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Effect of non-fullerene doping on the photoelectric properties of planar

heterojunction organic photodetectors

SHAN Zheng-ye' ", LIU Di*, ZHANG Kan', NI Cheng-peng', SUN Jin-fang', CHENG Bin’
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Information Technology, Wuhu 241003, China;
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Technology of China, Hefei 230026, China;
3. Office of Educational Technology and Equipment, Hubei Provincial Department of
Education, Wuhan 430071, China)
* Corresponding author, E-mail: zydan@iflytek.com

Abstract: This study investigates the impact of doping the non-fullerene small molecule IEICO-4F into the
acceptor component of a planar heterojunction organic photodetector based on the P3HT : PC;;BM system on
the device's optoelectronic properties. The active layer films with different doping ratios were fabricated us-
ing a solution process. Characterization techniques including current-voltage measurements, external
quantum efficiency, ultraviolet-visible-near-infrared absorption spectroscopy, and photoluminescence spec-
troscopy were employed, combined with atomic force microscopy to analyze morphological evolution. Ex-
perimental results demonstrate that the introduction of IEICO-4F significantly broadens the absorption spec-
trum of the active layer into the near-infrared region (700—900 nm) and enhances photon capture efficiency
through complementary absorption spectrum. At an optimized doping ratio of 30%, the device's photocurrent
density increases from 19.17 mA/cm? to 27.25 mA/cm?, and the specific detectivity improves from 0.78x
10'? Jones to 1.45x10" Jones. Morphological analysis confirms that IEICO-4F optimizes the phase distribu-
tion of PC;BM, forming a finer interpenetrating network structure that facilitates charge transfer and re-
duces series resistance. The study also reveals that excessive doping disrupts the phase separation balance,
adversely affecting carrier separation and transport, leading to an imbalance in electron-hole transport. This
work highlights the multifaceted regulatory effect of non-fullerene acceptor doping on traditional polymer:
fullerene systems, effectively enhancing device performance through the synergistic mechanisms of spectral
broadening and morphological optimization, thereby providing new insights for the design of organic photo-

detector material systems.
Key words: planar heterojunction; organic photodetectors; absorption spectrum; charge carrier transport

PRILIR AR S 25 4544, Horb P3HT : PC, BM £
A MAARIR . PERERSE, 22 M. %
L5 AL B RE I K L 2 ) 2 Al R Tk g, EL

1 31 &

A PG R R 2% (OPDs) 1 Ay — AU L 7
WF RO AR, R AT R A SRR
LS 57w I AR, AR BT AR BRBE IR
15 B2 A S5 U R L F R 2 A LAY
T, S RZ BT RS A RS & W6 %

FAAETE AN AT 5 | R ATHLRE B2 e ) TR, 5 51 A
BREEAS, TP BARR M &, MBI, i
Ak, SF- T S B4 (PHY) SEARHAT 7 2 ARE5H 7
IR T A0, TEAR MR AL 50 S A
32 RTES, SR, HAAE AR OE S R R 1 7't



13

BRI, S5 AR BRSPS A5 LG FRI & R LR PR R I 21

HFRCR . HIFER, SR SN TR R 2%
S Ay fiff X — [A] R ARt T BT L, 91 40 TEICO-
4F W TAE T 20X B EL A e WSCRE P I E A AL
IR BHAE FL it SRR S

CAMFR R, B & a2 i3
A g RE . B, Wu % AFE MAPbIy/
PC¢BM 5 PTB7-T (& & 15| A IEICO-4F J¥ i 3L
BTG5 2 454, a0 A KIS T
0.518 A/W i i £, 141, Matilde Brunetta 55
AFIF DPP-2TBT : IEICO-4F ({44 5 i 4% (BHI)
Z5F9(% OPD 752 V i/ TR 6.88x10° A/em?
FRAER I FEL I 28 ) R, X BB oY Z 4R T
L COREE (=R Py p SN W NS e A RO (S )
5 (NFAs) fE W BRFIBIAREY: & s PHI
RRBERIIR LI, AT [ AR (1) B2k
JEE TR A0 ) R ke = (RN (2) HLF-2S X
TR R AT IR G 302 (3) LT MR ICH 5
5 F g A5 4 ) DCIBRAIL AR 9 2 58 4 Y B 171,

