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Abstract Narrow-band response photodetectors are widely used in situations where specific light wavelengths need to be
detected, such as communication, imaging, surveillance, efc. These detectors require not only the narrowest spectral response
window, but also the highest external quantum efficiency (EQE) within the response window. Generally, the semiconductor
photoactive layer in the photodetector will absorb the photons with energy greater than the band gap, and the spectral re-
sponse window is usually wide, so it needs to combine with the filter of specific wavelength to achieve narrow band re-
sponse. However, the introduction of filters, in addition to the increased cost, will inevitably lead to additional light reflection
losses, which will significantly reduce EQE. When the film thickness of the heterojunction is up to um, the narrow-band re-
sponse near the band edge can be achieved without a filter. However, the problem brought by thick film is that the photocur-
rent also decreases, resulting in lower EQE (<<30%) of the device. Although higher reverse bias increases the photocurrent
and EQE, it also increases the collection probability of short-wave photogenerated carriers, thus damaging the narrow-band
response. By greatly reducing the proportion of organic receptors and donors in the micron-size photoactive layer, the nar-
row-band response window of ca. 650 nm was achieved, and the EQE was up to ca. 53500% under —60 V reverse bias. This
kind of organic photodetector achieving the photomultiplication mainly attributes to the trapped charges at the photoactive
layer/electrode interface which will capture the photogenerated electrons (holes), and when the photogenerated electrons
(holes) are collected, the electric neutral balance in the photoactive layer is broken. The trapped photogenerated electrons
(holes) at the interface will cause the change of interface potential energy, which induces the interface band bending of the
photoactive layer, and promotes the metal electrode to inject holes into the photoactive layer to maintain the neutral balance.
Because the injection current is much higher than the photoelectric current, the superposition of the two can significantly
increase EQE and even produce gain. However, the idea of obtaining higher EQE by further increasing the concentration of
interfacial trapped electrons is difficult to be realized by increasing the proportion of receptors, which not only reduces EQE,
but also increases the full width at half maximum (FWHM) of the response window and destroys the narrow-band response.
In this work, the structure of ITO/poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT)/poly(3-hexylthiophene)
(P3HT)/[6,6]-phenyl-C61-isomethyl butyrate (PCBM)/aluminum (Al) has been prepared. By optimizing the thermal anneal-
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ing time and PCBM concentration, the EQE at —60 V was successfully improved from 52946.8% to 68470.9%, which is the
highest gain of narrow-band response organic photodetector so far, and the FWHM of ca. 28 nm remains unchanged. We used
Nano-IR to confirm that EQE enhancement was attributed to thermal annealing induced diffusion of PCBM into P3HT, thus
optimizing the electron trap concentration distribution at the interface between the active layer and the metal top electrode

and enhancing carrier injection.

Keywords organic photodetector; photomultiplication; narrow-band response; thermal annealing; interfacial engineering;
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Figure 1

Device performance of P3HT:PCBM device and P3HT/PCBM device after 130 ‘C thermal annealing for 0~ 10 min: (a) J-¥ curves under dark

and light illumination; (b) EQE spectra under —20 V bias voltage; (c) curve of corresponding peak values extracted from EQE spectra at 650 nm vs.

thermal annealing time; (d) D* spectra under —20 V reverse bias voltage

29 nm AR/, 4 #GE K 10 min &, EQE 1N 182.5%,
5 AR IGE K B

X EEAS 6] 6 E PRI 25 i MR RE, G SR 2 A R
(DHHERMI 2 D*:

_ Ae4-EQE
hci

noise

Forp, A A R K (m), e A2FEARITCHEAT(1.6X 1071 C),
A FERAERTERL0.12 em?), h &34 B 50 5 40(6.6 X 1073
Jes), ¢ JEIBIE (2.9X10° mes™"), inoise A2 MR
(AsHz ). tn[&l 1d firzx, P3HT/PCBM 2344 () EQE B %
FIR KIS [ ) S KO T3 K, R D O T K
130 ‘C#GEK 3 min J5 D*1AF] 5.8X10'° Jones, =T
P3HT:PCBM 241411 5.4 X 10'° Jones. #k— 35 %E KB Kt}
], EQE [19/MbE 520 D*IZHi /).
22 NXEMEREADBMRIE

T EifE P3HT/PCBM #3451 EQE B# #UR K1
A Ak e gt FAE A Nano-IR Xt Eb oA 47 #GR kA
130 ‘C#GBK 3 min [ P3HT/PCBM Y& 142 1) 5 [F].
Nano-IR | FH Y4 ALK HAT m 2 () o HE . 40K
e RRAZ TN RER] AFM (atomic force microscope)5

D* (M

1032 http://sioc-journal.cn

© 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

AN RER AR ZE A, Al FH S AT bk vh 21 4R PR IR S R
mh, BE R T IRORCRE S B K I A AN S P AR AR, T
SR FERPUE I, SRR, BT AFM fEE
PREF = LR IR, SR A8 B AR 4y SRR IR 5 14T
3, BURTSRASIRBN A HRIE A2, @ i N a1
PRIE 5 LM IR K I E R, n5 3R Mo, #
ZEAMEIR IR B K, BT PASEIIURE 8 K T [P R
R TSR LA R RS AR, SRR = 20 22 A
w4153 oy A2 24,

