12 United States Patent

Su et al.

US011716894B2

US 11,716,894 B2
Aug. 1,2023

(10) Patent No.:
45) Date of Patent:

(54) METHOD FOR PREPARING PEROVSKITE
SOLAR CELL

(71) Applicant: NATIONAL TAIWAN UNIVERSITY,
Taiper (TW)

(72) Inventors: Wei-Fang Su, Taiper (1'W); Shih-Han
Huang, Taiper (TW); Yu-Ching
Huang, New Taiper (TW)

(73) Assignee: NATIONAL TAIWAN UNIVERSITY,
Taiper (TW)

(*) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by 197 days.

(21)  Appl. No.: 17/381,238

(22) Filed:  Jul 21, 2021

(65) Prior Publication Data

US 2022/0029098 Al Jan. 27, 2022
Related U.S. Application Data

(60) Provisional application No. 63/055,404, filed on Jul.

23, 2020.
(51) Int. CL

HOIL 51/50 (2006.01)

H10K 71/15 (2023.01)

HI0K 30/30 (2023.01)
(52) U.S. CL

CPC ... H10K 71/15 (2023.02); HI0K 30/30

(2023.02)

(38) Field of Classification Search
CPC e, H10K 71/15

See application file for complete search history.

(56) References Cited

PUBLICATIONS

Shih-Han Huang, “Fabrication of High-Efliciency Large-Area Perovskite
Solar Cell Using Scalable Liquid Formulations and Rapid Process
in Ambient,Department of Materials Science and Engineering”,
College of Engineering, National Tarwan Unmiversity, 136 pages.

Primary Examiner — Anthony Ho
(74) Attorney, Agent, or Firm — Bacon & Thomas, PLLC

(57) ABSTRACT

A method for preparing a perovskite solar cell 1s disclosed,
which comprises the following steps: providing a first elec-
trode; forming an active layer on the first electrode; and
forming a second electrode on the active layer. Herein, the
active layer can be prepared by the following steps: mixing
a perovskite precursor and a solvent mixture to form a
precursor solution, wherein the solvent mixture comprises a
first solvent and a second solvent, the first solvent 1s selected
from the group consisting of v-butyrolactone (GBL), dim-
cthyl sulfoxide (DMSQ), 2-methylpyrazine (2-MP), dimeth-
yliformamide (DMF), 1-methyl-2-pyrrolidone (NMP), dim-
cthylacetamide (DMACc) and a combination thereof, and the
second solvent 1s an alcohol; and coating the first electrode
with the precursor solution and heating the precursor solu-
tion to form the active layer.

16 Claims, 5 Drawing Sheets




U.S. Patent Aug. 1, 2023 Sheet 1 of 5 US 11,716,894 B2




U.S. Patent Aug. 1, 2023 Sheet 2 of 5 US 11,716,894 B2

.
: £ (.{ .
KB ,_ﬂdJ B |35 (Comp. BEx 1)

urrent density (mA/cm™)

~g— 14.58 (Comp. EX 2)
—&— 168 (Comp. Ex 3)
. ~O—17/.5s (Comp. Ex 4>
-21 @195 (Comp. Ex 5) |
00 02 04 06 | N * 1;‘0 T
Voltage (V)

™

(

FIG. 2



U.S. Patent Aug. 1, 2023 Sheet 3 of 5 US 11,716,894 B2

Current density (mA/cm?)

—-O—17.58 (Ex 4)
- 193 (Fx 5)

00 02 04 06 08 10 12 14
Voltage (V)

FIG. 3



U.S. Patent

i13.0s

16.8 s

i19.0s

With 16 vol¥ n~-butanol

-

-

-

-

4 4 4 _41_+1

r
*
*
*

-

-
-
.
-
r
.
-
-
-
-
r
r
r
o
-
o

a4 4 4 4 4 4 41 41 1

F R EREEREESFEREEREE N BN NN

Aug. 1, 2023

li‘lil'-l--llll'l.:l-llllll-ll‘;‘l‘l'll‘lil-ll-lll -I-l--l'-ll'l'l‘l'l‘lll-"-l-I--II*-I-I-I-I-I 4 4 . -l--lll.
e
e e et ettt ottt ettt oTi !
W ‘I I:I:I:I:I:I: I. A . . flllllﬂlh | -l-l'l-?l ] F "ﬁl:l"lxﬂ ﬂlﬂ.ﬂ.lllll xi!"
e e o e
o e e e S L
e M e L N o g
'I - B BN .H E | -l.l.l. l"?l.l.ﬂ-l'l.l"ﬂ"ﬂ-ﬂ.ﬂ- A I"il!uil!"?!
e o S e
o : T o)
| ". .H I.I.. | % | .HHIHIHIIIIH"H “I
AR %"Eé‘-__"._;-:-:i:"'i:%:::::::.
I‘ L || A | HE A A A .il +
S s
':':‘:'I I" | ..: : AA A EI H_H AN .c: .. ..I ..l.-.l .:H:H:H:
e -.:.-.-.:2.;.;::.;.:.;.:.;.-:&:? e et
e e B T el
'.:‘I'l"' .¢ ' I:IIHI-I I"?l-lxI-I-l-l.lll.."l.H-I.I-l.....l-:.I -I-I.lx?l"?dx
R L
e e
' L l:l:l: .:%I.. I- .I-l::"l I-l- .H:I:H:lﬂﬂ:l H:H!.:I:h:l:l: :I:H:H:H:H:H:H:H:H:I:H:!:I:l:ﬂ:#:ﬂ:l:l:ﬂ:ﬂ: &+
e et e e e
et et v e ol oo
e et T e e
| I.l . " Ill A i‘l:.ll:I HHI.HHHHH:.’"HHHHH o 'H'I-l'l I:.I:Il' .H! ] !.ﬁ A I!-I
lll .H .I-:.I-:H: HI:H: . M A Hxﬂ:ﬂ:l IHH:H:H: .I-l:walxﬂzx:ﬂ. :I':H:H:H :
e A M iy e 2 L N
R o e e
'::E:E::‘: I:I:I:I:I:H:l l-: llllll?lilili! “. "............... “““‘ iI- :
" ....- ".h. o -I!ll!lllllllllllllllll!lll “
:::':l::-" .l-Il-:HH l"l" -H'-.-- I'..I'- AN A AN AAENAERNES IIII-

e

.: | I. :-:h:E.-::::%:.....-.....:.:.:.:-....--.'. l.l ME N ANNN~R | | L

m B e e o

| .. | | I B ENAEANEEN -
R e e e
.,__.. e -!;:_ -.:?.-.:.:. B e e
| HEE | oA || | HNEAHNAE HEEEEEN HE AN
= e ::=:::‘::=:"::-.=:"-':.E“-."-:%::=:::"=:-':=:=:=:=:::-.::::::::-.::=:=:=:=:=:=:"=:=:=:=:=:= :
B et ettt
: ":E:::*-:,i:h:- e
| || lh | || l. .I n .I-l.lhl | l.l I- I-l-l- -I l.l .l.l.l.l .I-illl l.il.l.l.l.llll '
.I .H.l.hl .h.i | .h.:.i.l .l l.ill.hlllll .h.hl I.hllll Illllll-hlhllllil
-.h.-.ﬁ-.-.&l}.%ﬁ. m -:-.ﬁ:-:-:-:-:-:-'-:-'-:-:-'-:-:-E::-. g T m e
B e o e
e e e
I- ...:..i.hat:: ...::I I} .. ..I I- I.I.::l.::l:l ....I-I-I:I l.l I.l I:I .I.I. .I.I'l.l.l.l .:-l-I.I.l.l.l.l.lll.l;‘l.l.l.l )
e s
e st amter b ena e ettt s
e e e ettt
e o
l.l l.l.l || ll.l.ll HEA | l.l L | Illlll.lllll H A L N Illlllllllll
e e g
B )
l.ll || HEEE || || | llllllllhlllll | AN EEEE AN HA AN
e "":'-:;'?ég&-:?&:: Bttt ottt
. "l:_'&._._ B et ettt et
e
G s
_.-.:.:.::'.-.-:-ﬁ:._.-.:._.-.:._ gy ::-.:.:.:.:.-::.:.:.-.:.-.-.:.:.-.-.-.:.:._ i T e
e st
) I.:- l... | l. .I. .l.l.:. :I.I. || l. | l.l.:.:.l | .l-I.l-l.l.I.l.l.l.l.lll.l.l.illl.lll l-lal.l.lll.l.lnl ;

|| || | | || .l.h || I.l || I-l.l.::. || | |
B e e s
-.-.-.-.-.-.:-':' e e e e e e s e e e

=R R F R R R EEE R F R EEFEFEER

-

% F F % F ¥ % F %K F %% FF R FF R EEEEEEEFEEF R R R R

L)

A_A M EAAAANEAAA AA A AN A AA NN AAAAAAENAAANANAAAN AN

s, o o o
AN A AN A AN A

l-I-H-l;‘IIIIIIH-H-I.I'I:I-I-I-H-I

l-illil-l-.-illlnllil-ilaillil I-illilll-ill

ettt ettt ettt

A .
n l-l-l:I:il:l:-:.:-:-:;‘:.:':-:l:-:i‘:l:ll-:lnlﬂ;‘ll
o a_:":_:_:,:.:.:.:.:;:.:a.n o

.I.I’l

A -l.lll-l-l-lll:ﬂ:lal.-

I-l.H-H-I-IlI-l. M_N_N

I.l-l.llﬂll-l.ﬂllnl. -I-I

| H:l:l:l:l:l:l:l:l:l.l:l:l:
ebeteteete ettt
| H:l:l:l:l:l:l:l:l:l:l:l:l:
:l;‘l:l:l:l- -l:l:ﬂ:l:l:l:l:l
I:::lll:l:lnl:l:ﬂ:l:l:l:l:ll
-l.l.:.l-lllll.H- AN HNeE
ettt el ettt
l:il:l:illil:il:l:l:l:lll:l:il:il:l: :
ettty enet ettt et
I: i.il . i'l'il il-l'illil-l'illl-il I-il |
I- -I-H-:

F |
.I.H.I.I.I.I’IEH.

i T rerrrr &, &,

L ]
]
]
]
L]
L]
]
]

L I-I-I-llllﬂll.l Illal H_N_AA l‘l"l'l-:
I-I-H-l.lﬂlllnl I-lnl AA A A I:I:I:I:H
M

P e
| l.il.l'l-il.l-il.l'l'lll.illl ||
ettt ettt

|

e
AN HEEEEEANEAAANN

-:;:::E:::::_:::::;:::-:::::::;::::: T
e e b e
e e
A l.l: -l:I:I:l:I:H:I:I:I:I:I:I:l:l:ﬂ:l:l:l A I:H:l
L

w

H_M N IIIHI-I
I

3l
F |
IIII.IIIII-I.IIIIIII-I.

e
¥

-
.

|
.I: H-I'I.III’III-I!III

il
k|
H-H!I. - |

- 'I-IlI-I-I.I'I-I-I.Ill.h..llllllllllllllllall
|

i e
:l | I:l:I:l:l:I:I:l:I:l:l.l:l:l:l:l:l:l:l:l:ﬂ:l .:-H
IHI:::IHIIIIIHI IIIIHIHIIII:I:H

