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Abstract: Organic nonfullerene acceptors, also called fused-ring electron acceptors, are the present one of the
mostly attractive organic optoelectronic materials due to their prominent photoelectric conversion property. Based on
these materials for the development of organic bulk heterojunction solar cells, their power conversion efficiencies
have approached 20% already. Fabrications of highly efficient and stable organic photovoltaic devices are insepara-
ble with continuous explorations on material properties and photovoltaic processes. Among many research systems,
the growth of the nonfullerene photovoltaic spin dynamics remains in its infant stage, and its underlying physical
mechanism is not yet clear. The photoexcited magneto-photocurrent technique can rationally monitor the polaron pair
dissociation at charge transfer states, for a device at working conditions, the technique acts as a powerful tool for in-
situ characterizations of photovoltaic spin dynamics. This article contains a joint of experimental and theoretical stud-
ies, to scientifically elucidate the present mainstream theories and functional models. These include the hyperfine in-
teraction and the spin-orbit coupling effect at low magnetic fields, and the Ag mechanism at high magnetic fields.

The paper explores signal differences in different organic heterojunctions under various characterization conditions,
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such as bias, temperature and light intensity. Finally, we discuss the applications of the ultrafast spectroscopic tech-

nique in the organic bulk heterojunction systems.

Key words: non-fullerene acceptors; organic bulk heterojunction solar cells; charge transfer states; magneto-photo-

current; polaron pairs
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Fig.1  Photophysical process of an organic donor-acceptor bulk heterojunction
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Fig.2 Pictorial illustrations of the semiclassical approach for the coherent spin mixing mechanism. (a) Hyperfine interaction at

B, = 0. (b) Hyperfine interaction at B, = B, (c¢)Spin orbit coupling at B, = 0. (d) Spin orbit coupling at B, = B, (e)

Magnetic field-dependent energy splitting and the spin mixing due to the Zeeman effect. (f) Spin precessions due to the

Ag mechanism
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PM7(PBDB-T-2Cl)

B3 —2ew H AT 4 M Z R #K (PBDB-T, PBPD-Th, PBDB-T-SF, PM6, PM7, PTO2, L8-BO, BTP-ec9, IT-4F, IT-
IC, Y6, Y7)

Fig.3 Some commonly used molecular donors and acceptors (PBDB-T, PBPD-Th, PBDB-T-SF, PM6, PM7, PTO2, 1.8-BO,
BTP-ec9, IT-4F, ITIC, Y6, Y7)



%2

B, S AR R A DL SR S RO U R T A R A B 0 O

(a)

(h)

Magneto-J/%

%] 4

Fig.4

AT X9 A e TR & LA SN G M 5 2l g il A

3.2

AR EE 3. 195 48 34 B9 S i R 9 O L, i
R BB B TAFERIEA, R
WO HOR T B Al T X B €S 2 B . Wang

221
(b)
(d) (e)
1 Ir
S 5
S | 5 0
2 Of 2 ooy
2_1 E _Z_Xo:s:\'
-900-600-300 0 300 600 90 -900-600-300 0 300 600 90
B/mT B/mT
PTB7-Th (0 I (e)
G n, R IEICO-4F
@ i R0 S
| : C.H, = - =
DO Sl T DT TS ST W b z
T % < als o
< L2 ) ‘Os . AS‘ SO( NG gﬁ vg:;:’y : 721 nm g‘) ¥ . Bk sonm
i N, 0 LB i = e Rhe LA
C,H; CoH 5 CoHyy F N ;
C,H, o, 3Lk ,

-900-600-300 0 300 600 900

B/mT

B/mT
(i) (j)
04 | 532 nm 04 |
03k o 03
0.2 g 02 g
= by
=] =}
0.1 z 0.1 kS
<) <l
Ed £
0 = 0 =
o ov 0 osv
-0.1F A 07V 7 -09V -0.1
O -12V
_0'2—900—600—300 0 300 600 900 _0'2—900—600—300 0 300 600 900 -900-600-300 0 300 600 900
B/mT B/mT B/mT

(a) R FHAS RDGAR BARLG ST-0SCs B 75 (b) ST-0SCs £F K 509 11 B P18 P 5 (o) ITO (B¢ 3) /ZnO/PTBT -
Th: IEICO-4F/MoOs/Au/Ag 41 B ) ST-0SC /R %% &l 5532 nm (d) .635 nm(e) .721 nm () #1980 nm (g) A [F] 6 # %& I £
T, ST-0SCs 76 18 & T 1E A & LR F 0525645 5 5532 nm(h) .635 nm (i) #1721 nm(j) ARG & 3K F L ST-0SCs
TEAE E B B D T R Y SE a8 5

(a) Photographic images for ST-0SCs using different organic materials”™”. (b)Schematic illustration of ST-OSCs for an ap-
plication of self-powered windows™’. (¢)The pictorial illustration for the ST-OSC comprising ITO (glass)/ZnO/PTB7-Th:
IEICO-4F/Mo0O;/Au/Ag. Experimental results of positive bias volage dependent magneto-photocurrent for the ST-OSC due
to different photoexcitation wavelengths, for instance 532 nm(d), 635 nm(e), 721 nm(f) and 980 nm(g) , respectively.

