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Ultra-narrowband NIR Photomultiplication Organic Photodetectors based on Charge Injection Narrowing
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Ultra-narrowband NIR photomultiplication organic photodetectors (PM-OPDs) were realized in ITO/PEDOT:PSS/active layers/Al based on the interfacial-traps induced charge injection narrowing (CIN) concept. The rather less Bod Ethex-Hex (BEH) is imbedded in polymer donor matrix to form some isolated electron traps. The trapped electrons in BEH closing Al electrode will force interfacial band-bending for hole-tunneling-injection, resulting in the photomultiplication. The PM-OPDs with P3HT:BEH as active layers exhibit narrow response peak at 850 nm with full width at half-maximum (FWHM) of 27 nm, as well as a rather weak response from 650 m to 800 nm. The rejection ratios (RRs) are 11 at EQE 855 nm /EQE 700 nm and 10 at EQE 855 nm /EQE 750 nm , respectively. The EQE of 29,700% at 850 nm was achieved in the PM-OPDs by incorporating 0.02 wt% F 6 TCNNQ under -13 V bias. An EQE of 15,300% at 850 nm was achieved in the ternary PM-OPDs at -13 V bias, with the markedly enhanced RRs of 44 at EQE 855 nm /EQE 700 nm and 30 at EQE 855 nm /EQE 750 nm . This work provides a smart strategy to achieve highly efficient ultra-narrowband NIR PM-OPDs by adjusting trapped-electron-distribution near hole injection electrode and molecular arrangement for enhancing hole mobility in active layers.

Introduction

Photodetectors have attracted wide interest due to their potential in different application fields with the distinct spectral response range, such as image sensing, surveillance, fluorescence microscopy, and defense applications. [1][2][3][4][5] Broadband response organic photodetectors can be commonly achieved by employing one wide bandgap material and one narrow bandgap material as the active layers, also working under photodiode model with external quantum efficiency (EQE) less than 100%. [6][7][8][9][10][11][12] Narrowband response organic photodetectors are more challenging to engineer because of the relatively broad photon harvesting range of organic materials, especially for photomultiplication organic photodetectors (PM-OPDs) with EQE larger than 100%. [13][14][15][16] The PM-OPDs can be realized through interfacial trap-induced charge tunneling injection, the spectral response range of PM-OPDs is determined by the trapped-charge-distribution near the opposite charge injection electrode, which provides more possibilities to adjust response range of PM-OPDs. [17][18][19] The PM-OPDs with PFN instead of PEDOT:PSS as anode interfacial layer can work well under forward and reverse bias, exhibiting broadband response from 350 nm to 800 nm and narrowband response peak at 800 nm with full width at half-maximum (FWHM) of 40 nm. [20] The PM-OPDs possessing broadband/narrowband photodetection capability were realized by using 16 nm Al as the top semitransparent electrode. [21] Although the EQE of PM-OPDs can be markedly improved along with reverse bias increase, it is great challenge to realize high detection sensitivity of PM-OPDs under low bias due to the relatively low charge mobility of organic semiconducting materials. [22][23] In fact, charge mobility will also influence the response speed of organic photodetectors, especially for thick-film devices. Some smart strategies were proposed to prepare narrowband organic photodetectors without optical filter, such as charge injection narrowing (CIN) based on bulk heterojunction device structure, charge collection narrowing (CCN) also based on bulk heterojunction device structure and exciton dissociation narrowing (EDN) based on planar heterojunction device structure. [21,[24][25][26][27][28][29][30] The typical works of narrowband organic photodetectors are summarized in the Table 1.

According to the working mechanism of organic photodetectors based on CCN and EDN concept, the EQE values are less than 100% at the price of charge carrier loss and exciton loss, respectively.

A current amplifier is necessary in the application of organic photodetectors working under photodiode model to abstract light signal current from the large noise background during weak light detection. Meredith et al. firstly reported narrowband organic photodetectors by manipulating internal quantum efficiency based on CCN concept, charge collection efficiency is distinct for different wavelength light due to different penetration depth in thick active layers. [24] The CCN concept was successfully realized in perovskite photodetectors with narrowband response. [25] Huang et al. firstly realized narrowband organic photodetectors by manipulating exciton dissociation interface in planar heterojunction device based on the EDN concept. [27] Zhang et al.

firstly proposed PM-OPDs with efficient electron or hole transport channels and the opposite charge isolated traps within the thick bulk heterojunction active layers based on CIN concept. The narrowband PM-OPDs were prepared by using 2.5 µm P3HT:PC 71 BM (100:1, wt/wt) as the active layers, exhibiting a rapidly increased EQE from 600% @ -20 V to 33,600% @ -50 V bias, also keeping the FWHM of EQE spectra less than 30 nm under different bias. [29] The spectral response of PM-OPDs based on CIN concept is determined by absorption edge of thick active layers, which can be well explained by the trapped-charge-distribution near injection electrode according to the Lambert-Beer law. [24,28] It is a great challenge to achieve high EQE of narrowband PM-OPDs under low bias, especially for response range in near infrared (NIR) region.