A

!
F N

)

lh

Satwa

A
:h--l:llllllﬂllﬂllﬂl

- |
amaa
& N N

A

||

A M l-l.I.I-iI-I'H-lll.illlalll.l-ll.il-l I'l.lallil-il A Nl l:l.l' :
e e e e T e "
e A Ao .

|, | I:l:l:l.ﬂ:l:l:l:l:ﬂ:l:l.l:lh |, | l:l:l:l:l:l.lll;‘llﬂ.l lllll I- :
:l.I:I:l:l:l:l:l:l:l:l:l:l:l:l |, |
l.l l;‘l.l-li‘l.l.l.llllli‘lll.ll s
l:l:l:l:l-l.lll:il:l:l:l:l:l:l: . "

iI-I-I-I.III'I-I-I"IIIHI'I- l:l:il'l
l.I.H-l.l.l-lnlllllnllilﬂlnll -

o

e e
-l:ﬂ:l:l:l:l:l:l.l:l:ﬂ:l A

444 4 1
.il!ii!!il!?I!ii!Hil!HH?I!ilHI!Hil!Hi‘l!HHi!HHi‘l!Hil!ii!HHHHil!HHHilHHHHHHHHHHHHHHHHHHHHHHHHHH

M A A
o A M A M M
oA A Mo MM M

.:H:E:HEH:H:H AN M N MK NN
.H'H;:F!;H;H;Hx?! MM MO e
S

]

Mo N oA M A M
]
Al i N N A W]
|
o
oAk K A A
-]

X

IHHHHHl‘!HHHHHHHHHHﬂlﬂxﬂlﬂHHIHHHHHHHKHHHKHHHHH-H"H

M M W N A A M M A M A M AN A A M N R M A o

"H!H"HH E |

-
X
o,
!H
X
F
h ]
F
L,
i
x"ﬂ
o,
L,
F
o,
k. ]
o,
k. ]
F
-
o,
al
ol
i
al
-
X
i
- I
-
i
A
A
B
N M E A N
- o
il o
E ] W ¥ W]
o N R A A KRR MK NN NN N

HHHHHH!HEF!"HHHH

x

X

M

X,

&

H

X

-

-

H
HHH:IIH

]
HIH:HHH

]

H

X,

|

&

M

i?d
o M X N N

X

M

]
IIH:HHH

]
HHH:IHI

]

-

]

]

b ]

X

x

M

HH

]

¥ N

H

x

]

o

H
L
X
H
H
o M A
]
H
N
¥ W
HHHIH!
N
-
o
L
N
]

X,
-
k|
]
x
»

i
L
L
HEHHHH

E |

¥
MM M A

X i

-

H

H

-
Mo K A M

E
b ]
L
HH!?!
F

F
k]
X
h ]
]
F
H
H
F
III
]
&
F
H
]
H!l
]
&
F
H
&
H!I
]
F
il
k]
xl
Hx?!

| J
R Ty E N N Al

?lHHHHHHHHHHHHHHH'F!HF!HHHIHHHHHHHHHH?l?l?l?dHﬂﬂﬂxﬂxﬂpﬁxﬂxﬂxﬁﬂﬂxlﬂ.F! -
':ll"ii!HHii!HHHHHH'HHHHHHH'HHHHHHHHHH'HHHHHHHHHHHHHHHHHlaﬂxﬂéﬂxﬂuﬂaﬂxﬂxﬂxﬂﬂlﬂl!
J X - Aol Dl A A A M M M M e M A MM oo ol Al A A AN N M A A A A A A M NN A

_pd e e MMM A
] o A A M A M A R A e M A A Al A i e i i i i i i

I
MM N XN
AN NN N N NN

X N

)

X
L
E i -

]

)
N N N W A
e
W X M A

x‘
NN
-

X
T

)

e a

:Hil?d
b 4

F N
b ]
o
X
]
]
N
&
b ]

oA E N WA N N N M M A A A N M AN N A M N N A N N M R R E N N A W N
-
-]

L ]
X
-
x
]
x
a
F
b ]
b ]
-]
&
o
|
&
x
]
x
b ]
-
]

k]
X
&

AN
)

H‘H
-
F
|
F
F
F
L ]
-
I
F |
|
I,
F
F
F
F
F |

X,
FJ

X,
>
Al
|
>

o

N K A N A A A M NN
N N A N MM
x
X

]
]
]
ol
]
]
X
k]
]
]
H
ol

2

F
F i
N M
F i
F
F
A
F
]
N N
N W
M
al_i
N
F
N N
F
|
N
]
]
N N N
F
N N N

Fd
-
H
-
X,
-
H

X
L
L
Mo

X M N
XN N
L

= i -

L R L N
L

-
]

] -

X -

o MM

NN

& N
o
|

-
x

AE M XN N AN AN
LM R L e Ao A A K A MM
A o EE N N N N N N N NN N Al o A A A M N A A A A A A A A A A A N N e A N A N
HJ Al A M LN BN N N N 'HHHHIHHHHHHHIRHIHHIH.?Ex.x?l:ﬂ:?l:ﬂ:ﬂ:ﬂ:ﬂ:ﬂ:x:ﬂ"ﬂ A M MM M
.?!?l pl_ N N BN B B N HH..H.HHHHHHHHHHHH lH?l?lHF'!?lHxllﬂnﬂnﬂxﬂnﬂxﬂxﬂxllxxﬂHI?l?‘!?l?l?l
Al A M A e N N N M AN N e o o o R A A M N M A A A A N A M A N A N A AN A N A N NN M
Al H E | E N N N N Y H HHRHHHHHl!?lHHHHHIHHl!?lll!?l?lH.l:ﬂ:ﬂ:ﬂ:ﬂ:ﬂ:?l:ﬂ:ﬂ:ﬂ:ﬂuﬂHHH?l.
oA MM M A M A A M M A M A M A M A M A .HHIHF!HHF!F!H?‘!HIHHHHHHH?l?l?l?d?l?lH?dﬂllxllﬂxﬂ"ﬂ"ﬂ"ﬂ"ﬂ-ﬂxﬂ?ﬂ?l?l?l
E A N Al o e A o M N o e A N NN e A A A A A A A M NN A M M A A A N A M N N N M
L i HHHHHHHHHHHHIHHHHHHHHHHIHHHHHHH'HHHHHHHHHHHHH?lHH:H:I:H:H:H:H:H:H:I:HHH?l
S M HHHHHHH.HHHHHH.?lHHIHHHHHHHH?l?l?l?lHHHHIHIH?l?!?l?d?l?l?l?lHxluﬂnﬂn?l-ﬂ"l-ﬂ-ﬂ"ﬂﬂﬂaﬂx
F K XN N Al ol o o e M M M A e M N M A A A A M N A A A A A N A N A A A A A N A M
HH'?!HF!l!?lll!?lHHEHHHHHHHHHHHHHHHHHHHH?lIHHHIHIHl!?ll?lHHIHHIIHl?lHIH'H:H:H:H:H:H:H:H:H:H:
HHHHHHHHHH'HHHHHHH?ll?l?‘!?d?l?lHHHHH?l?l?d?lH?‘!?l?l?l?l?l?lHHHlIHHI?ll?l?lHﬂﬂﬂﬂﬂxﬂnﬂﬂ?ﬂxﬂxﬂxﬂxﬂaﬁn
o ol e e A M M A e A A A M A A e e A M MM A A A A A A M A A A A A N A N A A A N e A A
l!'l!?!?ll!l!?l?!'l!HHHHH'HHHHHF!'HHHIHHHHHHIH?lHHHHHHHHHHH?lHHHHHHHIHl!lﬂﬂﬂxxxxxﬂaﬂxluﬂxﬂl
P e A A M N A A M A A A A A N N N A A A A AN M N A A A A A A N M A A A A N N NN A A
T N I e e i R i e i e i i i e e i i

T
M e e e e N e e e e P e e N N
e e e K e e e e e e N N AN e A A A N A R e e ke

X
LR RN ENEESEREESEEEN N
¥

LN RN N
i
A A AN N W N N NN KN
-
L
L
-
]
-
&
X
-
H
- |
o
ol M M
Al
]

x
b 4
]
]
|
]
]
&
|
]
|
]
-]
]
-]
&

k]
i
Y
b g ]

X

-
-
M

E |

o
N
-
-

]
H

&l
F
N
F
F
]
-]
il
M N N M
&l
k|
&l
W
]

A AN X A
Al x A
"?l

o e o W A A e ol e e A el e e e W W W A A

EE N NN N
HHH" xR XA
A A A
AURM_A A N N N M
!HHHHHHHH?l?l?l?l!iI?E"-‘l!Hi\!?!i||!?li'lHHHIHHHHHHHHHHHHEH"HHHHHHIHHHH'HHHHHHHHHHHH o H
oo A A A A A

k]
O N M N A M N N AN NN NN

-
-
X
-
a_w
-]
X
o
o
N
R EREREEREREEREEEEEERE R R R NN
-]
i

oo

Mo N N M NN MM

L

3

]

Ao

x

oA N X N

]

o

F I,

-

-
ol M A

]

]

LR REEEREEEREFEREEEEEEREEREEEN R
X

o

R EEENEE S EFREEEEE NS EEN BN NN N
Mo N oA N N M M N M N NN N A

X

H

Mo M N M M

]

W

E

-

-

X
X
L R R R EEEEEFEEEEEEEEEREE BN BN

L]

F ]

-
I EEEREEE SRR EREEEE RN RN
IR EEREEEREESFEEEER ER R EEEN]

e

H

&

H

]

]

Al

|

-

N M M M M N M N N NN NN

L,
FE R FEEERESE R ESNFERENEE]
R R EESEESFEFEENERNE N

-
LR
TR EEEEEFEEEEREEEEENEEEEE N EREEEN N

oA M M A M MM N W N M MMM NN
N M N NN N

AN M AN
N N N

L _a_ A
EE N N NN N
H!HH:HHIH
HHHHEHHHH
HHHH"HHHH

Al ol ol A A MM
Al H:H:H:H:H:H:H:H:H:H:Hxﬂ AL A N A NN ?l:?l Mo A
Al A AN N N A A A M A A N N A A N A A A NN
Al ?l:H:H:H:I:H:ﬂ:ﬂ:ﬂ:l:ﬂ:ﬂxﬂ s o A M I'I AN M
Al_Al M_A_ ALK M

A
X
il
-

R EEEEEEEEESEEEEEE SR RS EE RN NN N
]

A R e e i e
Lt R ENEEEREEEEEENES N
Lt EEREEEEFERFEEEE R ENEREE RN RN

M e ol M M
A a0 ae e e e e e el W A A e M i i A

i i
i i i e i i i) .'xn'aaannnax'nnnnanx"*""!' i i i

M
-
X
b ]
N
-
> N
N N
R R RN
XN
-
F |
-

A A
A
o
FE |
A
A A
L
|

A AN MM
_pl A M N

M_PLA AR A M M A LA R A A e e A M A A A A A MR M N AN A A A A A A HH:HHHHIH

; Al A A A A N N AN M A A AN Mo A A M XN M

N N N R N N N N R N AN AN NN M M M .uﬂaﬂx?!"ﬂxﬂnﬂlﬂaﬂﬂﬂIIHHHHIHHHHHHHIH:IHIHHH

F!?‘!F!HHHHHIHHHHHHHIHHHHH?‘H .?llI?lHHHHHHHHI?EHHHEH-H*H-H*HHHHHHIHIHHHHHHHHHHH
Al o6 a8 M AN A A N AN N e e e ol o N A A M A M AN A A
| "Hnﬂﬂilﬂﬂnﬂlﬂal.lﬂ |

pl_ A A A A A N MK A HHHIHHIHHH._?dHHH?l?llIﬂxlxﬂxﬂnﬂnllﬂlﬂnl?lHHIHHHH
Al_al A N NN NN N E N N N o A N M AN N N A A A N N M N N M A AN

- Aol ol A A M N A Al o ol A A M MM A A o o A MM IIIEHKHHHHIIHHH

|
M XA
L I
WX
i)

b
=
]

&
A
&
A
- |
- |
&
F
&
&
i,

X
L
- |
X
-
X
]
N
IR R R RS ER RN NN
o X

Al_l
al_
F
.

