premitter| \ paes 3 3 (i
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' Ref.: A. Richter TOPCon KTOP‘Con rear emitter y g_‘ 3 @ﬁ# S 2 55{ I

(Fraunhofer Institute for

- Solar Energy Systems 213 fEmFSF

' (ISE), Silicon PV 2020 (front surface fleld)"

Front junction [1,2] 724 83.1 42.9 25.8

Rear junction
" without FSF [3]

*TOPCon+ :
BSF -~ PERx—-‘ & A TOPConez &> ~ 58 &5 » L e HITE 3F R i 4
~+TOPCon¥*
& ﬁéii—éﬁpoly-SiF%\%ﬁi'Ji B SRR A RAAREIARARE

732 843 42.1 26.0
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Graphene vs. Graphene Oxide |
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Our Finding: Negative Charge in GO

®From textbook,

we know :
w/ positive charge ®w/ negative charge
T 700
Qs> Qur Q> Qs Qs >0 = 600} — GO
Q' = 0 (ideal) L 500¢ - = control
§ 400}
g 300f~ |
S £ ‘
— O s
-2 -1 0 1 2
Q’ Gate Voltage (V)
VFB - ¢ms - CSS
ox ®Charge density: -6x1012 /cm?

@®Other common used materials:

SiN,: 1012 /cm?
OEC Lab, DOEE, National Dong Hwa University 18 |
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[ Graphite ]

Graphite
oxide

Modified Hummers|
method

Ultrasonication
centrifugation

[

GO
suspension il

Two methods to
deposit GO on Si |

dropped ]

Dip
coating
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Ways to deposit GO film |

Dip coating : Dropped
s o d . ™\
[ Si substrate ] Graphite [ Si substrate ] Graphite
\, J L J
Modified 1 Modified
vHummers method p . Humlmers\method
( Graphite oxide ) Graphlte oxide
Clean Clean ___inDlwater Clean Clean ___in Dl water J
Ultrasonication/ l Ultrasonication/
A 4 y centrifugation c:ent_rlfu ation
Hydrophilic(SC1) | [ Graphene oxide Hydroph|I|c SC1 Graphene QX|de
treatment suspened in DI treatment Suspened in DI
r:risn cog’:ii;g k ‘ \ Dropped and
min min] min dried at 70°C

[Contrm] 630)(G15)( Go |

o

Y\ E

]

7 , OEC Lab, DOEE, National Dong Hwa University 20
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% & 35, by Atomic Force Microscope(AFM)

Dip coating

w
|
|

v
|

>




Two-metal Cell Passivation by GO |

top illumination

-

0.4mm
0.4mm
Native Oxide Au < > Al ¢ 200nm
i Native:Oxide:: ;
(| i"-'
) - |
%n-crystallme silicon A
“““““““ B \ |
gisnay i - w v O d
o Native:Oxdde: it
>10€V PP o




GO 72 st & =2 Two-Metal Cellz. &

GO introduction contributes to 21 % enhancement on the efficiency.
But only from 0.52 to 0.63 %

w

Top illumination

N

- = control

o

01 02 03 04 05
Voltage (V)

OEC Lab, DOEE, National Dong Hwa University >3 |
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SilN, SN
n*-Si n*-Si
p-Si p-Si
GO GO GO GO GO
Al Al
(a) GO (b) control

R TRPAPHCOF *RERLH LR E
=>EAEPFpPNI BT HE P BIRGO» &3 F
=T - FAPLELEP-SIFREEF FCOH L ENT S AR

OEC Lab, DOEE, National Dong Hwa University
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I-V Characteristic Improvement

Voo(V) Joo(MA/CM?) FF n(%)
Ctl1 0.582 31.46 0.75 12.45
Ctl2 0.583 31.72 0.74 12.38
Ctl3 0.585 32 0.73 12.33
GO-1 0.582 30.19 0.76 12.02
GO-2 0.583 30.58 0.76 12.23
GO-3 0.572 30.37 0.75 11.89

Jsc decreased sigg;j[icantly
‘ 0030 = ™ & = = = = = = = =

Current blocking gu
S

11 (A

No V.. enhancement

‘ 0.015 |

0.010 |-

0.020

eto GO___ 1

—— CtI2
—— CtI3
----GO-1
----GO-2

No passivation effects?