In Mater. 2018, 30 (36), 1801079]. In this work, we report for the first time, such a strategy applied to PM-OPDs, by using the small molecular material F6TCNNQ as solid additive to optimize both polymer molecular arrangement and hole transport within the active layer. The chemical structures, lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) levels, absorption spectra of P3HT, PTB7-Th, BEH and F 6 TCNNQ, as well as the schematic device configuration of PM-OPDs are illustrated in Fig. 1. The PM-OPDs with P3HT:BEH (100:3, wt/wt) as the active layers exhibit two narrow spectral response from 650 nm to 800 nm and from 800 nm to 900 nm. It is apparent that the rather less (0.02 wt%) F 6 TCNNQ incorporation plays key role in enhancing EQE values of PM-OPDs. The EQE values of PM-OPDs with F 6 TCNNQ reach 29,700% at 850 nm under -13 V bias, which is one order larger than 2,600% at 850 nm of PM-OPDs without F 6 TCNNQ under -40 V bias. To optimize response range and improve rejection ratios (RRs) of narrowband PM-OPDs, polymer PTB7-Th was incorporated to adjust the trapped-electron-distribution near Al electrode. The ternary PM-OPDs with P3HT:PTB7-Th:BEH (100:0.5:3, wt/wt) as active layers exhibit a narrow response range from 830 nm to 900 nm with the FWHM of 27 nm under different reverse bias. The optimal ternary PM-OPDs exhibit an EQE of 15,300% at 850 nm under -13 V bias, the RRs of the optimal ternary PM-OPDs are 44 at EQE850 nm/EQE700 nm and 30 at EQE850 nm/EQE750 nm. This work provides a simple and efficient strategy to prepare ultra-narrowband NIR PM-OPDs with rapid response speed. 

Results and discussion

Series of PM-OPDs were fabricated with P3HT:BEH as active layers, the weight ratios of P3HT

to BEH was adjusted from 100:1 to 100:7 (wt/wt) in the blend solutions. Some isolated electron traps of P3HT/BEH/P3HT will be formed due to the different LUMO levels of P3HT and BEH, the isolated trap density can be altered by finely adjusting BEH content. The detailed current density versus voltage (J-V) curves of all PM-OPDs in dark and under 2 mW/cm 2 white light illumination are exhibited in Fig. S1. The optimal weight ratio of P3HT:BEH is about 100:3

(wt/wt) by comprehensively evaluating the current density in dark (J D ) and current density under light conditions (J L ) of the corresponding PM-OPDs. To further improve the performance of PM-OPDs, F 6 TCNNQ dopant was incorporated into the blend solutions to prepare active layers.

All the active layers were rinsed by spin coating alcohol to remove superficial F 6 TCNNQ, which can restrain hole direct injection from Al electrode in dark condition to keep the low J D of PM-OPDs. The LUMO levels of F 6 TCNNQ is -5.3 eV, measured by using the cyclic voltammetry (CV) method (see in Fig. S2). The deep LUMO level of F 6 TCNNQ can trap more electrons in active layers. The higher amount of trapped electrons near Al electrode is expected to induce a greater bending of interfacial band and consequently increase the hole-tunneling-injection efficiency. The J-V curves of PM-OPDs without and with F 6 TCNNQ in active layers were measured in dark and under 2 mW/cm 2 white light illumination conditions, as exhibited in Fig. 2a.

