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abstract

We realize a PEDOT:PSS/Si heterojunction solar cell fabricated only
in ambient and room—temperature conditions from a plain Si wafer,
with an over—-10% energy conversion efficiency. Our production
scheme is based on our finding that PEDOT:PSS photovoltaic layers
actively operate even on highly doped Si substrates, which
substantially mitigates the condition requirements for electrode
implementation. Our approach may pave the way for facile, low—cost,
high-throughput solar cell fabrication, useful in various fields
even including developing countries and educational sites. We
furthermore propose and experimentally demonstrate a novel concept

of semiconductor wafer bonding that simultaneously realizes bond




formation and solar cell implementation. Firstly, a semiconductor
bonding technique mediated by PEDOT:PSS is developed. By utilizing
the PEDOT:PSS-mediated bonding, we subsequently fabricate an
InP/Si heterostructure. The PEDOT:PSS/Si heterojunction
derivatively formed at the bonded interface is then demonstrated
to operate as a photovoltaic device. The prepared InP/PEDOT:PSS/Si
heterostructure can thus be regarded as a prototype architecture
representing an intermediate section of a multijunction solar cell
with a built—in subcell. OQur facile semiconductor bonding scheme
mediated by functional agents could lead to low-cost,

high—-throughput production of multijunction solar cells.

H
i
=
%}

1. 5

HEOREMEORERAMCLEROMBILEZZ T T, BAEATRZIXALXF—DOFEANED L
NTWL, L2LEROTRX A —HERICHEDLIHEFER ERDIELPLETH D,
FIZKBEMTIESLCEREO Yn A L2/ Ea R oGS LAEAEEDORIDBRETDH
e TEZTAMETIIEVWEEBME L BZWMELAHT D poly(3,4-ethylenedioxythiophene) -
poly(styrenesulfonate) (PEDOT:PSS) % Si (C#4 8 L 7= PEDOT:PSS/Si ~7 1 K5 %E h %
REETICBWTHERT L HEEHRIL, S2FELLER -,

Flo, REICABMEB 28 AN L2 EERES S [1]43E M L T, PEDOT:PSS % Si/Si ¥
720 InP/Si HEEREICBEALLESEZTW AEEAMBIORER L L THEET LI
G KGEMOMBEEZBEF L,

2 . PEDOT:PSS/Si K Eh O % & E F iR 5 1ER

nf STy e (FEE, R F—7RE 4X107cn™®) Z 8mAICYT YV HLEL, O
% HF (10wt %aq) 2 1 sy MR L., BB O R E %247 o 72, i\ T PEDOT:PSS @ & A, 7 il
DA & 1T > 7=, PEDOT:PSS @ &4 L#& TIiX DMSO % 5 v/v%¥#s 0 L 7= PEDOT:PSS % Si ¥ =
NOMEBEIZH FLE®E, Ay —%—T¥iE{k L7, PEDOT:PSS ® A E ¥ a2 — k&,

30 I R&H CHRAF L .PEDOT:PSSH DO K 2B I EMRMOEBAMIT F—F A F(D362)




EfES> TSI V= OWEICHEAMLE, FRIAETKIAP, HIEFTITo 7k,

KR OKGEMOERTRERIRE 3265, T 725 PEDOT:PSS % Si 2=
— 74735 LR (BT PEKELT 5), PEDOT:PSS LI EREMEZ a2 —T 4 7T 5
TR (T, SiOoEMIZCTMEME =z —T 4> 7T HTE (B) Thbd, TOLEIXZPDOT
BiciTbnsizw, ERIEFIZP>T>B L BoP>TO 2@V AEZXLNS, Si % 10wthaq
OHFIZ 1 pMBES B, L0 2@ OHETHERLEZRZ RO K EMIC L KB
Jt (AM1.5G, 100mWem™®) Z MK Lz L OB -EEMM L Fig. 11T 7T (M. HEMH),
AV a— kO 15 BB T 2000rpm (2 L2, 2000 rpm T 60 B TH D, T
MO B=P->TOIEKF CIERLZ TN P>T>BOIEF THERLEZHZAEIVEWZ &0
b, HE BIEO#H., KAPICEbL S Si MHEREBICE > TBR{ELTLEW, &K
EORMPEPLAW ML TLE S 2, HF BIEZ T <IC Si BMMICEMEZER T D5 Bo>P—T
DILEOTFBRERERPELS kot E2XBND,