Experimental results of negative bias voltage dependent magneto-photocurrent due to different photoexcitation wave-

lengths, such as 532 nm(h), 635 nm(i) and 721 nm(j), respectively

R 2019 4F K IRGE TR TR E M) sz ik
ITIC 7T . = JC M 5 o7 45 19 JC Ml J i O H Ut 2%
N ITIC 5 7 A A 5] 1) A AL 45 4K #1 FH (PBDB-
T & PBPD-Th) 45 & , il % th im S8 € 1y — ot =
JOIR S T 45 K BH B AL b (] 5(a)~(d)) o [l 5(e)~(p)

FRETHHERR



222 K it

¥R

o545 4

J2 4 F A HLBHJ K FH RE H W (1% JC e JE 7% 6 HL It
S E SR 5 (e) ~(g) PBDB-T: ITIC , (h) ~(j)
PBDB- T: PBPD-Th(4:1):ITIC.(k)~(m)PBDB-T:
PBPD-Th(1:1):ITIC(n)~(p)PBPD-Th:ITIC, H

(a) (e) 1_PBDB-T:ITIC (0
” s 0 S
S S
=9 =9
= 2 =
= B
= -3 04 g =
_4_ N -4007200 0 200.4 0 1
900 -300 300 900
B/mT
(h) PBDB-T: PBPD-Th 29160 mW +cm > <l)
Ut D:rmic SHomyens
IS 0'72] m T - ~—Fittings X
(blg o =0 4 z
15.0F =7 o =
T“ . —4] | -4007200 0 200400 X
g 12.0] =900 =300 300 900
fé 2.8- B/mT
U e PBDB-T: ITIC
= e PBDB-T: PBPD-Th(4: 1 =
SR S (k) e e (D
O ——PBDB Th: lTl( L 0'721 m 3 .
0 0204060810 8 S IS
VIV S -1f Foor 2
E -2k —0f > E
3. _?4?)0,—200 0 30p300
900 -300 300 opp
B/mT
( n ) 2 PBDB-Th:ITIC ( 0 )
721 nm
s g
g -2 g
= =
= —4r =
jusi S jus]
-3 ¢ ~400,-200 0_200400 X
900 -300 300 900
B/mT
(q) (r)
5 4.0x10° =
5 2.0x10° 5
= 0 =
7l 20X106¢PBDB-TEITIC %
£ yoxiof BT g
= - e :
I~ _g 8;&0 B [~ PBDB-Th TIC 721 m o~
= U5 320 35T 352 353
B/mT

K5 (a) /i ITO(BE S )/Zn0/4 L BHI/MoO5/Ag 20 AV A < BH AE FEL 3t 25 44 /8 B 1 5 (b) 00 = ek S

s kG K A = 721,635,532 nm. fE 721 nm
635 nm RIS A T, & RBE 7 GG O R B
RS, IEH —ESRAETFRAERE TS

P RO H A K R

532 nm ¥ & T

2 PBDB-T: ITIC égg r"f}\‘i%,;:‘r:} (g) af 0A3/j\ 2160 mW - (mz
635 nm 320 mW -cm 9
of —Fittings ® ok i 0 mW - cm™
-2F E 0 400-300 0200 4 !
A : z Sl
-6F § 09 == 532 nm
—8l. ~400-200_0_20p400 , T X X
-900 -300 300 900 -900 -300 300 900
B/mT B/mT
1 - W om j
Gne ,li§ R I T '
OfF 635 nm — Fittings X 2k
“1F E 400-200
—ok
Ry == B
PBDB-T: PEPD- )
=30, —soqzm ozt . —gLnsmmie | e, |
-900 -300 300 900 -900 -300 300 900
B/mT B/mT
2FPBDB-T: PBPD-Th 'égg m¥ o] (m) 3 Ny
(1: D:ITIC . 320 mW-om 2+ ofzn.\ﬁ
Qf 635 nm ~Fittings I v
£k L
-2} E =
’ ' ‘ ok
-4r -0.3 / \ E 532 nm 5160 mW -em ™
-0.6 = ~Ifpgppr:pepoT 2‘(""‘“""“:5
—6F | 400300 0 200400 _pkUgDeme s
-900 -300 300 900 -900 —300 300 900
B/mT B/mT
2 PBDB-Th:ITIC © 160 m“ em™2 (p) 6 0.6F
: 4F 94
< o
£
2
f T Ls2m i
_gl oot gan —4[reos-Theimc Z R e
-900 -300 300 900 -900 -300 300 900
B/mT B/mT
4.0x10° (s)  2x10°
2.0x10° 2 1x10°
<
0 = 9
| o-PBDB-T:ITIC ‘% —1X10"Fo-prB1:1TIC
~2OXIOT g —2x10°t
—4.,0x10C}+PBDB-T:PBPD- = o =P
6.0x1 -o-g}ﬁ(nlBIT‘th’lr‘lc 635 nm oz _2:10 o PBD BT TIC 532 nm
%49 350 351 352 353 E %49 350 351 352 353
B/mT B/mT