A
Al
FE |
Al

A
AN
Al_
F |
A

k]
&l
ol
&l
&l
]
&l
]
ol
&l
H
]
M
F
il
il
&l

H
X,
-
-
H
ol
]
-
]
H
-
H
]
-
-
]
H
-
-
X
-

MM N N MK MM
k|

MM XN N N
F i e
"!xux
H
F
H
-]
H
I,
]
]
H
-
H
H
H
!!H!l
o
oA M M

L N
N

HHIHHIH'HHHH"!
o

o

o

L

A X N M N K NN
|

g

]

o i

M

F ]

F
NN M N
o
oo N
-

o i
oo N
o M
L

N
ol
oo N
o
o i
]
o
I
I:I:HEIIHIHHIHHIH
Iﬂll A
-]

ol

k]

F ]

-

-

b |

o

-

-]

o

-]

-

o

-

F ]

-

-

-]

o

-

-]

-

-

F ]

o

-

-]
-

:x:xaxxu:xu

I!HEIHHHHHHHIII

- X

W

-

IMIEHIHHIIHI

-] -

I!leHHHHHHIHHH
X

IHHEHIHIIIHHHHHH
X
X
¥
-
IHIEHHIHIHIII
|
W
]
X

LR EEEEEE SR EESFEEEE YRS E SR R EE R E R SRR RN N NN
&
-

i’
M MW X M N

A N e

A
X
A
&
A
- |
A
&
A
&
&
A

Scale bar = 38 um

FlG. 4

A4 _d_d 4 4 4 4 4 4 4 4 4 _d_4_ 4 4 _d_d_d4_d_d

4

Al Al

4 4 4 4

d 44

4
L .

L |

4

L N

L K JEE RN K K B P |

4 4 A 4 4

o _d 4 4 4 4 4

s

o

L] 'I 'i I.l'll$
e

Sheet 4 of 5

US 11,716,894 B2

Without n~-butangl

en S
y

o

o

&
]
L ]

.l-:-:t:-"
reew

neou

!

o

- ]
I.. -l-" i

)

)

|| l.. ||
mlr
|

=
m

m
.I

S

e

2

o
maen e

S

"

ey

St
S

e .

I’I ||

o
e

] L ] L] L ] -
e m e

B

.....I...l .I-l.l ‘I
.l.l.l. |
.i.h.l.i.l.lll.l-l.l ] ‘I L}
e e e
e ettt
|

R
Eiii:i:i:i:i:lgi

.l.l.l.:.l.l.l.l.ﬂ |

|
L L R LB R I

L]

L)
] -h'.l
e

e
i
.E:E:
s

:

L] Lol N |
Kt
.
s
l'l'l'-
s
I‘i:l -
e
H
o

- |

=

=

g

|
SR
L L l.i .l.h.i
e e e e e e e e e %
.Il' | .. . .:.l.

il

na

"
I.I.I-

| II.-.
|

L]

L

|
L NE LN .:.

" ".."-"-'..'.‘ | S

L]
I.l-l.l:l || .- 'l:
L ] -:-:-:.l.: .-l "J'

HHE
l.l-l.l.l-l- ll'I'-ll
e
e e s o

s

e
|

i

o

b e
|| I:I:I:I- .h

"
e e

-"

gl

-

pn
':-'-:=:-:--'}'=:;.,
.h-.h H_u ..-...

"n

"t

L

o

l. |
.I-:-:hl L |

|

|

l-l.i.lll.i.h.l.i.l .I I-
e S
e et
||

|

||

E:::$.:.:.:.::_

"

uatet

f.-

.

LI NN N L] - L -
] ] ] ] ]

| N | A
|

e 5:_:-:_; ..'-C:._ 2 ':::E'::E:E%:i:.':: e et .é. W

LN L | -IIIII-I.l.--IIIIIIIII
.I...I I-l L l.l I-H-I A lll i .h I.l.l. e
MA NN AANNNNNNNN -
|
! | .-'

|

A

-
| l;‘l:l

g b e :E:E:E::ﬁ.

=

l-::::l:l ng

e
.-I

$I:l.l:I:I:I:I:I:l.l.l.l.l.l.l.l.l.ﬂ.l.l.ﬂ |

l.ll.-.. I. | B EAANENANEAANNARNMNN
.HI ..I.:.:..II:.IIII.H...II::: AEANAANEN

=

| | ||
|| .. l-I-l-l-I- I- llll}l.. A || I-I ’
I.II.&I.IIII | lllll.lll IIHI | E | .
e e ';E s

A

|

S 'ﬁ;g::h i

: _:,:- i

e

H A N M AN A
e
m
| |

I-l.I.I.HII-I

+. : " o= . " "
.::.. ..I...l.ht..::..::::: :::::: .... - ........::::::.:-::::: :-: | l-:-.-:-:
n 3:5-: l.al.'h'l: nn l.ﬂ ...Eﬁ%‘?ﬂlﬂ.‘ﬂﬂﬂ.ﬂlﬂ:ﬁ.ﬂ:ﬂﬁ

- =

e

.I || "

I.:.I.I.I-l-l- -l.l.ﬂll AN M l. .
: e s
o :::.:.:.:.:il:l:il:l:il:l- :l:il:il:lﬁil A E N AANN

.I .:.:.I .I.I..-I..-I-I.I-I-HHI.H HII-I-H
I. l.l.l.l.l.l.l. | LN ]

-a_.;:;:::-':.:_::. e

M N
I.I

I |
| |
.
F |
"
a
| |
| |
|| l.
T
et
.I
.I
| W |
:-'5:=
ma
=
| |

HIII.I.I.:-I.I.H.I.I

=

||
et
I.I.I k]
.I:I:H:I.I
e
||
|
ol

.I.I. :.I-

2
e

' Il.l.-.IHI.HII.I.I-l

...IIIIIIIIIIII ||
e
iy

| I.I-I..-I |

B s

e e
L) L]

|
s
S atua
| RN R
HII:I:I:I.IIIHI
I.I.I.I-
|
ma

e

e a
e
A a

e

e
S
.. -:.:.:$:$- .-
s

e

|| I.-
i

.... || I..:I.I:I.I..:I-I:I:I:l: ..-I:I:.:I-I:I:III:I:I:I:I:I:I:H '