OEC Lab, DOEE, National Dong H(\)(gg%
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2

4 s to 400°C (keep 1 min)
7 sto peak T (800 for ex) (keep 4s)
ITRERPIRFTABT
(lifetime)

OEC Lab, DOEE, National Dong Hwa University
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® 40k - (¢) H, annealed GO
1107 k' "?o.og"%w - O(1s)
LD/ vy ag 30k - C(1s)
(b ": N “Aé‘ Adha Al MM, S RT, as-made
. E A A E'.- )
A o
=N K T 8 | S—
— 107 FwsWS W 10k —(: |____700C
o) R A M e GO wloRTA o 900°C |
= A GO 500 Pt __1100°C |
= v GO 600 1) —
O MRS 0 200 400 600 800 1000
((h) Binding energy (eV)
q‘l: 7 * Ref. J. AM. CHEM. SOC. 2009, 131, 15939
LLl 10 7 . ettt '14 ———— 5 * Opeak decreases as T increasing
~ 10 10 10 ~ - Passivation due to GO (fixed charge) may
3 degrade.
Iniection Carrier Densitv (cm ™)
o 4 Er il L S



Lifetime4z:iT1mst,, (us)

Bare

Fig. 1. Effective lifetime maps of a DSP FZ p-type (> 1000 Q-cm) silicon sample
(a) bare and (b) GO coated, and a SSP Cz p-type (2.8 2cm) silicon sample (c)

GO coated
(2 mg/ml)

©
c
8
8 ]
g‘o.. ----
- 105 104 103 102 101 100 99 a8 97 9%
< ‘ |
8 | GO uncoated ®
4800+
2400+

105 104 103 102 101 100 99 98 97

84

Binding Energy (eV)

Fig. 3. Si 2p spectra of (a) GO coated Si/SiO2 sample and (b)
uncoated S1/Si02 sample showing a shift from the oxide peak on

the coated sample and the shift and splitting of the Si 2p3n.1

peak.

Ref: University of Manchester, SEMSC, 2018

"‘: bare and GO coated. University of New South Wales, PVSC 2019
i OEC Lab, DOEE, National Dong Hwa University 27
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1 Solar Cell w/o High T process

-
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Bifacial Structure

“-; | Voc (V) Jsc(mA) FE n(%)
+

{ ot | 0568 | 2073 | 073 | 1147
+ |
| GO | 0570 | 29.99 | 0.75 11.74'
" ||
|

oy

OEC Lab, DOEE, National Dong Hwa University
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Preheat to 100 degrees

1
ﬂ~\ T
N ‘
N . S5

am R
\
L 1

busbar

|

]
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.
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qklng something cover Drop GO into spray gun
N
v
"
:
]
__l
W
W

-

@ o< 8
- Spray until the liquid is Use a spray gun in an appropriate way so that
— exhausted the sprayed liquid can evaporate immediately

OEC Lab, DOEE, National Dong Hwa University 30



Results from Bifacial Structure Il

Voc(V) Jsc(mA) FF n(%)
Ctl 0.573 28.17 0.72 | 10.61
GO 0.576 28.06 0.73 | 10.82
0.040
0.035 |-
0.030 |
& o025
~ ol
0.010 |
0.005 |-

OEC Lab, DOEE, National Dong Hwa University
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LEEHTLY DOFED FROMT DIFFUSICHN :‘
! - REDUCES RECOMBINATION L1055 TEXTURE » ARC %
! ’
s !
| L
|
W |
| TR .
_.i M-TYPE HIGH LIFETIME SILCOM RECOIMBIMATION LOSS ‘
| * REDUCES BULK RECOMBINATION -
L i P+ N+ P+ N+ P+ N+ '
| \L/ r1
— CCALZED COMTACTS BACKSIDE GRIDAMES
! BACESIDE MIRROR e BEDUCES COMWTACT * EUMIMATES SHADWING -
W « REDUCES BACK LGHT ABSCRETICN RECOMBIMATION L0 v HIGHCOVERAGE META '
& CAUSES LIGHT TRAFFING S REDUCES RESISTAMCE OS5 -

{ x*

Back GO Passivation within electrodes

Ref. https://us.sunpower.com/sites/sunpower/files/media-library/brochures/br-
“=  sunpower-solar-panels-are-most-efficient-solar-panels-pv-industry.pdf

|
|
| OEC Lab, DOEE, National Dong Hwa University 32




Spray the graphene oxide
solution on the back of cell

+GO | lluminated | Voc(V) Isc(mA) FF (%)
L area(cm?)
Part.A 28.6 0.625 0.857 0.72 13.42
Part.B 24.7 0.622 0.753 0.67 12.63
Part.C 28.6 0.631 0.870 0.74 14.17
+ GO | Illuminated | Voc(V) Isc(mA) FF Nn(%)
is area(cm?)
Part.A 28.6 0.631 0.904 0.72 14.28
Part.B 24.7 0.627 0.909 0.66 13.48
Part.C 28.6 0.635 0.909 0.77 15.62

