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ABSTRACT 1 

Film morphology of donor:acceptor blend layers play a critical role in photon-to-2 

current efficiency and dark/noise current of organic photodetectors (OPDs). One 3 

effective approach to manipulate crystallization and mesoscale phase separation of 4 

such blend layers is sequential casting (SC). However, the guiding strategies to 5 

control the morphology and the impacts on OPD performances of the SC films remain 6 

elusive, as the film structural evolution during SC is different from conventional 7 

blend casting (BC). Here, a refined fibrillar multiphase morphology is demonstrated 8 

by SC in an NT812:IEICO-4F blend film, where the high-quality IEICO-4F 9 

crystallites infiltrate the robust NT812 fibril network from the surface to the bulk. 10 

Such a morphology leads to improved charge generation and collection, reduced trap 11 

states, and enhanced charge block capability of resultant device, enabling 12 

simultaneous achievement of high external quantum efficiency and low dark/noise 13 

current. A maximum special detectivity of 5 × 1013 Jones is achieved at 860 nm under 14 

–0.1 V, which is among the highest detectivities for vis-to-NIR OPDs. The linear 15 

dynamic range and response speed are also improved. Such enhancements are 16 

parallelly observed from OPD devices based on other blend systems with similar 17 

fibrillar refinement, which provides guidelines for film structure manipulation 18 

towards high OPD performances. 19 

 20 
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 1 

1. Introduction 2 

Organic photodetectors (OPDs) present great advantages of cost-efficient film 3 

processing, tunable spectral response, and ease to be light-weight and flexible, which 4 

arouse broad interests from academia and industry for multiple sensing applications 5 

[1-5]. Recent OPD research concerns how to improve the light-sensing performances 6 

with spectral response extended from the visible (vis) region to the near-infrared 7 

(NIR) region, amid the emergence of narrow bandgap non-fullerene acceptors (NFAs) 8 

[ 6 - 12 ]. Similar to organic photovoltaics, the active layer in an OPD device is 9 

generally prepared by blend casting (BC) the donor:acceptor (D:A) mixed solution, 10 

which results in a bulk heterojunction (BHJ) structure associated with bi-continuous 11 

phase separation [13,14]. Such a BHJ structure brings success in realizing high 12 

external quantum efficiency (EQE) of device spanning multiple D:A blend systems, as 13 

charge carrier generation and collection are optimized [ 15 - 17 ]. However, it is 14 

inevitable that BC approach would lead to direct contacts of acceptor with the anode 15 

and donor with the cathode, which could increase charge injection from the electrodes 16 

to active layer under reverse bias, and thus, increasing the dark/noise current of OPD 17 

devices. Notably, this phenomenon will be exacerbated in the blend systems based on 18 

narrow bandgap NFAs, due to their smaller electron injection barriers [ 18 , 19 ]. 19 

Therefore, it is fundamentally challenging to simultaneously achieve high EQE and 20 

low dark/noise current of OPDs by optimizing morphology of the active layer [20-21 

22]. 22 
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        To tackle such challenge, multiple effective strategies have been employed, such 1 

as increase of film thickness [18], construction of ternary blends [23], incorporation of 2 

an interlayer [24,25], and use of sequential casting (SC) [26-29]. Among these, SC 3 

can generate a blend film with a gradient component distribution in vertical direction, 4 

which is carried out by casting the acceptor (or donor) atop the pre-deposited donor 5 

(or acceptor) layer. Considering the processing solvent for the upper layer will erode 6 

or swell the underneath layer during the deposition process, it is rational to anticipate 7 

that the interface between the two layers is in the form of BHJ structure. The resultant 8 

vertical component distribution is essentially favorable for blocking charge injection 9 

under reversed bias, and hence, decreasing the dark/noise current. Meanwhile, SC is 10 

found to modulate the material crystallization and phase separation, which can well 11 

facilitate the exciton dissociation and charge transport [30-32]. Therefore, the SC 12 

devices are potential to exhibit high EQE and low dark/noise current simultaneously, 13 