.-I-I-I-I-I-I-I--I-l-I-I--I-I-I-I-I-I-l-I-I-I-I-I-I-I-I-I-l-l-I-I-I-I-I--I-I-I-I-I-I-I-I-I-I-I--I-I--I-I-I-I-I-I--I-I-I-I--I-I--I-I- 4 -I--l--l-l‘
e
L} I.l-l-I.H-l l-l.'-I.I-I-l-I-l-I-I-I.l-l-I-I-l-I-l l-l-lll I-'-I...l-l-il-I-'-I-l.I-l-l-l-l-l-I-l-il-I-l-l-I-l-l-I-I-IHI-IHIIH"HHIHH-IHIII-
L] -I-lll.lllllll .lllll -I-l-I.I-l-I-I:'.l.l:.I:Il-I-l-l-I-I-l-I-I-li‘..I-l-I-I-l-I-I-l-l-I:II-I:"I-l-l-I:Il;‘I-l-l;‘I:.I-l;‘?l:"I:'.l;‘I:.I:'.l;‘lwlill;‘liI
e e e e
| F M| H A A AN NN || H N EN AN AAEANEEIANAN HFEA A AAANAAANNALANRAARNAAAAAAAANARN
L] -I-l-I-I-l-I.:.I.I-I-l-I-l.H-I.I.l.lllll.lll.lllll.l .H-lllllll.llilllill l-IlI-l-I-I-I:IlI-l-IlI-l-I.H-l;‘I"I'l.lllll-lllnllﬂll-llll
L] -I-l-I-iI-l.I-I-l-I.I -I.l-il.lll.llilll -l-ilnilll-il.llllilnllilll -I-lnl.lll-I.H-l-I-iI-il I-l-ilnllil"il-il-l-il.l .l-illilllnlﬂillﬂnilllll-ill
L} -l.h-l.lllnlll -l.lll.h .i-h-l.I.I.l-l-I-l-l-I-l-lllllllnlilll-lllllnlll -I-l.l'I"-I-l-I-l-l-I-l-l-I-I"I-I-l-lllllllalnl"lnlllllnll
A A A A A A A A A A A
L] l;‘lllll.I:l l;‘:-:.lhl.l.l.l.l-l.l.ll I-l-I-l-illlll-lnllil-il'il'il"l-il l-l"iI-il"iI-iI.l-I-iI-il-iI-I-il'iIHI'lliI-I"il-l"I-l-lailnl"lailal'l'ilailnl'ilal
l-I.l:l.lh .lll.l l. .l-I.l:l.l:l I.l-l.I-l-l-illl-lnlll-lnlll-l I.l.l-iI-l-l-I-l.l-iI-l-l-I-il-iI-l.l-?l-iI-l-iI-I-I-H-H-I"l-?l-l-l-ﬂ-l-l
| | HE || || | II-IIIlIIIIIIIIllllIIlIIIIIIIIIIIIIIIIIIIIIIIIIIII
L] -l-I-l:l-l-I-l-iI-.-iI-l... l- .I...I-I l.H-I-l-I-l.l.I-l-iI-I-il-l-iI-I-l...I-?l-iI-I-l.I-il-iI-iI-il-l-iI"il-iIHiI"il.lHI-l-lllﬂil-l-l-ﬂ"l"ilﬂil-l-l-
L} -I-I-l l-I-I-l-l'I-I-I.h-:.i.:.h.i-h:l.h-I-I-I.I-l-l.lnlulnlll-lnll -il-I-l-l-I-I-il-I"'-I"lHI-I-lHI"Hll-I'I-l'I-l-l?‘l'l-lalnlal"l"l-lall
L] lI-l-I.I:Il;‘I-I.l-lllll.lll.lll.l.l.. I.l- II-I...I-l-I.l:Il-I-I-l;‘I-I-l.l-I.lHl"I-l-I-l.l-IlI-l-l"?l"lH?l"I"lH?l"IHIII"HHIHH"H"H;‘I'H"I-I'
N E NN NNNEANn | LN | || _u | A B BN EENEEENEEEEFEEELLEEEEEREEEFEEEEEEFREEFEEREELEFRERNRE]
l-I.l:Il.l.lll-lllll.l.ll:-ll:.l. . .I: I::.:hlll. l.l;‘I.I:Il;‘?llI-l;‘I-I:Il;‘l-I:Il;‘?ll?l.l;‘IlI:I?l;‘l-?l:I?l;‘ll?l:I?l;‘I"H"H;‘Ill.ﬂlﬂnﬂlﬂlﬂll-l;‘l-ﬂ'l
A E AN EMNNEN | - N N AN AAMAEAAAAAERANRIANRAAAXYAAAAANAAANXAAAAAAAN
L] -I-l-l.l -Illlllillll.:h:-llhli.l I.l.I...l.I-I-l.l-I:IlHI"I-l-llI-l;‘I-l-l;‘I-I-l-I-I-l;‘IlI:Il-IlI-l;‘I"I-?lHI"H-l?‘l-l'l-l"l"llﬂ"l-llll
I-l.iI-I-I-iI-iI-il-l-iI-il-iI-I-illl-l-il-lnl..-l.l:..l-l-l .I-I-iI-iI.il-iI-?!"il-l-iI-il-iIHiI"il-iI-iI-il-lHI-il-iI-iI"il"?l-iI"l-iI"I"l"l'l"l"l-?lﬂil"ﬂ"l"ﬂ"ﬂ"ilﬂ
I"H-I?.l-l.l.l-l.l 'I-lalll-ilnlllllllll-l-?l l-I.I-l-l-I-l-il-I-'-Ill-I"l-il-I-'-Ill-I"l-il-I"-I-l"I-I-l-I"IllHI'I"l'I"IIIHI"IHIIIIHIH'H"H"H'I"
l-I-l-l-I:Il.I-I-l-I.I:Il-I-I.lHllI-l-I-I.l-I-l:Il-I-I-l-I.I:Il;‘?llI"l;‘l-l"l"I"l.l;‘IlI:Il;‘?l-I"l-l-I:Il-IlI"lHI"I-l;‘I"I'l;‘l-l"l-lll"ﬂ"ﬂ"l"ﬂnﬂ"
L] -il-iI-I-il-l-I-I-l-I-I.l-I..-iI-iI-il-iI-..l.l-iI-il.l-iI-I"iI-iI-il-l.iI.l-I-iI-il"iI-iI-I-iIHiI-I-iI-iI-il-l.iI-il-iI-iI-il-iIHiI"il-iI-iI"il'l-illillﬂnlﬂlal-?!"ﬂ-l-ilﬂ
L} -'-I-I'I.l-l-l-l-I'l-l-il.l-'-I-l'l.l.l'I-l-l.I-l-l-I-'-I-l'I-I-l-I"-Ill-I"I-?l'l-l-l-I.l-l-l-l-l-I-l-l-I'l-l'I"I-l-I-l"l'l'l'l"l'ﬂ"l"ﬂ"ﬂ'l"ﬂ"
L] lI-l.I-l-l-I-I-l-I-I-l-l-I-l-I-I-l-I-l-l..-I-l;‘I-I-l-llI:Il-I-I-l-IlI-l;‘l-I-lHl-I-l-l-I:Il-I-l"l;‘I-I:Il;‘I-I:Il;‘l-IIIIIIIHIHI"HHIHH"IHI;‘I"
L] .I-l-I-I-l-I.I.l-I-l-l-I -l-lllll-il.l-l .l.l-l-il-l-I-il-l-I"il-iI-iI.l"iI-iI-il"iI.iI-il-iI-I-il-l-iI"il-?l-iI-il"iI-iI-il"iI-iI-I-l-illil-lnillilal"il-il"l"ﬂ"
L} -l-l-l-lllll.l.l-l'lllllll il.I-'-I-l-I.l-il-I-l-l-I-l-il-iI"'-I"l'I-l-il-I"'-IllHI-l-l'I"-I-l'I"I-l'l'I-lHI"I-l-I'Ill'I'l-lnlllulalnlnlalnl-l?‘l"
AN ENHNA Il. MAANMNAANENAAAENANRNAANNANNANANAANANANAANAEAENAANAAAAMNAANNENAMNAAAANANA
l'l'l.lalll.l -h l.l'l-l'l-l.ll I-I-l-I-I-l'I-I-l"I-I-l-?l-I-l"I-I-?l'l"I"lHI-I"lHI-I"l"I-I-l'I-I-l'l"I"l'I-l"lnlllalnlﬂlllallllﬂaﬂﬂl
HANAA NN HE A AAA A AdAAAAAAAANRAAAAMAEAMAMNAAAAAAAAAAAAAAARLIAAAAAAAAMNAAMNMN
L} -l.lll.h-h.l- -I-h- -I-I-l-I'I-l-il'iI-'-I-l'I-l"il-I-l-l'I'l-I-I-lllHI-I"lHiI"'-'l"?l'?l"I"IH?l-IllHI"I-lHI'I"l-I"I-l-I-l"ﬂ"l'l'l'l"l-lalnlnlaﬂl
-I-lll..-l.l.:-lll I-l-l-I-l-?l-I"?lHIll.l-I"I"l-I-I:Il-I-I.l-I-I-l-?l"I"lHI"I"lHI-I:Il;‘l-?l"lHI-l"l;‘IlI"l-IlI:Il-I"l"lllllul;‘l-l'l-l"l'l-ﬂ"
-I-iI-I-l-iI.H.H.l-I-I-iI-I-il-iI-iI-l"iIHiI-l-l-iI-il-l-I-il-l-I-I-iI-I-il-iI-I-?l-iI"I-il-iI-iI"?l-iI-iI"il"iI-?l"l-iIHiI"il-iIHI.l-iIH?l-?l-lnilﬂl-?l-illﬂll-ﬂ-l-l-il-
L} 'l.l.l-I-I-I-l .l-l-l-I-I-il-I"-I"l'I'I-l-I-l.l'I-I-I-I-'-I"l'I-l-lHI-l-I-I"I-l-I"l"lHI"H"lHI'l"lHI'I"lHI-l"l-?l'I"lnlnlllnlnlnlalll-laln
L] -I.l-I-I-l-I-I-I;‘llI-l-l-I-l;‘IlI:Il-Ill"I-I-I-l.I-I-l-l.I-l;‘IlI-l;‘I-I:Il-IlI-?lHIl?d:I?l;‘llI"l;‘I"I:IlHI"I:Il;‘I"?l:IlHI"I-l?‘l"ﬂ'l"lll"l;‘l"l"l"ﬂ"
L] :H- :iI:l:l:I:l:iI:iI:il:l:il:il:l:l:il:il:il:l:l:l: -l- -I:iI:I:l:iI:iI-I:I:I:il:iI:iI:il:iI:iI:il:iI:iI:l:iI:iI:il:iI:iI:il:iI:iI:il:iI:iI:il:il:il:il:il:il:il:il:il:ﬂ:il:il:l
| AR EIAAAAANANNALARNAEEAANEEEEEAANN AAdAAAAAAMdAAAAAAANNAAAAAAAAANANAANMNAA
L] .l-:-I-I-l..-I-l-l-I-l-I-l-lHI-I-l-I-I-l-I-I-l-I-I..-I-I-l;‘IlI-l-llI"?lHllI:IlHI"I-l;‘I-I-l;‘I-I:Il;‘l"I:IlHl"I"lHIll"lllllnl-llﬂllllnlulllnl
NN M A N E N AN ANAMNNANNN NN | A A A A MMM MM N ANA MM NN AN NN NN NN AN MMNMN
l-l.I.:.I:l:Il.I-I-l-lllll;‘llﬂll"lllll"lllll. .:.l...-.l.I.l:Il;‘IlI-l-IlI:I?l;‘?l-?l:Il;‘?ll?l"?l;‘Illxl;‘IlI"?l;‘l.I:Il.llI"lll'l'ﬂ"ﬂ'l'ﬂ"l"l'ﬂ"ﬂ'ﬂ'ﬂ
T e
'l-lnll l.I-l-I-I-l-I-l-l'I-I-l'I-I-l-l-I-l'I-l-l'I.I-l-lll.l'l.lll'?l-?l-l'ﬂ- ““““““““ AR R R R R R ¥ xl
. l-ilhl-l:H-l-iI-I'l.l.I.il-iI-iI'illl-I'l-iI-l-l-l-?l'l.l-I'il-lnlll-lallllﬂalxﬂaﬂalal | YL YO YT YO WO YO Y PO YO YW O PN YO DO P PO PN W PN "H-
ettt ettt ettt ot ettt sttt ettt ettt otat ety ettt
F 4 ¥ 4 ¥ F F 4 -, & & 4 ¥ ¥ ¥ &+ , 4 & &+ &+ &+ 4 4 F - -I-I--I--I- &+ -I-I-I &+ 'n -, & _F & - 4
e
K l;‘Ill-l;‘IlI-l.I.H"l.I-H-l;‘?l"H-iIHiIll-l;‘?l"H"iIHIll-l;‘l.l-iI;‘I.'-I-l;‘ll"H-iIHI.:"?l;‘?llH-?l;‘IlI-l;‘?lll-l;‘?l.H-?l;‘?llH-?lH?l-H"llﬂ.ﬂnﬂlﬂnﬂlﬂnﬂxﬂlﬂxﬂlﬂnﬂ
MM M MMM A NAANANA A A AN AAANAAMAAANANAAAA AN A A N AN A A A N A A A A N AN N A NN A A A AN N AN