& 2a 1 2d 43 %)J& P3HT/PCBM B K i 5 ) AFM
TESUE, MR 2> W08 5.8 nm T 7.2 nm. WH L% R
BN, I HAELLERG X 4> P3HT A1 PCBM AHIX. [ 2b Fl
2e 47 A& P3HT/PCBM #4UR ‘K il J5 1740 cm ™! 1) Nano-IR
K. & 2¢ Al 2f & P3HT/PCBM #GB KR J5 1510 cm™
i) Nano-IR . iiid %4 P3HT Al PCBM [ HLIH-27 4h
JEHE(FTIR, & 2g) AT 4N, 1740 cm™' XF 8% T PCBM | ¥kt
FIMR4EIRSN, 1510 cm™! XFNF P3HT b MEW 3R FHRFE R
121 2h A 2b~2¢ Al 2d~2e FHEHL ) Nano-IR 5
FEHIZE, AILLEE] PCBM 15 5 5@ R HUR K ik 55,
1M P3HT 155 50 % AR OB K B3 SR, XSG AR
K2 JG, TZER PCBM Z#ia T2 M) P3HT WNHEP #L,
X — IG5 SRk E — e,

Acta Chim. Sinica 2021, 79, 1030—1036



(a)
8
€
S
=
e
(0]
T
-8
(d)
10
€
£
=
R
[
T
-10
(9)
130 'C_3 min
PCBM 45| e
= 1740 cm™ vy
= 40 F 130
% P3HT - >
3! E 35) —+—PCBM (1740 cm™) 125 3
< 1510 cm'’ s ——P3HT (1510 cm™) 3
= E N <
IS << 30 e 20
(2]
& i
= 251 115
130 C_0 min
1 Il Il 1 20 PR . Il N 1 N 10
3500 3000 2500 2000 1500 0.0 05 10 15 20
Wavenumber/cm™ Distance/um

B2 XUZ P3HT/PCBM I KL AN ERAL: (a~c) 7F 130 C F#HIE K 0 min FITEHi(a), 1740 cm™' 4t Nano-IR E(b), 1510 cm™ 4L Nano-IR
(c); (d~1) #£ 130 "C FiE:k 3 min FIIEZH(d), 1740 cm™' Ab(e)F1 1510 cm™ 4b(f)Nano-IR [&; (g) P3HT 1 PCBM (] FTIR #i; (h) (b, e)Fl(c, Ot
HREL Nano-IR T 2%

Figure 2 Nano-IR characterization of bilayer PZHT/PCBM films: (a~c) topography (a), Nano-IR images at 1740 cm™' (b) and 1510 cm™! (c) for the
films with 130 ‘C thermal annealing for 0 min; (d~f) topography (d), Nano-IR images at 1740 cm™' (e) and 1510 cm™' (f) for the films with 130 C
thermal annealing for 3 min; (g) FTIR spectra of P3HT and PCBM; (h) profiles of Nano-IR images extracted from (b, ¢) and (c, f)
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%121 °F 4 £ ITO/PEDOT i b, B f5 i ¥ &=
100 C#H A EHGBK 1 min EZRREHN, R5THEE
130 ‘C#UBK 10 min, AN P3HT A 145 ea e, F
B FIHE () PCBM (0~ 10 mgemL ™", V&7 8 &
F 5% (Sigma-Aldrich LLC.))i%7E ITO/PEDOT/P3HT )&
L PAERTE 2500 r/min iEfE 20 s, 7£ 130 'C F#HGEK 3
min. N T SEILER AR e B, FRATTIE B HLTE 2
HIEFEZ) 2.5 pm. FrA B84 5 5 HBAE 4 X 1074 Pa A
TNZEPE 100 nm B ERSE AR A, SRR PR TR
N 0.12 cm?.

FIT Nano-IR &[] P3HT/PCBM X2 i 51| 4%
BX 35 uL P3HT ¥R EE AN 40 mgemL !, EFINETK)
BISPARE B AR b, MR IR B R 100 CH G
RGBT min ZRRIEF, REFHEZE 130 CHUR/K 10
min, DRI P3HT A&, FkE 2 mgemL ! [
PCBM VAU 7E P3HT #E F, DU E 2500 r/min JiEfs
20s, BHAHELE 130 C R4 AFHGR K 0 min A1 3 min.
42 SHESHELRERIE

BRI J-V i 28 2 1 Keithley 2450 Y52 1 &5
K1, H¥EN 2.2 mWeem 2 [ 1565, EQE H Merlin 70104
(Newport, USA) I FHI R S & RSt 300 W RtkT
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o F 5 R

it

1 74125 Oriel Cornerstone 260 1/4 m H {8 45CH) B e 1%
Wi B 2R GEREAT I 5y dFANTF] i s i Keeithley 2450 3%
AL ARWBRIOEEE 70714 SKAMY R AR AR
(Newport) #1788 IE. Nano-IR &K ff] nanoIR3-s AFM
(Bruker, USA)MI &), RAE A 5N CSC17 Cr/Au
(MikcroMasch, USA), £MRIESIIIFRLZIAN 13 kHz, %
RKHZH 018 Nem™!. FTIR s2Kf Thermo Scientific
Nicolet 6700 & ). &4 A HUUZ B SR770 Bt
43 11X (Stanford Research System )l & f1].
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