It is apparent that PM-OPDs with F 6 TCNNQ exhibit the markedly increased J L and slightly increased J D in comparisons with those of PM-OPDs without F 6 TCNNQ under the same biases, indicating that the F 6 TCNNQ-doped PM-OPDs possess stronger photon detection ability. The EQE spectra of PM-OPDs without and with F 6 TCNNQ were measured under different reverse bias, as exhibited in Fig. 2b and2c. Both PM-OPDs exhibit two narrow spectral response from 650 nm to 800 nm and from 800 nm to 900 nm. The ultra-narrow response of PM-OPDs can be well explained by CIN concept, which is mainly determined by trapped-electron-distribution near Al electrode. According to the Lambert-Beer law, [24,28] of thick active layers because some incident photons can transmit through thick active layer to generate some trapped electrons in BEH near Al electrode. This phenomenon can be well explained according to the CIN concept. [31][32][33][34] The slightly different EQE spectra of PM-OPDs with or without F 6 TCNNQ can be observed in the spectral range from 700 nm to 830 nm, as exhibited in Fig. 2d, which is mainly attributed to the distinct photon harvesting ability in this spectral range. The EQE values of all PM-OPDs are enhanced along with the reverse bias increase, especially for the PM-OPDs with F 6 TCNNQ. The EQE values of PM-OPDs with F 6 TCNNQ is approaching to 29,700% under -13 V bias, which is one order larger than 2,600% of PM-OPDs It is well known that charge mobility in the active layers should be strongly impacted by the (macro-)molecular arrangement of blend films. [35][36][37][38][39][40] In order to further investigate the effect of F 6 TCNNQ on molecular arrangement in the active layers, out-of-plane (OOP) and in-plane (IP) line-cuts of blend films were investigated by grazing incidence X-ray diffraction, as exhibited in is beneficial to hole transport along the perpendicular direction of substrate, [41][42][43] which can well explain the enhanced response speed and increased EQE of PM-OPDs with F 6 TCNNQ. The noise equivalent power (NEP) and specific detectivity (D*) of the PM-OPDs should be evaluated according to the following equations with the measured i n and EQE conditions: [44][45][46][47] )
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where R is the responsivity and is exhibited in Fig. S3, i n is total noise current, B is the electrical bandwidth, NEP is the noise equivalent power, and A is the active area. The i n of ternary PM-OPDs is about 2.53×10 -13 A Hz -1/2 . The NEP spectrum of the ternary PM-OPDs under -13 V is shown in Fig. S4 and the lowest NEP of the ternary PM-OPDs is 2.40 × 10 -13 W Hz -1/2 at 850 nm.

The D* of the ternary PM-OPDs was calculated based on the NEP and is shown in Fig. 4c. The D* approaches 8.8 × 10 11 cm Hz 1/2 W -1 under -13 V bias. The LDR as the crucial parameter of PM-OPDs represents that the responsivity can be kept constant under different incident light powers. [31,[START_REF] Ren | realized with P3HT:PTB7-Th:BEH (100[END_REF] The LDR of the ternary PM-OPDs was measured and arrives to 145 dB at -13 V bias, as shown in 

Figure 1 .

 1 Figure 1. (a) Chemical structures of P3HT, PTB7-Th, BEH and F 6 TCNNQ. (b) Schematic energy levels diagram of P3HT, PTB7-Th, BEH and F 6 TCNNQ. (c) The normalized UV-Vis-NIR absorption spectra of pure F 6 TCNNQ, P3HT, PTB7-Th and BEH films. (d) Device configuration diagram of our prepared PM-OPDs.

  less incident photon can transmit through thick active layer to Al electrode, especially in the strong absorption range of the active layer. The absorption spectra of thick active layers with and without F 6 TCNNQ were measured and are inserted in Fig. 2b and 2c. The incident photon with wavelength less than 650 nm can be completely harvested by thick active layers, resulting in almost no photogenerated electrons trapped in BEH near Al electrode. The absent trapped electrons in BEH near Al electrode can not induce interfacial-band-bending for hole-tunneling-injection, resulting in the EQE values closing to zero in this spectral range. The response range of the PM-OPDs locates at the absorption edge

without F 6

 6 TCNNQ under -40 V bias. According to the working mechanism of PM-OPDs, the EQE value of PM-OPDs is mainly determined by the number of charge carrier flowing through the device per unit. The relatively large EQE values of PM-OPDs with F 6 TCNNQ should be attributed to the enhanced hole mobility in the corresponding active layers.

Figure 2 .

 2 Figure 2. (a) The J-V curves of the PM-OPDs with P3HT:BEH (100:3, wt/wt) as active layers in dark condition and under 2 mW/cm 2 white light illumination. (b) The EQE spectra and normalized absorption spectrum of PM-OPDs without F 6 TCNNQ. (c) The EQE spectra and normalized absorption spectrum of PM-OPDs with 0.02 wt% F 6 TCNNQ. (d) Normalized absorption spectra and normalized EQE spectra.In order to investigate the effect of F 6 TCNNQ incorporation on hole mobility in active layers, hole-only devices were prepared with the device structure of ITO/PEDOT:PSS/active layers/Au.According to the In (d 3 /V 2 )-(V/d) 0.5 curves of PM-OPDs with or without F 6 TCNNQ shown in Fig.3a, hole mobility are 1.94×10 -5 cm 2 v -1 s -1 and 1.07×10 -6 cm 2 v -1 s -1 in the active layers with and without F 6 TCNNQ, respectively. The enhanced hole mobility leads to an increase of charge carriers flowing through the device per unit, resulting in larger J L and EQE values. The transient photocurrent of PM-OPDs were investigated to further confirm hole mobility in active layers with and without F 6 TCNNQ, as exhibited in Fig.3b. The 850 nm light with intensity of 7 mW cm-2 

Figure 3 .