™. ?lH?l-l-H-I.H-?l-illil-?l-l-ﬂ-l"illﬂ l-iI"l-iI-I-?l"l-?l-?l-iIHI-?l-?l-I"l.iI-iI-l-?l-?l-?lx?l-?l-l.l-?l-?l"?l-I"il"l-?l-?l!?lH?l-?l-?l-?lx?l-iI-H"l!?l-ﬂxﬂll-ﬂ"ﬂxﬂxﬂlﬂlﬂn
- -l-l-I-?l-lH?l"I"lH?l-I-l'?l-?l-lHI-I"l'I"I"lHI-?l-I-l"I-lH?l"?d"lHI"I"lHl-I-?dH?l"I-lHI-?l"?lH?l"I-l'I"I-l'?l-I-lHl"?l"lHIx?lHIHI-I"HHH"I"H'I"I"H'I"H
- '?l-iIHiI-I"iIHiI-il.iI'?l"il"iIHI"il"iIHI.il"iI-iI"?!"iI'?l"il-i!HiI'?l"?lH?!-il"iI-iI"il"iIHiI"il-iI-iI"il"i!'iI"il"iIH?l"ilxiIH?l"il"i!xiI"il"iIHiI"il'i!HiI-?!IIHI"IHIHII"H"HH!"IIIH!"I
- H-H-l-H-I-H-H'I-l-H'H"H-H'I-il-l'I-il"l'H-l.l.I-H"l'Hxil-l'I-H"H'Hxil-H'I"H"HHI"il-l-H"H"H'HxlxlHH-H"HHHxH-H'I-l:H'I"H"l‘ﬂlil"ﬂ"l-l"l"ﬂ-ﬂ"ﬂ"
T l'iI'lll'?l.l.lHI"-'lll'?l'H-iI'I'll?l'I.H-iI'iI"-Il?l'?l'H-il'I"-'l!?l'I'H-l-IxH"?l'I"Hx?l'?l"Hl?l'I.H-laﬂlﬂlﬂaﬂaﬂlﬂxﬂllxﬂaﬂlﬂ il-H.H-l'?l'ﬂ-l'ﬂ'ﬂlﬂ"ﬂlﬂlﬂn
- -il"iIHiI'?l-iIH?l"il-iI-l-I-iIHiI"il"l-I'il-l'iI-il'?l'I"?l"iI'iI'il"l-I"il"iI'I'il"?l-iI"?l"iIH?l-?lll-iI"l"iI"iI'l"?l'iI"?l"iIH?l'?l-lH?l-?l-?lH?l"ilIIHH"HHIHII"I'IH!"H"HH!'I
- H'H-lHl'I-H-H!I-il.l'H-H-l'H-l-H'H"I-l'H-il-l'H-l"l'I-l.H'H-HxlHH-il-H'HxH-H-I-H"H'H-l-H'I-il.l'H-H"l.I-H-H'H-l"l-I-H"H'H-il-ﬂ'ﬂ-ﬂ"l'l-ﬂ"l"
- l'l'l'ﬂ'l'l‘l'l'ﬂ' I-lHI-I-l'l"I"l'I"?l-?l-I-I"l'?l"I-l-I-I-l'I"I-I-I"I"lH?l"I-lHI-I"l'?l-I-?dH?l-l"l'I"I"lHI-I"?dH?d"I.lﬂﬂ.!ﬂlﬂlﬂlﬂlﬂlﬂlﬂﬂnxﬂ
.. l;‘IlI:IH;‘I.I:Il;‘l-?l:I:-IlI.l;‘Il?l:I?l;‘Il?l:IlH?llI-?l;‘?l"I:I?l;‘?llI.?l;‘?ll?l:Il.ll?l"?l;‘I.?l:I?ll?llI!?l;‘Ix?l:Il.H"I"?l;‘l"I:I?l;‘?llI"?l;‘IlI"?lxHlﬂlﬂlﬂxﬂlﬂxﬂnlxﬂlﬂllnﬂx
- "'-I-I-I-l-il;‘Il'-I"l-I.:-il"I-'-I-l"IlI-il-Il'-I-lHIlI-l;‘iIll-l-I-l-lHI"'-I-l-IHI-l-?l"l-?lH?lHl-lHI"l"lHIlI"?lHI"l-l;‘I-H-?l;‘I"l"l;‘l"ﬂ"l;‘l"l"ﬂ"l-l"xnﬂll
T l.lll.l'?l'l-ﬂ'l'ﬂlﬂ ?l-H.l'I-'-Ill'I'H-il-iI'll?l'I'l-iI'I"-Ill'I"H"ilHI.l.?l'I'l-lxiI"-'lll'?l"H-?l'I'Ill'?l'H"l!x?l'H.?l'I'Hx?l!Hxﬂllalxﬂlﬂxﬂlﬂlﬂnﬂlﬂxﬂa
.. H;‘Il?l:.l;‘I-l-l;‘Il?l"?l;‘llI-?lHl"H:Il.Ill"HH?ll?l:Il;‘l"IxH;‘I"?l:Il;‘llI"lx?l-l"?lHIl?l:I?lH?llI"l-?llI"l;‘?l"?l:Il.Il?lx?lHIl?l:Il-Hl?l"?lxﬂ'ﬂ"ﬂ"ﬂ"ﬂ"ﬂ“ﬂ”ﬂ'ﬂ"ﬂ'ﬂ‘l
- lHH-l-l'I-H-l'I"H-I'I-H-l'H-il:l'HxH-HxH-H-l'H-H-l-I-H"H'H-l-l'H-HxH'I"H-H'H-H"H'I.H-lxH"H-HHH-l-HxI-H-H'H-H!HHH-H-Hxﬂxﬂllnﬂlﬂlﬂaﬂxﬂal'
T l'?l-l.l-?l'llﬂnﬂlﬂll'l'llﬂaﬂlﬂ l'?l"l-il'iI"-'l"l'?l'l"iIHI"-Il?l'I'H"?lHiI"-'lllHll'I.?l!?l"-'lllH?l-I-?l'I!Hl?l-I'l"?l'?l'H-l.?l"Hx?lxH'H"l"ﬂ'l'l"ﬂxﬂnﬂxﬂ?‘ﬂ"ﬂ"
- 'il.iI'iI"il-iIHiI"il"iI'l"il"iIHiI'l-iIHiI"il'H-iI-?!"?l'iI'illiI'?l"il"iI'iI-il"iIHiI"?!"iIH?l"il"iIHiI'il.iI'I"?l"?l"iI"il"iIHiI"?l"iI'iI"il'iIHiI"l'iIH?!Hilxlﬂ!.lﬂlﬁlﬂ#ﬂﬂﬁlﬂﬂﬂ!ﬂlﬂl
™. H-?l-l-H-I-l-iI-ll"il!H.iI"?l-?l-?l-?l-?lxiI-?l-l-?lx?lxiI-l-il-l-iI-l-iIH?l-il"?lHI-?l-?l-I-?l-i!HiI.H-?lHiIIH"l-?lx?l-?lH?l"?l-?l-?l"?l-lHiI-?lx?lxHﬂﬂlﬂnﬂllaﬂnﬂlxaﬂnlﬂﬂnl-
- "l"l-I"I-?l-I-I"lH?l"I"l'I-I"lH!"I-lHI-I"?l'I"I"?l'l-?l-l-I"l-lH?l-I"lHl"I"?dHl"?d"lH?d"I"lHI-I"?lH?l"I"lH?l"?d"?d'?d"?l"lHI-?lIIII"I"H-I"IHIIH"IIIHH"I
- 'il-l"iI"?l"iI-iI-il"iIH?l"?!"l'I"?l"?l"iI"?l"?l'?l'il"i!HiI-?l"iIHiI-?l"?l'?l-il"iI'iI"l"?lHiI"?l"?l'?l"ill?lHiI-?l"il-?!"il"iIH?l"il"iI'?!"il"iIH?l'?l"?lH?l"l'HHII"H"HHH"I"H"H"HHIIHH"I
- l.I-il-lHI-l-HHH-il-HxH-I-H'H"H-H'I-l-H'H-l-H'H"il-l-H"l-H'I-H-H!I"lxH'H"H-H'H-H-H'H-H-HHH-l!l'I-H-l'H-H-l'H-H"HxHlﬂxﬂnﬂxﬂllxﬂlﬂaﬂxﬂxﬂxﬂl
- -l"lHI-I"lHI"I-lHl-I"l'I-l-l'I-I-lHI-I-l-l"I-lHl-I-l'I"l"lH?l"I-lHI"I"l'I-I-?lHI"?l-l'?l"?d"l"I-I"lHI"?l-?l-?l"?l-l-I"H"HHH"I"H'IEIH}I"H"HHH-H
.. lH?llI:I?l;‘?lx?l"l;‘IlI"l;‘IlI:I?l.llI:I?l;‘?l.I-ll?lll:I?l;‘Ix?l:I?l;‘Hl?l:Il;‘l.?l:I?l;‘Il?l"Hl?l"I:Il;‘?llI:I?lHIl?lx?lHll?l:I?l;‘?l"?l:I?lH?llﬂlﬂnﬂlﬂxlnﬂnllﬂxﬂxﬂnﬂxx HIHHH"IHI;‘
- l'I-l-l'HxH-lHH-H-l-I-il-l'I-il-HHI-il-l'I-H"H!H-il"l'I-il-l.I-H-l'I"H-HxH-H-l'H-H-H-I.H-lHI"H-HHH-H"HHI"H-lHH-H"HHHﬂllﬂnlaﬂxﬂlllﬂlﬂaﬂlﬂxﬂl
- -l-lHI-I-I-I-?l"l'l-I-l-I-l"l'I"I-?l'I-l-l'I-I-lHl-I-lH?l"l-lxI"I"lH?l"?l"?lHl"I"lH?l"I-lHI"I"?lH?l"I-?dH?l-I"l'l"I"lH?ﬂ"?lHIHI"I"HHI"I"HHH"I-H'IEH
- "il'iIHiI'l"iI'iI"il'iI"iI'l"iIHiI'l'lHiI'I-iI'iI"il-?lHiI"il-?l'iI"il"iIHiI"il'lH?l'?l"iIHiI'l"iIHiI"illiIHiI"il"?lH?l"?l"i!-iI"?l"iI-I"il"i!Hil"?!"iIH?!"?!"HHH-I"HHII-I"H"H"IHH'H"I
- I-lHI"'-I"l"I-l-l-I"l-l.IlH"l-I"l-lHI-I-I-l-l"ilHIHH-l;‘I"H"iIHiIHI"I"I-l"l-I"I"l-l"l"lHI"I-lH?lll"lnIlI"IHI"l-?lx?l"I"HHIHIHHHIIIHIHHHH"HHI"H
- -l"l-I-I"l'I"I-lHl-?l-l-I"l-lHI-I"lHI-?l"lHI-?l"lH?l"I"l-I-l-I-!"I-lHI"I-l'I-?lx?dHI"?l-lHI"I-?l'?d"?d-lHI"I-?lHl-?l"?d'?l-l"HHH"HHIHH"H"HHH"H"H'H-I
- "l"il H-il"iIHiI"?l'iI'I"il-iIHiI"il"iI-iI"il"?l-iI"il"iI"iI-il"i!HiI"?!"?lHiI'il"?lHl'il"iI'iI"il-?lH?l'?l"?l'?!"il'i!HiI'illiI-iI"il"iI-iI"il"?lH?l"?l"i!H?!"il"?l"l'llﬂaﬂaﬂx!x!xﬂ"l"!"l
™. l'l"?l iI-llx?l-?l-I.il-l-?l-?l-?lHI-H-l-I-il-l-iI-lx?lH?l-l"iIH?l-il-iI-ll-il-lHiI-l-iI-?l"?lx?lH?lxl"iI.ll"?lx?l-?l-?l-?lH?l-H-?lHI-?l-iIH?l"?lx?l-?lxﬂ"?!!?!"ﬂ"l"ﬂ-ﬂ-ﬂxﬂ"ﬂxﬂn
- -l"lHI"?l"?lHI-I-l-l"I-lHI"l"l'I"I-?lHI"?l-l'?l"I"lH?l-I"?lHI-l-l-I-I"l'I"I-lxl"?l-lHI-I"lHI"?d"?dH?dxI"lH?l-I"?lHl"I"?lHI-?dxlﬂlﬂ!ﬂ#ﬂlﬂlﬂxﬂ?ﬂﬂﬂﬂ?ﬂﬂﬂlﬂ
.. l;‘I.?lHHH?llI"?l;‘I:?l"?l;‘IlI:IlHIl?l:Il;‘HlI"l;‘l"I:I?l;‘?l"?l"lHIl?l:IlH?ll?l:I?l;‘IlH:Ilx?llI"l;‘?ll?l"lH?l"?l"?lx?ll?l:I?lH?ll?lx?lH?ll?l"l;‘?llI:I?lxHxﬂllxﬂxﬂxﬂnﬂxﬂnﬂxﬂlﬂxﬂl
™. l-?l-l-l-ﬂ-ﬂ-ﬂ-l ?lx?l-I.l-iI-?l"il-iI!?l-H-iI-I-l"iIH?l"?l-l.ll"?l-?l-?l-l-?lH?l-l-?l-ll"H-?lH?l-?lx?lx?l"il-?lH?l-?l-?l-?lx?l-iIH?l"il"?lHiI"?l!?l-Hxﬂaﬂnﬂxﬂxﬂnﬂxﬂxﬂnﬂxﬂll-
- "l"l'I-I-l-I"I-lHl-?l"l'?l"l"l-I-I"l'I-I"lH?l-I"?l'l"I"?lHI"?l-I-?l-I"lH?l"?l"?lH?l-I"?dH?l"?lxl'?l"?l"?l-?l-?d"lHI-I-l'l-I"?lH?ﬂ"?d"HHI-HHIHH"HHIHI-HHEIH-H
- 'il"lHH-l'iI'iI"il"iI.?l'I.iIHiI"il-iI"I"il"?lHiI'il"?lH?l'il"iIHiI"?l"iI.I"il"iI"iI-il"?l'?l"?l'iIH?l"il"?lH?!"il"i!HiI'I-iIHiI"il'HHil"il"iI'iI-il-i!'?l"?!"HHII'H"IHH"IHIIHII"H"I'!"I
r l'I-H-l.H-il-H'I-l-H'H"l-l'H-H-l'I-l"l'I"l-H'I"l"l'H-H-HHH-H"l'I-l-HHH-HxHHI"H"l'H-HxH'H"H-HHI-HxH'H-I-H'I"il"l'Hlﬂlﬂnﬂlilxl"l"ﬂ"!'l"ﬂxl'
- -l"l'I-I"lHI"I"lHl"I-lHI-I"l'I.I"lHl-?l-l'I"I-l'l"I-?lH?d"l-?l'I"I-lH?l"?l"?lHl"?l"lHI"?l-lH?l-?d"?lH?l"IxlH?l"?d"?dH!"?l-?dHI-?d"H'I"H"HHH"H?EH'H"H"HRI"H
R
.. l;‘?ll?l:I?lH?lH?l:Ii'l;‘?ll?l"?l-?ll?l:Il'?llI-H;‘?l.I:Il'lx?l:Il.?l"H:I?l'?ﬂl?l"H'llﬂll;‘ﬂ"ﬂ"ﬂ"ﬂlﬂ'ﬂ;‘llﬂ .-I 4 4 4 4 4 4 4 4 4 4 1 4 4 4 4 4 4 3 4 4 3 4 4 314 i!"?!
b A A XA MM EAANAAAAAEAANAMNEMNMAMAMNMAMEAAMNMNNANAN F
o oo S e Sl