OEC Lab, DOEE, National Dong Hwa University
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Laser-fired Contacts (LFC) & 8 4r #4 |

\ ;

1) photolithographic process 2) LFC process
la) wafer with emitter and 2a) wafer with emitter and
rear passivation layer rear passivation layer

lc) masked UV-illumination 2¢) fast scanning laser firing

: Ib) photoresist deposition 2b) aluminum deposition

AR RARERERENERERERERERE] |

| d) photoresist developing

| le) etching contact holes

1 f) photoresist stripping

Ig) aluminum deposition
and annealing

| Ref. Prog. Photovolt: Res. Appl. 2002; 10:29
|

i OEC Lab, DOEE, National Dong Hwa University 34
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H, ( ’ ' A (iii) Construction of (i) Photon absorption

surface reaction sites Photon = Generation of e and h'

for H2 evolution with sufficient potentials for
water splitting
| H20 (band engineering)
1 o (i) Charge separation
' O and migration to
: 0 OO O Od— i H20 surface'g H.0
v o) O O reaction sites (iii) Construction of
x O 0 O S = O surface reaction sites
S— i) Suppression o i
Photocatalyst recambination ToriQemoion

ch (L)AL PEE T o T AE N A KA NH,2 0,5 7
o RIRY S TRt
oH, & % S SR % 0 H R%E R R Ik(H,0) 0 5 IR R R

| Ref. Chem. Soc. Rev., 2009, 38, 253-278

] OEC Lab, DOEE, National Dong Hwa University 36



Device Structure |:_,

()

Cu

Metal deposition ~ Cu oxidation at 190 C Precipitation of GO

‘W2 E T F (IR F)
*Au and Cu: each 20 nm
wzF ¢ 190C 4c#10 hrre#-Cug i

OEC Lab, DOEE, National Dong Hwa University |



o 240
5 Cu,0/GO hv. Fixed charge
o 200 L= E=d G
O & " CuO
| L
E, 160 k X W substrate o
@ Cu,0 hv,
; 120 L recombine
e i §®  Cu0
o Au
o 80 W substrate A |
= -
% 40— CI.IXO;;G |
o — Cu O
m 0 1 1
~ 02 03 04 05 I](i I]T 08 09 ll] 1.1
T Time (hr)

Cu,0/GO% Cu0 # &— B 4aehd § & & A 6 £.230% 170 ymol/hr
F-kGO> 23 # FHA35% RIT4-FEEB 0 — $ A_passivation
R

OEC Lab, DOEE, National Dong Hwa University 38



GO %PL % &

—_ 10000 | Cu0/GO
=3 Cu, 0
5, 8000}
- |
et
= 6000}
. £ ;
| R =
| = 4000 | '
— 2000} f
a- |

650 700 750 800 830 900
Wavelength (nm)

«12632 nm (W/ energy < Eg of GO) 7 &+ & &4k & » BLIP| &

CuOF %+ Tk ¥4 & 3 d) sk

= T Y GOgh 1t RS T F 3 TR HAA G AR & (]

- I S/ X 2 2~
om g LS8 g stpd kR B)
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Summary

)

& K,‘
J .
' N,

.
| .
|

( R (/
Solar cell \/ — T T /

on =3 ,.e:{)é ;B\"’- 7*.“._'%;""‘\.
S| o G0 passiaton .10
- -

Efficiency 1

on

NS> &
NS>
Detector

responsivity 1

OEC Lab, DOEE, National Dong Hwa University

=

H2 evolution
rate 1

Y v

Emission
intensity 1
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Summary

FEAFR S E S R MF L MR i
$F ehgh L FpF o & 3 B PER #F W ehALO, ~ HITeh
a-Si ~ IBC & SiN, 2 # 6 SIO, 8 & 5 44 1 @ 13 & o

erlifetime » & :ﬁ,—i T AT o

F e RHF LT EHGO) g AR EPEUE T
WEMTHLE RGN MRk o
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Thank you for your attention!
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