AHEFELL P3HT : PC,BM V-1 5+ 251K 5
i, i@ AL TE PCoBM Z AR B 243 W e /Ny
T IEICO-4F 5 HAME, REGHR5T I 2GR RE
PERFZIRNS SR A VRO 1l 25 AN TR 45 2% H A3
(R P 2 W, 45 A WSO | T ) S A &
2 R ME 4 T BE, #8758 TEICO-4F TE3 e G i g
(700-900 nm). fiifk. PC;,BM #H 73 #ii S [ AR AR Bk
HLBH A AER] . Z TAER G R THE S ¥id Ny
TZERBITREY) - & Wis PHI KRR ZEHD)
R P 350, i BE Y 58 i OPDs 244t
B FA AR .

2.1 FBHEFHIF

AR SC I il £ 0 - TH S T 45 A LG H R
P 454 B TTO/ZnO (20 nm)/P3HT (100 nm)/
PC;;BM : IEICO-4F (100 nm)/MoO; (15 nm)/Ag
(100 nm) ZH B, #5285 ] 1GR3 1
W) i LAF Sz R i il A 2

(1) ITO & W] S YRS L 1y b 2

5T PR IR TG 2 A 45T e TS
MRV PR /2B T K (1:3), IR, 5881
K FNEEET 70 kHz #7575 15 (15 min/ik); i

J&, (60+5) °C M2 ik . 7SI, Jext 5 A
#4715 min [ UV AbEE

Ag
MgO,

PC, BM:IEICO-4F

P3HT
ZnO

ITO

Glass substrate

L

Light

K1 ket
Fig. 1 The OPDs structure

(2) ZnO W& A& T2

K FH e 58 e 125 1 4% ZnO R 9K - K i TR
BEZOKEW (1 g). LEERE (0.28 g) I T 2-H1 46 5
LB (10 mL), 88 5% P+ 12 h B iR 2 i
g, e T2 (6000 rpm, 50 s) ZEFiALH ITO
e AU, B 7E 150 °C G k10 434, 3k
1% 20 nm J& ZnO ML F1E5)Z . il 55 2l FE o B
B I A WA A 25 SR BRI A T K A S
G RES ST ENEE RS = N, FEM (H,0. 0, F i
<1 ppm) .

(3) TEPEZ R & T2

L) P3HT : PC;,BM : IEICO-4F(1 : 1-X : X)#4
AEE R, Hid IEICO-4F 32486 BB 10%~
50%. B JCHK 30 mg/mL ¥k A P3HT % TG
IKEA (Ll =99.8%), 24 80 °C {H iR ML TP ¥
6 h, g T2 (600 rpm, 30 s) 7E ZnO L+
g 2 R, B S 140 °C #4GE & 5 min JE %,
100 nm JE (25 PRI, SR Je DUFE [R) e B2 A T 25 31
# PC;,BM : IEICO-4F iR 37 (A

(4) MoOs F1 Ag HLIR il 7 T2

K E S MR R (K H %S <3x
107 Pa) HIK LA MoOs 25 /U )2 5 T (Ag),
H:rp MoO; (Aldrich, 99.98%) LA 0.1 nm/s T FH
RAPEATINGE K, 38 3 AR 35 S Ao g T 5
B SR THIUB A 1 nm/s 5200 Ag HIWZE 8
2.2 BEHERIE