R F)NE BoP->T (Z@M KR TR (RERH 129,V 2MA77 vk X3, HF RIE
DB AKRIEZAT 5 HF>W->B—>P—>T & Tl M &M O % (2B KREZ1T 5 HF—B
SW->P=>TARAEZOLND, TRFhDO T ot X THEBLEZEY LD EHR-BIEHHE %L Fig. 1

HFR. R TR T, Fig. 1 XV HF=B=W—P—>T ®FH»H, HF=>W—=B—=P—>T &2 & &¥D
TR AL LREHDEDNEN LN gD MK Ko T EMO ST R iE A EE IR
SN, AT U VERBENMRLEZ E CEKERMAEMLILEZ LD, ML EOMK
AT & Y PEDOT:PSS/Si iz Mt S &5 — 5T, Si/EMAmOFEEMEZ &< R-D HF—B

—SW—=P=>TOFatv A IZWREL-,

40
E HF-B-W-P-T
230 +
s HF-W-B-P-T
z
3 20
=
@
=]
c
g 10
|
=1
o
0 L
0 01 02 03 04 05 06
Voltage [V]
Fig. 1 &7 mnk& RIZBJ 5 KEEM DN EN -8 L il #




RELEZTr XA TEBMARBERMEZLZ X, BV OEBEHERLEZWE L 2, 8HKRER
Ml e RBHROMMLEZME LR, S OMBILOEITREICL > TELVDOEEL RN K
SEHLLTWDLZ ENShotz, AL LT Si OMAR Sio, ZHRHFT 25720, ko 3 HEO
B XPSHIEZITo7-, SHEOKEIZIHFIZ I ninRIEL T, S HICHEHMAKIZ 1 min iR
WLZSi Voo v, HFIC I min RIE L7 Si v, BABB(LIEf & ST U=/ THDH, XPS
WEMBENPOHEMB L Si0,/Si E—7 W EZREMB T2 ik, BXE x=0.4 0
3 5 47z, PEDOT:PSS/Si St Sio, @B A SN D LI X > T, Si &l iEDEf M
MRIsnh, ¥x VUV 7oBRERMELZN [2], BloEEREm Rbicon, BikEA
HOWPIZ L o TEAINBEH A RELS R L2720 RERFRIZ 1AM (x=0.4) N KEICR o7&
Ezxbh b,

Fig. 2(E)ICAErya—roBEEK L FEELDROEMRZ KT, PEDOT: PSS & O & A 7 #
{72 %1% &, PEDOT:PSS MO EME CICHET DA — /L OKEH M OEEEF L HEIMT 5
W, BB DOBRKITZD RS R LD, KRERIESZDPAFAE L, 5000 rpm £ U8 T HEE %R D &
ReZpole, TOROERT SEMBEEOBENSFBEZL 300nn TH -7z, U EDOKBEIZ X
WikELET e A CTHERLEZRKBEMOCER-EEMKR L EHELEMMEL Fig. 204)
AT, BEHE10.1 %, HKEEE 0.57 V, HEEIM 33.3 mA cn >, 74 VT 77 X

— 13 0.53 B HF 6N,

_ 12 40 12
S o =
210 o o R P — £
3) @ =30 [ z
5 8T o = g =
k3] 2z =
g 6| — f: z
o 5 20 6 3
b PEDOT:PSS 3 2
S 4 5 a 8
g : - £ 10 E
LOS 2 r SI 100 nm &) 2 _'_3
%) o
o o) 1 A 1 i 1 0 3 K : f R ] A A 3 3 \ 0
0 2000 4000 6000 8000 0 0.2 0.4 0.6
Rotation of spincoater [rpm] Voltage [V]

Fig. 2 PEDOT:PSS O AV v a— FE EREDROMEMALEL X OWE SEME & (£) ,

K7 ATHERLEZRKBERMOXER-BE/EHR (F)

3. InP (Si) /PEDOT:PSS/Si #4&

nBSi v =N (FEAE, Af R — 7 RE 8X107cm®) & n B InP v =/~ (il i HF B |

=

Ry F—7FEE 7.0X10% cn™®) 2 10mMAIcW Y H L7, D% HF (10wt %aq) 2 1 45 [H




RIEL, BILIROBREELIT o7, I ST U = N TEBMAKIC 1 oHIREL., BLEL R L
7=, & D% DMSO & 5v/v %& A 72 PEDOT:PSS ¥ii & Si 7 = ~"O B EMmIZ® A L, 1500 rpm
T 60 s FiE{b L7, InP (Si) D WFEEHE % PEDOT:PSS ICHET 2 L 2 ICcERGDHHE, 0.1 MPaG
THELRE, #AaKMIT 0.5, 1, 2 h THEAIEEIT 25, 100, 200,300, 400 C& L7,
BEAKBIC N —% A b D362 Z M@ IC®A L7z, InPIIEMA, Si X2 mIcEMAL I,