 3 Figure 3. (a) In (d 3 /V 2 )-(V/d) 0.5 of hole-only devices in dark condition. (b) Transient current density of the PM-OPDs under 850 nm illumination with an intensity of 7 mW cm -2 condition.

Fig. 4 .

 4 Fig. 4. The blend films with F 6 TCNNQ exhibit distinct (100) peak and weak (010) peak in OOP and IP direction, which indicates relatively high crystallinity degree of P3HT in blend films with

Figure 4 .

 4 Figure 4. The (a) OOP and (b) IP line-cuts of P3HT:BEH blend films with and without F 6 TCNNQ.

Figure 5 .

 5 Figure 5. (a) The EQE spectra of the ternary PM-OPDs. (b) The total noise current and shot noise current of the ternary PM-OPDs under -13 V bias. (c) The corresponding D* spectrum of the ternary PM-OPDs under -13 V bias. (d) The LDR of the ternary PM-OPDs measured at -13 V bias.

Fig. 4d .

 4d When incident light intensity is lower than 404 pW/cm 2 , the linearity of the ternary PM-OPDs is lost because the lower amount of photogenerated electrons trapped in BEH near Al electrode, can not induce interfacial-band-bending for hole-tunneling-injection from external circuit.ConclusionIn summary, ultra-narrowband NIR PM-OPDs were prepared with the sandwich structure of ITO/PEDOT:PSS/active layers (3 µm)/Al, the working mechanism of narrowband is interfacial-trapped charge induced injection narrowing, obeying the CIN concept. The optimal PM-OPDs with F 6 TCNNQ exhibit high EQE of 29,700% at 850 nm due to efficient hole tunneling injection and enhanced hole transport in the active layers. The F 6 TCNNQ dopant plays key role in optimizing polymer molecular arrangement, increasing hole mobility and inducing the interfacial band more bending for efficient hole tunneling injection. The PM-OPDs with P3HT:BEH (100:3, wt/wt) as thick active layers exhibit two narrowband spectral response from 650 nm to 800 nm and from 800 nm to 900 nm. The narrowband response of ternary PM-OPDs can be further optimized by incorporating PTB7-Th as the third component, exhibiting one ultra-narrow response range from 830 nm to 900 nm with FWHM of 27 nm under forward bias. The ternary PM-OPDs exhibit EQE of 15,300% and maximum D* of 8.8 × 10 11 cm Hz 1/2 W -1 under -13 V bias, as well as obviously enhanced RRs compared with PM-OPDs with P3HT:BEH (100:3, wt/wt) as active layers. This work provides an efficient strategy to achieve ultra-narrowband NIR PM-OPDs.

  

Table 1 .

 1 The type works on narrowband organic photodetectors.

	Active layer	Strategy	FWHM (nm)	 max (nm)	EQE/bias (V)	Ref.
	PCDTBT:PC71BM	CCN	65	680	18%/-1 V	[24]
	MAPbI2Br	CCN	80	650	10%/-0.5 V	[25]
	MAPbBr3	CCN	20	570	3%/-4 V	[26]

  this work, ultra-narrowband NIR PM-OPDs were achieved with the sandwich structure of

	ITO/PEDOT:PSS/active layers (3 µm)/Al, polymer materials P3HT and PTB7-Th were selected as
	donor and a small BODIPY-based molecule, named Bod Ethex-Hex (BEH), was used as
	non-fullerene acceptor. The photogenerated electrons will be trapped in the isolated BEH
	surrounded by the polymers. Recently, the use of small doping molecules has grown considerably,
	either in thermoelectricity [Influence of dopant size and doping method on the structure and
	thermoelectric properties of PBTTT films doped with F6TCNNQ and F4TCNQ, V. Vijayakumar, P.

Durand, H. Zeng, V. Untilova, L. Herrmann, P. Algayer, N. Leclerc and M. Brinkmann, Journal of Materials Chemistry C, 2020, doi.org/10.1039/D0TC02828B], organic solar cells [Y. , A.-H. Emwas, E. Yengel, X. Zheng, J. Liu, W. Wahyudi, E. Yarali, H. Faber, O. M. Bakr, L. Tsetseris, M. Heeney and T. D. Anthopoulos, ACS E e y ett 2020 5 3663-3671] or organic field-effect transistors [Paterson, A. F.; Singh, S.; Fallon, K. J.; Hodsden, T.; Han, Y.; Schroeder, B. C.; Bronstein, H.; Heeney, M.; McCulloch, I.; Anthopoulos, T. D. Recent Progress in High-Mobility Organic Transistors: A Reality Check. Adv.
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