]
TR EEREEEE SR E RS E SRR RS E RN E RN E RN R RN RN NN

T E R R EREES SRR RS RE R R RN R EEE SRR NEN]
O N M N N N N N N N N N N N N NN NN MNK NN NN NN N NN
MO N oM N M N N M oM N N N NN N N NN NN NN NN NN NN N NN
R EEREFE RS ER SRR E SRR RS E SR E N R NN RN
RN EREREESNES SRS E RS R R R E N RSN E N NN

Iii!HHHIHIIHHHHi!HHHIIIIIIHIIIIIIIIHHIIHIIHH
x
Hxi!HHHIIIHHHHIi!HHIIHHIHHHHIIHIIHIHHHIIIIHH

:'!xlHHxI!?!lHxlxllHxl!llHxlxlIHxI!llHiI!llH!lallHxl!llH!l!Hxiiﬂxlxixlnliiilalliil! a
:!xlxIiIilxI!IxlIIii!HlxIIIxlxHiIxHxHiIiliI!i!xlxHxi!xl:Ixlﬂliixlxlxlixililililil ]
leillﬂllli!l!llIIHHIIIHIIIIHIIIIIMIIIIIIII
:'!xlxHx?!xlxHII!?!lH!lxlxHxlx?!lH!l!lxH!IxllHxlxlxHxlx?!lHxlHlxiilalxirliliﬂil!?diiila -
:!ilxIxi!x:!xHxIxHxHiIilxHxIilxIii!xl:IiIHlxIxi!xlxIxIil:Iililiiililxlilalilxlilai ]
HxlﬂlllllﬂllillHIIIIIIIIHIIIIIIIHIHHIIIIII
l!lxHxlxlxHxl!:'!xHxIxllHx?!alxHxl!lxHxl!llHxlxlIH!?!HIIHIlxllHHIHIIHII!RIHEIHIIHHIHII
lHx?!!?!xH!lx?!xH!?!!?!xHx?!xHIHx:'!!?!xHxIx:'!xH!l!?!lH!?!!?!lHxl!llH!l!Hlﬂxﬂiﬂlirlxllixl!?!lirl
TR R ERE SRS EEEE SR E R R F R R R ERE R E R R R R R R E RN RN

M
|
Ml
M
|
Ml
M
|
|
M
|
|
M
|
|
|
|
A
M
|
|
|
|
Ml
o
|
Ml
|
]
Ml
M
|
|
™

R EEEE R SRS SRR E R SRR R EEENE SRR RN N
IHIEHIHHIIHIIHIIHIHHIIHIIHHIHIHHIIHI
R EENE B ERE R EEEEEREFREE R EEER NN NN N
L E N EEEEEEFEEEEESERE SRR RS EE R SRR RN N
Rx?d!#?dlil?dilli?dIHHIHIIHIRHIIHHHHIIHI
LN R R EREE AR RS EEEE SRR EEEEN RN ENEEER N
e R RN EFEREFFEFEEEEEFEFEEEREEREE N E NN N

X
-
X
X
X
F
X
&
X
-
&

lex
-

Hi:'dx

-
I

a oM
HH:H
oo
3

A
ilix
L ]
-

Ao
xxxx
Mo

I



U.S. Patent Aug. 1, 2023 Sheet 5 of 5 US 11,716,894 B2

u m e m
O
Dl

E

Normahized PCE

{ —g— NIR-PSC-without n-butanol (Comp. Ex 3)
~g- NIR-PSC-with 10 vol% butanol (Ex 3)

-y
SR

0.54 ] ‘ | 1 ' 1 ' t. = i
() 50 HOO 150 200
Time (ar)

FIG. S



US 11,716,894 B2

1

METHOD FOR PREPARING PEROVSKITE
SOLAR CELL

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of filing date of U.S.
Provisional Application Ser. No. 63/055,404, filed Jul. 23,

2020 under 35 USC § 119(e)(1).

BACKGROUND

1. Field

The present mnvention relates to a method for preparing a
perovskite solar cell (PSC).

2. Description of Related Art

In recent years, with the advancement of technology, the
power conversion efhiciency (PCE) of perovskite solar cells
has increased significantly from 3.8% to 22.1% in seven
years, compared with the traditional polycrystalline silicon
solar cells having only slow progress in decades. The
perovskite solar cells further have the characteristics of low
cost, easy manufacturing, light weight, and flexibility, so
they are considered as the solar cells with great potential.

However, the conventional preparation method using
toxic solvents and the spin coating process 1s only suitable
for manufacturing small-area perovskite solar cells. Since
the conventional preparation method 1s difficult to produce
large-area perovskite solar cells with nano-scale thin films,
the application field of the perovskite solar cells 1s limited.

Therefore, 1t 1s desirable to provide a method for prepar-
ing a perovskite solar cell and, 1n particular a method for
preparing a large-area perovskite solar cell in ambient air to
mitigate or obviate the afore-mentioned problems.

SUMMARY

The present invention provides a method for preparing a
perovskite solar cell and a perovskite solar cell prepared by
the same, wherein the perovskite solar cell 1s prepared by
using a solution comprising nontoxic solvents through the
slot-die coating process. Thus, 1t 1s possible to prepare the
perovskite solar cell with large area 1n ambient air, so the
application field of the perovskite solar cell can further be
extended.

The method for preparing the perovskite solar cell of the
present mnvention comprises the following steps: providing a
first electrode; forming an active layer on the first electrode;
and forming a second electrode on the active layer. Herein,
the active layer 1s prepared by the following steps: mixing a
perovskite precursor with a solvent mixture to form a
precursor solution, wherein the solvent mixture comprises a
first solvent and a second solvent, the first solvent 1s selected
from the group consisting of y-butyrolactone (GBL), dim-
cthyl sulfoxide (DMSQ), 2-methylpyrazine (2-MP), dimeth-
ylformamide (DMF), 1-methyl-2-pyrrolidone (NMP), dim-
cthylacetamide (DMACc) and a combination thereof, and the
second solvent 1s an alcohol; and coating the first electrode
with the precursor solution and heating the precursor solu-
tion to form the active layer.

In the method for preparing the perovskate solar cell of the
present mvention, a hole transport layer may be formed on
the first electrode before forming the active layer, but the
present invention 1s not limited thereto. In addition, an
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2

clectron transport layer may be formed on the active layer
before forming the second electrode, and the electron trans-
port layer comprises a bottom layer and a work function
layer; but the present invention 1s not limited thereto.

Hence, the perovskite solar cell prepared by the method of
the present invention comprises: a {irst electrode; an active
layer disposed on the first electrode, wherein the active layer
comprises perovskite; a second electrode disposed on the
active layer, wherein the second electrode 1s opposite to the
first electrode. In addition, the perovskite solar cell of the
present invention may further comprise: a hole transport
layer disposed between the first electrode and the active
layer. Furthermore, the perovskite solar cell of the present
invention may further comprise: an electron transport layer
disposed between the active layer and the second electrode.

In the method for preparing the perovskite solar cell of the
present 1invention, the precursor solution may be heated by
a hot plate or near-infrared irradiation heating, but the
present invention 1s not limited thereto. Preferably, the
precursor solution 1s heated by near-infrared irradiation
heating.

In the method for preparing the perovskite solar cell of the
present mvention, the first solvent may comprise a mixture
of y-butyrolactone and dimethyl sulfoxide, but the present
invention 1s not limited thereto.

In the method for preparing the perovskite solar cell of the
present 1nvention, a volume ratio of y-butyrolactone to
dimethyl sulfoxide may be ranged from 0:1 to 1:0, 1:9 to 9:1,
1:9 to 7:3 or 1:9 to 5:5, but the present invention 1s not
limited thereto.

In the method for preparing the perovskite solar cell of the
present invention, a volume ratio of the first solvent to the
second solvent may be ranged from 3:5 to 9:1, 6:4 t0 9:1, 7:3
to 9:1 or 8:2 to 9:1, but the present invention 1s not limited
thereto.

In the method for preparing the perovskite solar cell of the
present invention, the alcohol may be selected from the
group consisting ol methanol, ethanol, propanol, butanol,
pentanol, hexanol and a combination thereof, but the present
invention 1s not limited thereto. In addition, the alcohol may
be n-butanol, but the present invention 1s not limited thereto.

In the method for preparing the perovskite solar cell of the
present invention, the time or the temperature for heating the
precursor layer 1s not particularly limited, and may be
adjusted according to the material or the thickness of the
active layer, as long as the perovskite in the active layer has
desired crystallinity and uniformity, and the obtained per-
ovskite solar cell has desired photoelectric efliciency. The
time for heating the precursor layer may be ranged from 5
seconds to 30 seconds, 7 seconds to 30 seconds, 10 seconds
to 25 seconds or 10 seconds to 20 seconds. In addition, the
temperature for heating the precursor layer may be ranged
from 100° C. to 200° C., 110° C. to 200° C., 120° C. to 200°
C. or 140° C. to 200° C.