Fig. 3ICH:AMEM 1 h, % EE CT#A L7 Si/PEDOT:PSS/Si &kt & it —5& JE Il & O 5 R
BRLRORmEMEEEGREOM R AL R T RE O LEFIZ X2 PEDOT:PSS/Si 0 EE M O M L
X PEDOT:PSS O b iC K 2 HL o WIMNIZ L » T, RE#EHIT 200 C T/ &R, B
EEROEPLNS 100 CTHR/AERS>TEDIF ST EBBMABMOEN O K/DBEBKRICED LD TH
D, F T HEAMEIX 200 CTHRRERYD TAALAEHICEWTHSRBENGE LT,

E 10000 wo =
—_ s ) g
T c ] =
=
T E 1000 300 ﬁcﬂ
E z E
z g o s 5
] = 100 200 S
m
E £ o o— 2
a— ﬂ Q 2
s @ o P =
E - o 10 wo -2
3 I 2
o ] b=
< £
3 1 0 =
. os o s X £ o 100 200 300 200
- ] ' Bonding Temperature [°C]
Voltage [V

Fig. 3 Si/PEDOT:PSS/Si #AIICHBIT A2 EEMOIREEKGEN (£),

FEHE LR L OB A8 E o R EKAE )

Fig. 4 (2 InP/PEDOT:PSS/Si #EARE oW m SEM 45 X VAWM 1h, BELEE 25,
200 C CHE#L L 7= InP/PEDOT:PSS/Si # Bt o of & it 7 £ M ¥ 2 = 3 8 & Sl @ J& 7 1% 300
nm F2 B ToH Y | ¥ — 72 PEDOT:PSS O FIENER S Avic, £72. 200 C THAE i E A 25C

WML TWEZN, ZhiE Fig. 3l nr Lk ricmBvickoCcEEEBEERM ELEZRLZD T
HDH, BEBHEIXO0.521 % LKW, 2T InP, Si ORI EH N £ 925, 1110
nmPLTFTHH, DO 200 RIGOWRMO DAL SIICHEHSINDITLDTHDL, T DK
FHOBBFREN 10.8nW/cn® THD I &b, #HATE 200C O EBHTFEEMITIT 4.82%

DEBHIERHBEBOLNTNDLI EBHnos T,




6
S Bonding temperature
E a 200 T
InP <
Es
z
PEDOT:PSS 22
]
A |
S
=0
5]
-1
-2

0 01 02 03 04 05 06
Voltage [V]

Fig. 4 Wi SEMBE & (£) , #4MKGE®ROER-EEMB (L)

4. 3

A EK O PEDOT:PSS E SiZ W T HIRFETICE T 2 KBEMIFEREZREL -,
PEDOT:PSS REMB A O LRIEF 4 AE 2 52 LICk SiffimoEEEELLHEL L, 7.
B KIREIC LD Si ok TR AZE AL IRERHS PEDOT:PSS HE 2 k#4252 &I
FoT, 10%%Bx 2 KGEMEFERL I,

Si/PEDOT:PSS/Si # & TIL PEDOT:PSS IC K 2B ENT AN A ZIEMIZ &0 + 55 e it A
PEAETHZ & 2B L.E 5T InP/PEDOT:PSS/Si # A& T ABEEEM B EERE OKE %
BUOHLVWHBEORBEMAZFERL, ZESRBEMICH T ZISHN TR I L,

51 A 3Tk
[1] K. Kishibe and K. Tanabe, Appl. Phys. Lett. 115, 081601 (2019)

[2] L. He et al., Appl. Phys. Lett. 100, 073503 (2012)

KB R B D R W

[Fm 3L % £

1. K. Okamoto, Y. Fujita, K. Nishigaya, and K. Tanabe

An all ambient, room temperature-processed solar cell from a bare silicon wafer
PNAS Nexus 2, pgad067 (2023)

2 . K. Okamoto, K. Kishibe, N. Sano, and K. Tanabe

PEDOT:PSS—mediated semiconductor wafer bonding for built—-in middle subcells in
multijunction solar cells

Applied Physics Express 16, 036502 (2023)