S5 R FHBE R Y J-V

PR i 28 0 42, PBDB-T Hl PBPD-Th 2 45 4K , ITIC & 3% 14" ; PBDB-T: ITIC(¢) Fl PBPD-Th: ITIC(d) £ HLIA 5 5 45 B9
TEM 4% ; PBDB-T: ITIC((e)~(g)) .PBDB-T: PBPD-Th(4: 1) : ITIC((h)~(j)) .PBDB-T: PBPD-Th(1:1) : ITIC( (k) ~

(m)) \PBPD-Th: ITIC( (n)~(p) )7 HL BHJ & FH fig f b 1) HFMPC 5C 50

SR W R DK B E A = 721,635,532

520721 nm(q) 635 nm (1) Al 532 nm(s) G % F & 19 PBDB-T: ITIC ,PBPD-Th: ITIC ,PBDB-T: PBPD-Th(4:1):

ITIC #1 PBDB-T: PBPD-Th( 1: 1) : ITIC [ )61/ 5 EPR Y6 1%

Fig.5 (a) A schematic drawing of the solar cell comprising ITO (glass)/ZnO/organic BHJ/MoO4/Ag. (b) Measurements of J-V

characteristic curves for binary and ternary organic BHJ solar cells. PBDB-T and PBPD-Th are the molecular donors, IT-
IC is the molecular acceptor™. TEM images for the organic blends such as PBDB-T:ITIC(c¢) and PBPD-Th:ITIC(d). Ex-
perimental results of HFMPC and the photoactive layers are chosen to be PBDB-T: ITIC((e)-(g) ), PBDB-T: PBPD-Th
(4:1):1TIC((h)=(j)), PBDB-T: PBPD-Th(1: 1) :ITIC((k)-(m)), and PBPD-Th:ITIC((n)-(p)). The photoexcita-
tion wavelengths are set to be A = 721, 635, 532 nm"*, Light induced EPR spectra for PBDB-T: ITIC, PBPD-Th:ITIC,

PBDB-T:PBPD-Th(4:1):ITIC, and PBDB-T: PBPD-Th(1:1):1TIC,

wavelengths of 721 nm(q), 635 nm(r) and 532 nm(s)

the samples were measured under photo-excitation
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(a)The 3D view of the organic solar cell consisting of ITO (glass)/Zn0O/ PBPD-Th:ITIC /M0o0O5/Ag. Experimental results of

photoexcitation power density dependent magneto-photocurrent for the PBPD-Th: ITIC based organic bulk heterojunction

solar cell. The photoexcitation wavelengths are chosen to be 532 nm(b), 635 nm(c), 721 nm(d). The red solid lines are

the fitting curves'™. The extracted parameters are given as y4(e), y,(f) and y./y,(g). (h)Simulations of high-field mag-

neto-photocurrent signals using the Ag model only. (i) Simulations of low-field magneto-photocurrent signals using the

HFT model only™. (j)Simulations of magnetic effect fitted by the combination of the HFT and SOC models for the device

of the structure ITO/PEDOT/Ir(ppy)4/Ca'®’
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Fig.7 (a)-(b)Triplet formation pathways. (¢)Transient absorption spectra in the infrared region of the PM6:Y6 blend. (d)Nor-

malized transient absorption kinetics of the PM6: Y6 blend. (e) Transient electron paramagnetic resonance spectra of the
PM6: Y6 blend. (f) Transient absorption spectra in the infrared region of the PTB7-Th: IEICO-2F blend. (g) Normalized
transient absorption kinetics of the PTB7-Th: IEICO-2F blend. (h) Transient electron paramagnetic resonance spectra of
the PTB7-Th: IEICO-2F blend. (i) Schematic of the effect of hybridization between charge-transfer and local excitons on

the energetic ordering of the CT, and the CT,. (j)The optimized supramolecular configuration®”
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