PRPERPERE R AR i LR s Bt (1) i



2 RED2E (RgEs)

#19%

e Hh-n] LG (Shimazu UV1700) FDGEUA G
FEREY (Hitachi F-7000) 43310 22 {64 2 04 W R
PL J:if%; (2) ifixt Keithley 4200 7E2EIEFI AM1.5G
YR (CHF-XM35-500W, 100 mW/cm?) Fill#z J-v
FitE; 3) RAHERR O RGAE-0.1 V i I
EQE; (4) FIH 5+ 1 Wi 5% (Agilent 5000) AL
YRR RIES; (5) 5T SCLC A i 55 B4
T A 25 8 F ATO/PEDOT:PSS (15 nm)/
T PEJZ (200 nm)/MoO;(15 nm)/Ag(100 nm)) F1H,
F R (ITO/ZnO(20 nm)/i% 4 )Z (200 nm)/Bphen
(5 nm)/Ag(100 nm)); T A E s B A R BB A4
16 eI 3{H
23 MESHIHE

ARSCR IS I A5 P RE S 80 A e T RCR
EQE. ML B R, HLHEM=E D> BHIT Z, i FiF
R J, TR AR,

EQE=1240§ , (D
J, A
R = —EoE)ZL | 2)
light hc
D" = R (Jones) , (3
V2qJ4
Z=R +1/(1/R, +iwC) , 4)
9 273
J= g,usos,V L~ (5

Horp, R AR N B, R SR R S A —
T, AR, o+ Ja 2390 R BRI
FIEE FLIE, Lign NG HRBR B, g R 22 Hp L 7 FL i
A4 %HE (1.602x107° C), h B VL H AL, ¢ WE
25 O, 3 (2) Homm BB R R C ACWL
2 (3) H H AR I R A9 B A3 2 Jones, X L7 (Y 1 B
A em-Hz2 W, 58 SR 2 88 U T T Y
1 em?, WA T80 1 Hz B, B0 A G 48 55 1)
XN M L . Ry M S T AR SR R R
BH., Ry S 30T #4540 09 sl 25 F BH AT IR LB, 7 Ky
REBCANL, woA SR, CARRAB A, H TR
PRI A RN Y, J R s LI, &, g0 20 AR
F T AT A L EEOR A FR 2 8]0 LR R pft
FHfrER, VIRR TN IE, L AREHZEN
JEERE

3 FIEER RS

] 2(a)~2(b) R W TR FAR) S0 T P3HT,
IEICO-4F, PC;BM L) S AT A T 1 2 i W i
Jeik . WM EE 5 SR, SR IBICO-4F A4
WG T A %50 T & 1000 nm, ELIRA W62 7E
500 nm F1 800 nm P AAMFELE MRS, P3HT
R HE R WS W57 T+ 525 nm, BRI fY HE 30 D T 58
G 4 om0 H T BRAE, LI AR B R G
HE T P3HT 4385 A T3 1 DL R 2 AR G5 F i o
BURGLD 22, TEICO-4F 1918 A5 Ab s 21 A B
M CAR AR AR 7, {2 i g1 FE B A e Hh 1] Ui 21
AT XS A . OGRS AN AR
J-V Rtk 2 o0 i WL 2(c)~2(d)CRE 1 RLAYI e 1
), HERESEH T3 1., I-V IRt Z ik
H1 TEICO-4F L9l 38 K 1 7 6 H i 25 B (o)
(LTt . #F IEICO-4F 8255 R 30% B, J,, i5 %
e AIH 27.25 mA/em?, (HAARER S B2 50%,
W25 T S B E AL

A AL B AE R ) T Y -V OREME i
SRUFSE T HHA RAFme RetE . MR A
G IS AL, XA TR0 (EQE) i
177 RAE . N 3()C B LRI F W) Bis,
N —0.1 VY S [l s He B, &5 F (49 BQE Bl 1
7E 1000 nm LA 4 0] 4G ), IF AT 7E 520 nm 5
780 nm YA A WAL B i 1 . 1% EQE 51 1
SRRSO s = ) A, dE— TR,
7E 300~900 nm St 3% W F 4, EQE {AFifi IEICO-4F
IR RGeS T R, Y IEICO-4F 1Y
TN 9 E— A48 2= 50 % B}, EQE K ek 2k 4
Mo FEGX — B JFE P AT R & L 5 1Y) IEICO-
4F FETEHER N R AR RAER . FEIUSOUT, B
AR A A P v DR A2 5 I i 2 A= VAR, BELR T e
R A% i T