In the method for preparing the perovskite solar cell and
the perovskite solar cell prepared by the same of the present
invention, a material of the bottom layer may comprise a
fullerene dernivative, but the present invention 1s not limited
thereto.

In the method for preparing the perovskite solar cell and
the perovskite solar cell prepared by the same of the present
invention, a material of the work function layer may com-
prise tetraalkylammonium hydroxide, but the present inven-
tion 1s not limited thereto. In addition, the alkyl in the
tetraalkylammonium hydroxide may be C,-C. alkyl.
Examples of the tetraalkylammomum hydroxide may be
tetramethylammonium hydroxide (IMAOH), tetracthylam-
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monium hydroxide, tetrapropylammonium hydroxide, tetra-
butylammonium hydroxide (TBAOH), tetrapentylammo-
nium hydroxide or tetrahexylammonium hydroxide.
Preferably, the tetraalkylammonium hydroxide i1s tetraeth-
ylammomum hydroxide, tetrapropylammonium hydroxide,
tetrabutylammonium hydroxide or tetrapentylammonium
hydroxide. More preferably, the tetraalkylammonium
hydroxide 1s tetrapropylammonium hydroxide or tetrabuty-
lammonium hydroxide. Most preferably, the tetraalkylam-
monium hydroxide 1s tetrabutylammonium hydroxide.
However, the present invention 1s not limited thereto.

In the method for preparing the perovskite solar cell and
the perovskite solar cell prepared by the same of the present
invention, a material of the second electrode may comprise
Au, Ag, Cu, Al, Pd, N1, ITO, F1O, ATO, AZO, 170, GZO,
ITZ0, 1IGZ0O or a combination thereof. Preferably, the
material of the second electrode comprises Au, Ag, Cu, Al,
Pd, ITO, FTO, AZO, 170, GZ0O, ITZ0, IGZO or a combi-
nation thereof. More preferably, the matenial of the second
clectrode comprises Au, Ag, Cu, ITO, FTO, GZ0O, ITZ0,
IGZ0O or a combination thereof. Most preferably, the mate-
rial of the second electrode comprises Ag, I'TO, FTO or a
combination thereol. However, the present invention 1s not
limited thereto.

In the method for preparing the perovskate solar cell of the
present mvention, the precursor solution may be applied
onto the first electrode through a slot-die coating process,
but the present invention 1s not limited thereto.

Other novel features of the disclosure will become more
apparent from the following detailed description when taken
in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a perspective view of a perovskite solar cell.

FIG. 2 shows current density vs. voltage (J-V) curves of
perovskite solar cells prepared at different near-inifrared
irradiation time according to Comparative Embodiments 1
to 5 of the present invention.

FIG. 3 shows current density vs. voltage (J-V) curves of
perovskite solar cells prepared at different near-infrared
irradiation time according to Embodiments 1 to 5 of the
present mvention.

FIG. 4 shows SEM photos of active layers prepared at
different near-infrared 1rradiation time according to Testing
Example of the present invention.

FIG. § 1s a diagram showing the normalized power
conversion efliciencies of perovskite solar cells at different
storage time according to Testing Example of the present
invention.

DETAILED DESCRIPTION OF EMBODIMENT

Different embodiments of the present invention are pro-
vided 1n the following description. These embodiments are
meant to explain the technical content of the present inven-
tion, but not meant to limit the scope of the present inven-
tion. A feature described 1n an embodiment may be applied
to other embodiments by suitable modification, substitution,
combination, or separation.

It should be noted that, in the present specification, when
a component 1s described to have an element, 1t means that
the component may have one or more of the elements, and
it does not mean that the component has only one of the
clement, except otherwise specified.

Moreover, in the present specification, the ordinal num-
bers, such as “first” or “second”, are used to distinguish a
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plurality of elements having the same name, and it does not
mean that there 1s essentially a level, a rank, an executing
order, or a manufacturing order among the elements, except
otherwise specified. A “first” element and a “second” ele-
ment may exist together 1n the same component, or alter-
natively, they may exist in different components, respec-
tively. The existence of an element described by a greater
ordinal number does not essentially means the existent of
another element described by a smaller ordinal number.

Moreover, 1n the present specification, the terms, such as
“top”, “bottom”, “left”, “nght”, “front”, *“back”, or
“middle”, as well as the terms, such as “on”, “above”,
“under”, “below”, or “between”, are used to describe the
relative positions among a plurality of elements, and the
described relative positions may be interpreted to include
their translation, rotation, or reflection.

Moreover, 1n the present specification, when an element 1s
described to be arranged “on” another element, 1t does not
essentially mean that the elements contact the other element,
except otherwise specified. Such interpretation 1s applied to
other cases similar to the case of “on”.

Moreover, 1n the present specification, the terms, such as
“preferably” or “advantageously”, are used to describe an
optional or additional element or feature, and 1n other words,
the element or the feature 1s not an essential element, and
may be 1gnored 1in some embodiments.

Structure of Perovskite Solar Cell

FIG. 1 1s a perspective view of a perovskite solar cell.

As shown 1 FIG. 1, the perovskite solar cell 1 prepared
by the method for preparing the perovskite solar cell of the
present mvention comprises a first electrode 10, a second
clectrode 20, a hole transport layer 30, an active layer 40 and
an electron transport layer 50. Herein, the active layer 40 1s
disposed on the first electrode 10 and comprises perovskite.
The second electrode 20 1s disposed on the active layer 40,
and the second electrode 20 1s opposite to the first electrode
10. The hole transport layer 30 1s disposed between the first
clectrode 10 and the active layer 40. The electron transport
layer 50 comprises a bottom layer 31 and a work function
layer 52, and the electron transport layer 50 1s disposed
between the active layer 40 and the second electrode 20.
Method for Preparing Perovskite Solar Cell

The method for preparing the perovskite solar cell of the
present invention comprises the following steps: providing a
first electrode 10; forming an active layer 40 on the first
clectrode 10; and forming a second electrode 20 on the
active layer 40. Herein, the active layer 40 1s prepared by the
following steps: mixing a perovskite precursor and a solvent
to form a precursor solution, wherein the solvent comprises
a first solvent and a second solvent, the first solvent i1s
selected from the group consisting of y-butyrolactone, dim-
cthyl sulfoxide, 2-methylpyrazine, dimethylformamide,
1 -methyl-2-pyrrolidone, dimethylacetamide and a combina-
tion thereof, and the second solvent 1s an alcohol; and
coating the first electrode 10 with the precursor solution and
heating the precursor solution to form the active layer 40. In
addition, a hole transport layer 30 1s formed on the first
clectrode 10 before forming the active layer 40. Moreover,
an electron transport layer 50 1s formed on the active layer
40 before forming the second electrode 20, wherein the
clectron transport layer 50 comprises a bottom layer 51 and
a work function layer 52.

Preparation of Perovskite Solar Cell

A FTO glass (1.e. the first electrode 10) was cleaned by
sequential sonication in acetone, methanol and 1sopropanol.
The thickness of FTO 1s 600 nm. In ambient air, 74.6 mg of
nickel acetate tetrahydrate (N1{CH,COO),.4H,O) was dis-
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solved 1n 1 mL of anhydrous ethanol. The solution was then
stirred at 60° C. until 1t became a transparent green solution.

After adding 18 uL of ethanolamine, 1 mL of N10O, precursor
solution was mixed with 200 uLL of TMAOH solution, which
contains 34 mg of tetramethylammonium hydroxide penta-
hydrate (TMAOH.5H,O) 1n 1 mL of anhydrous ethanol.
Then, the solution was filtered with 0.22 um poly(1,1,2,2-
tetrafluoroethylene) (PTFE) before using them. The solution
was controlled at the coating speed of 1 m/min and the
teeding rate of 1.2 mL/min to apply onto the cleaned FTO
glass by the slot-die coating process 1 ambient air (the
height of the upstream and downstream lips was 1n the range
of 180-200 um for the slot-die head). Then, the dry and
crystalline film of N1O_ was obtained by passing through the
3 kKW near-infrared lamp (NIR) at the speed of 0.06 m/min.
Thus, the hole transport layer 30 was formed on the first
clectrode 10, and the thickness of the hole transport layer 30
was 50 nm.

Then, 1n an N, glove box, 96 mg of methylammonium
iodide (MAI) and 276 mg of lead i1odide (Pbl,) were
dissolved 1n the solvent mixtures of y-butyrolactone (GBL),
dimethyl sulfoxide (DMSO) and n-butanol with the volume
ratio of 1:9:0 or 1:8:1 to obtain 0.6 M of the perovskite
precursor solution. The perovskite precursor solution was
controlled at the coating speed of 0.45 m/min and the
feeding rate of 1.2 mL/min to apply onto the hole transport
layer 30 by the slot-die coating process 1n ambient air. The
wet film was dried and crystallized by passing through the
6 kW NIR at different irradiation time. Thus, the active layer
40 was formed on the hole transport layer 30. By controlling
the concentration of the perovskite precursor solution, and
the thickness of the active layer 40 was 700 nm.

Then, 1n an N, glove box, [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) was dissolved 1n o-xylene to obtain
the PCBM solution (15 mg/mL). The PCBM solution was
controlled at the coating speed of 0.4 m/min and the feeding
rate of 1.2 mL/min to apply onto the active layer 40 by the
slot-die coating process in ambient air. The PCBM wet {ilm
was dried and crystallized after moving through the 3 kW
NIR at the speed of 1.5 m/min. Thus, the PCBM layer (1.¢.
the bottom layer 51) was formed on the active layer 40, the
PCBM layer was the bottom layer 51 of the electron
transport layer 50, and the thickness of the bottom layer 51
was 30 nm.

Then, 1n an N, glove box, tetrabutylammonium hydroxide
(TBAOH) was dissolved in IPA to obtain 0.05 wt % of the
TBAOH solution. The TBAOH solution was controlled at
the coating speed of 0.5 m/min and the feeding rate of 1.2
ml./min to apply onto the PCBM layer. The TBAOH film
was then dried by passing through the 3 kW NIR at 2.2
m/min to form the work function layer 52, and the thickness
of the work function layer 52 was 5 nm.

Finally, 100 nm of silver (Ag) electrodes or transparent
clectrodes was vacuum deposited on the work function layer
52 to form the second electrode 20.

Embodiment 1

In the perovskite solar cell 1 of the present embodiment,
the first electrode 10 was formed by FTO, the second
clectrode 20 was formed by Ag, the hole transport layer 30
was formed by Ni1O, the active layer 40 was formed by
MAPDI,, the bottom layer 31 was formed by PCBM and the
work function layer 52 was formed by TBAOH. The active
layer 40 was formed by the slot-die coating process, wherein
the first solvent used for forming the active layer 40 com-
prised y-butyrolactone and dimethyl sulfoxide, the second
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solvent was n-butanol, and the volume ratio of y-butyrolac-
tone, dimethyl sulfoxide and n-butanol was 1:8:1. In addi-
tion, 1n the present embodiment, the NIR 1rradiation time for
forming the active layer 40 was 13 seconds.