Bi T Ah i 7805, i g R LR R [ A
SEVTAL A LG R 251 BE Y R S 024 i
NBE R FRAE T A5 A A 80 F T AL
R, HARME B 15 EQE R — (1),
1 3(b)(CF2 B WL I FL i) A 1 B9 S5 JRERAIE T
X— o TR, A BT, 30% 15
ZR B A ETE 800 nm Ak R B B R Y R (H, A F)



13

BRI, S5 AR BRSPS A5 LG FRI & R LR PR R I 23

409 mA/W . 1E R fisE OPD 2 i i #% O 48 Fx,
D* FBEAZ AR A0S B BRI, e Y A 5 s
it HIORE M 75 | Johnson Mg P FIARIE S o 7E {R A G
FEL T FEECR MR 75 X6 I P R I T A A i
T, A 3) AT, T DRI R THE K
R IFREARHE % B . A 2R E0 D g5 540
BT 1. HE 3(c) A4, 30% Ay IEICO-4F 824+
TE #8124 300~1000 nm (Y 56 % 1% 30 Bl 9 1 26

) ——PC,,BM
—e—P3HT

——IEICO-4F

Abs/(a.u.)

400 500 600 700 800 900
Wavelength/nm

353
(=)

+ —=— Control

—— 10% IEICO-4F
L —— 30% IEICO-4F
—— 50% IEICO-4F

J/(mA-cm)
>

S
T

5F

0 1 1 1 1
-20 -15 -1.0 -05 0 0.5 1.0

Voltage/V

P e ) DME . 0.1 VARE R, iZgs 4 1E
800 nm AbFEENY D*IE(E R 1.45%10" Jones, T3
% 1 P3HT : PC; BM ZJCeS eI 214N X Bl A
M. o P T RSB T B O A PR AR A £ A0 X
T 14 FL A5 T B G L B in, ATl D3
W ZEA LA EEER, 55T P3HT : PC,,BM —JTiA
F1B24 IEICO-4F MIARAAE 2L Hb- AT W3 215k (UV-
Vis-NIR) I BRI B0 G LRI () 7 522,

1.0
208
B
Z 0.6
o
E
.5 0.4
g‘ —=— Control
202} —— 30% IEICO-4F
<
0 L L L e ———,
400 500 600 700 800 900 1000
Wavelength/nm
0ok (d)
10! —— Control
1 —— 10% IEICO-4F
100k ——30% IEICO-4F
g —— 50% IEICO-4F
& 107k
g
< 1072
=3
103
104 E
1073 - - - - - - -
-20-15-10-05 0 05 1.0 1.5 20
Voltage/V

B2 (a) WG TEZ = FBPRH U — RIS (b) S8R TE)Z B IR — LI (o) TEDBIRARAE T, ANIF] IEICO-4F 157Uk FE R & F
JIT 52 B F i 2 - e 1 A s (d) TERS A5 T, ASTR] TEICO-4F 5 4% W B2 A 41 P S22 B0 A 1, O 2 B - L, ) )i

b

Fig. 2 (a) Normalized absorption of the three materials in the active layer; (b) normalized absorption of the device's active lay-

er; (c) current density-voltage characteristics of devices with different IEICO-4F doping concentrations under illumina-

tion; (d) current density-voltage characteristics of devices with different IEICO-4F doping concentrations under dark

condition
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Control 19.17 (+0.35)  3.81 (£0.32) 323.1(:0.01) 0.78 (+0.18)
10% 2436 (:042) 406 (x027) 3545 (&0.03) 1.13 (20.25)
30% 27.25(£039) 1.70 (20.18)  409.9 (£0.01) 1.45 (+0.14)
50%  9.07(:034)  7.85(£022)  30.1 (20.02) 0.09 (=0.11)
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Fig. 3 (a) EQEs, (b) responsivity and (c) detectivity of devices with different IEICO-4F doping ratios at —0.1 V bias
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Fig. 4 Impedance plot of the device under dark conditions
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