Embodiment 2

The present embodiment 1s similar to Embodiment 1,
except that the NIR 1rradiation time for forming the active
layer 40 was 14.5 seconds 1n the present embodiment.

Embodiment 3

The present embodiment 1s similar to Embodiment 1,
except that the NIR 1rradiation time for forming the active
layer 40 was 16 seconds in the present embodiment.

Embodiment 4

The present embodiment 1s similar to Embodiment 1,
except that the NIR 1rradiation time for forming the active
layer 40 was 17.5 seconds 1n the present embodiment.

Embodiment 5

The present embodiment 1s similar to Embodiment 1,
except that the NIR 1rradiation time for forming the active
layer 40 was 19 seconds 1n the present embodiment.

Comparative Embodiment 1

The present comparative embodiment 1s similar to
Embodiment 1, except that the first solvent used for forming
the active layer 40 comprised y-butyrolactone and dimethyl
sulfoxide, the second solvent was not added, and the volume
ratio of y-butyrolactone to dimethyl sultoxide was 1:9.

Comparative Embodiment 2

The present comparative embodiment 1s similar to Com-
parative Embodiment 1, except that the NIR irradiation time
for forming the active layer 40 was 14.5 seconds in the
present comparative embodiment.

Comparative Embodiment 3

The present comparative embodiment 1s similar to Com-
parative Embodiment 1, except that the NIR 1rradiation time
for forming the active layer 40 was 16 seconds in the present
comparative embodiment.

Comparative Embodiment 4

The present comparative embodiment 1s similar to Com-
parative Embodiment 1, except that the NIR 1rradiation time
for forming the active layer 40 was 17.5 seconds 1n the
present comparative embodiment.

Comparative Embodiment 5

The present comparative embodiment 1s similar to Com-
parative Embodiment 1, except that the NIR 1rradiation time
for forming the active layer 40 was 19 seconds in the present
comparative embodiment.

Testing Example

FIG. 2 shows current density vs. voltage (I-V) curves of
perovskite solar cells prepared at different near-infrared
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irradiation time according to Comparative Embodiments 1
to 5 of the present invention. FIG. 3 shows current density
vs. voltage (J-V) curves of perovskite solar cells prepared at
different near-infrared irradiation time according to Embodi-
ments 1 to 5 of the present mnvention. FIG. 4 shows SEM
photos of active layers prepared at diflerent near-infrared
irradiation time according to Testing Example of the present
invention. FIG. 5 1s a diagram showing the normalized
power conversion efliciencies of perovskite solar cells at
different storage time according to Testing Example of the
present mvention.

FIG. 2 shows the testing results of perovskite solar cells
prepared 1n Comparative Embodiments 1 to 5 (Comp. Ex 1
to S5), wherein the perovskite solar cells were prepared by
using the first solvent comprising v-butyrolactone and dim-
ethyl sulfoxide but without using the second solvent, and
treating with NIR at different irradiation time. As shown in
FIG. 2 and the following Table 1, the power conversion
elliciencies (PCEs) of the perovskite solar cells prepared by
the slot-die coating process enhance with the increasing NIR
irradiation time, and the PCE of the perovskite solar cell
(Comparative Embodiment 4) can be achieved to about 10%
as the NIR 1rradiation time 1s 17.5 seconds. These results
indicate that the transformation time from wet film to solid
film 1s critical to achueve high crystalline perovskite, and
thus high PCE of the perovskite solar cell can be obtained.

TABLE 1

Results of the perovskite solar cells prepared by using
y-butyrolactone and dimethyl sulfoxide with the

volume ratio of 1:9

Irradiation time Jee Voc FE PCE
(s) (mA/cm®) (V) (7o) (o)
13.0 (Comp. Ex 1) 7.39 0.66 35.57 1.73 (1.10)
14.5 (Comp. Ex 2) 11.31 0.87 37.93  3.75 (2.44)
16.0 (Comp. Ex 3) 13.90 0.96 47.26  6.33 (4.86)
17.5 (Comp. Ex 4) 16.26 1.02 56.86 9.38 (6.43)
19.0 (Comp. Ex 5) 14.50 0.97 49.39  7.01 (5.08)

FIG. 3 shows the testing results of perovskite solar cells
prepared in Embodiments 1 to 5 (Ex 1 to 5), wherein the
active layers were prepared by using the first solvent includ-
ing v-butyrolactone and dimethyl sulfoxide and the second
solvent being n-butanol, and treating with NIR at different
irradiation time. The difference between Embodiments 1 to
5 and Comparative Embodiments 1 to 5 1s that the second
solvent was used in Embodiments 1 to 5, and the volume
ratio of y-butyrolactone, dimethyl sulfoxide and n-butanol
was 1:8:1 in Embodiments 1 to 5. By adding the alcohol as
the second solvent (n-butanol in Embodiments 1 to 5) to
increase the NIR absorption, the transformation from wet
film to solid film for forming the active layer can be
accelerated. Thus, as shown 1n FIG. 3 and the following
Table 2, by adding n-butanol as the second solvent, PCEs of
the perovskite solar cells prepared by the slot-die coating
process can be significantly enhanced, and the PCE of the
perovskite solar cell (Embodiment 3) can be achieved to
about 12.13% as the NIR irradiation time 1s 16 seconds.
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TABLE 2

Results of the perovskite solar cells prepared by using
v-butyrolactone, dimethyl sulfoxide and n-butanol with
the volume ratio of 1:8:1

[rradiation time Tee Voce FFE PCE

() (mA/em?) (V) (%o) (%)

13.0 (Ex 1) 10.84 0.94 36.63 3.73 (2.10)
14.5 (Ex 2) 15.12 0.98 69.34 10.31 (7.31)
16.0 (Ex 3) 15.52 1.05 74.33 12.13 (9.61)
17.5 (Ex 4) 14.26 1.04 70.95 10.55 (8.21)
19.0 (Ex 5) 13.00 1.03 33.56 4.50 (2.92)

FIG. 4 shows the comparison results of the morphologies
of the active layers prepared in Embodiments 1 to 5 (pre-
pared by adding n-butanol) and Comparative Embodiments
1 to 5 (prepared without adding n-butanol) at different NIR
irradiation time. As shown 1n FIG. 4, when the first solvent
comprising y-butyrolactone and dimethyl sulfoxide and the
second solvent being n-butanol were used, the prepared
active layer 40 (the perovskite layer) exhibit denser mor-
phology at shorter NIR irradiation time. Moreover, more
NIR energy can be absorbed by using n-butanol as the
second solvent, and the absorption of the NIR energy can be
improved. Thus, larger perovskite grains are presented 1n the
active layer 40 (the perovskite layer), and the PCEs of the
perovskite solar cells can further be increased. Furthermore,
the obtained perovskite solar cells have high open-circuit
voltage (Voc), implying the good surface coverage of the
active layer 40 (the perovskite layer) on the hole transport
layer 30 prepared by the slot-die coating process and the
NIR 1irradiation.

FIG. 5 shows the stability measurement of the perovskite
solar cells prepared 1n Embodiment 3 (prepared by adding
n-butanol) and Comparative Embodiment 3 (prepared with-
out adding n-butanol). The unencapsulated devices were
stored 1n dry air (25° C. and RH 30-40%). After 220 h, the
perovskite solar cell fabricated with the solvent contaiming,
v-butyrolactone, dimethyl sulfoxide and n-butanol with the
volume ratio of 1:8:1 was remained at 87% of the initial
PCE, but the perovskite solar cell fabricated with the solvent
without n-butanol was remained at 64% of the initial PCE.
These results 1mply that adding n-butanol as the second
solvent significantly improves the morphology and crystal
structure of the active layer 40 (the perovskite layer) fabri-
cated by NIR heating, and thus the stability of the prepared
perovskite solar cells can further be improved.

In conclusion, in the method for preparing the perovskite
solar cell of the present invention, the nontoxic first solvent
(y-butyrolactone and dimethyl sulfoxide) and the second
solvent (n-butanol) are used as the solvent for the perovskite
precursor solution. The second solvent has the property of
increasing the NIR energy absorption to facilitate the for-
mation of larger perovskite grains, improve the film forma-
tion, bypass the post-annealing process or improve the
stability of the prepared perovskite solar cell. In addition, the
method of the present invention can prepare large-area
perovskite solar cell 1n ambient air, and thus the application
field of the perovskite solar cell can further be extended.

Although the present disclosure has been explained 1n
relation to 1ts embodiment, 1t 1s to be understood that many
other possible modifications and variations can be made
without departing from the spirit and scope of the disclosure
as hereinafter claimed.

What 1s claimed 1s:
1. A method for preparing a perovskite solar cell, com-
prising the following steps:




US 11,716,894 B2

9

providing a first electrode;
forming an active layer on the first electrode, wherein the
active layer 1s prepared by the following steps:
mixing a perovskite precursor with a solvent mixture to
form a precursor solution, wherein the solvent mix-
ture comprises a first solvent and a second solvent,
the first solvent 1s selected from the group consisting
of vy-butyrolactone (GBL), dimethyl sulfoxide
(DMSQ), 2-methylpyrazine (2-MP), dimethylforma-
mide (DMF), 1-methyl-2-pyrrolidone (NMP), dim-
cthylacetamide (DMACc) and a combination thereof,
and the second solvent 1s an alcohol; and
coating the first electrode with the precursor solution
and beating the precursor solution to form the active
layer; and
forming a second electrode on the active layer.
2. The method of claim 1, further comprising a step of:
forming a hole transport layer on the first electrode before

forming the active layer.
3. The method of claim 1, further comprising a step of:

forming an electron transport layer on the active layer before
forming the second electrode, wherein the electron transport
layer comprises a bottom layer and a work function layer.

4. The method of claim 1, wherein the precursor solution
1s heated by near-infrared irradiation heating.

5. The method of claim 1, wherein the first solvent
comprises y-butyrolactone and dimethyl sulfoxide.

6. The method of claim 5, wherein a volume ratio of
v-butyrolactone to dimethyl sulfoxide 1s ranged from 1:9 to

9:1.
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7. The method of claim 1, wherein a volume ratio of the
first solvent to the second solvent 1s ranged from 3:5 to 9:1.

8. The method of claim 1, wherein the alcohol 1s selected
from the group consisting of methanol, ethanol, propanol,
butanol, pentanol, hexanol and a combination thereof.

9. The method of claim 8, wherein the alcohol 1s n-buta-
nol.

10. The method of claim 1, wherein the precursor solution
1s heated for 5 seconds to 30 seconds.

11. The method of claim 1, wheremn a temperature for

heating the precursor solution 1s ranged from 100° C. to 200°
C

12. The method of claim 3, wherein a material of the
bottom layer comprises a fullerene derivative.

13. The method of claim 3, wherein a material of the work
function layer comprises tetraalkylammonium hydroxide.

14. The method of claim 13, wherein the tetraalkylam-
monium hydroxide 1s tetrabutylammomium hydroxide

(TBAOH).

15. The method of claim 1, wherein a material of the
second electrode comprises Au, Ag, Cu, Al, Pd, N1, ITO,

FTO, ATO, AZO, 170, GZO, ITZ0, IGZO or a combination
thereof.

16. The method of claim 1, wherein the precursor solution
1s applied onto the first electrode through a slot-die coating
Process.
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