as well as significantly improved OPD performances. Despite these assets, the 14 

guiding strategies for morphology manipulation of OPD thin-films remain elusive, 15 

and need to be explored for further boosting the performances. 16 

        In this work, SC is employed to fabricate the OPD blend film consisting a D:A 17 

combination of NT812:IEICO-4F, where the IEICO-4F is spin-casted on the top of the 18 

pre-deposited NT812 layer. The resultant SC film shows a refined fibrillar multiphase 19 

morphology, where the high-quality IEICO-4F crystallites infiltrate the NT812 fibril 20 

network from the surface to the bulk. The combination of improved charge generation 21 

and collection, reduced trap states, and vertical component distribution enables the 22 
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simultaneous achievement of enhanced EQE and reduced dark/noise current. Efficient 1 

vis-to-NIR sensing performances are realized, with a maximum special detectivity 2 

(D*) of 5 × 1013 Jones at 860 nm under a reversed bias of –0.1 V and a linear dynamic 3 

range of 129 dB. The D* of the SC device is three times higher than the BC device 4 

with 1.5 × 1013 Jones. Performance improvements are parallelly obtained from other 5 

D:A combinations with similar morphology, indicating that the SC-induced refined 6 

fibrillar multiphase morphology can realize new opportunities for developing high-7 

performance OPDs. 8 

 9 

2. Results and discussion 10 

2.1 Materials and device performance 11 

The chemical structures, energy levels, and absorption spectra of NT812 and IEICO-12 

4F are shown in Figs. 1a-c. The staggered alignment of lowest unoccupied molecular 13 

orbital (LUMO) and highest occupied molecular orbital (HOMO) energy levels of 14 

NT812 and IEICO-4F is beneficial to charge separation when the photogenerated 15 

excitons reach the D/A interface [33-36]. The NT812:IEICO-4F blend film shows a 16 

broad absorption profile ranging from 300 to 1000 nm, indicating the photon-17 

harvesting capability of the blend films across the vis-to-NIR region. It is seen that the 18 

absorbance contribution from IEICO-4F (peak at ~850 nm) is increased in the SC film 19 

compared with the BC film, which is favorable for increasing NIR sensing of the 20 

OPD device. The film processing methods are schematically shown in Fig. 1d. For 21 

BC, the blend film is spin-casted from chlorobenzene (CB) solution of NT812:IEICO-22 
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4F mixture. For SC, the neat NT812 layer is pre-casted from CB solution, and the neat 1 

IEICO-4F chloroform (CF) solution is casted on the NT812 layer. The use of CB as 2 

the processing solvent for the NT812 layer can better promote the polymer 3 

crystallization compared with CF (Fig. S1). As NT812 can also be dissolved in CF, 4 

IEICO-4F would inevitably infiltrate NT812 from top to bottom of the film, forming 5 

interdiffusion of components in vertical direction. Such assumption can be verified by 6 

time-of-flight secondary ion mass spectrometry (TOF-SIMS) measurements of the 7 

films (Fig. S2). TOF-SIMS depth profiles were obtained by using F– and SN– signals 8 

as chemical labels to track the IEICO-4F and NT812, respectively. It can be seen that 9 

from top to bottom of the SC film, the ratio of IEICO-4F shows gradient decrease, 10 

while the ratio of NT812 shows gradient increase. For the BC film, both components 11 

show an average distribution over the thickness direction.  12 

 13 

 14 

Fig. 1. (a) Chemical structures and (b) Energy levels of NT812 and IEICO-4F. (c) 15 

Absorption spectra of neat materials and blend films prepared by BC and SC. (d) 16 
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Schematic representations of the film processing approaches and vertical component 1 

distributions of the resultant films as estimated by TOF-SIMS measurements. 2 

        The OPD devices based on the BC and SC blends were fabricated with 3 

architecture of ITO/PEDOT:PSS (18 nm)/NT812:IEICO-4F/LiF (1 nm)/Al (70 nm). 4 

The thickness of the active layer was kept at ~300 nm. The thickness of the BC film 5 

was controlled by the spin rate of the solution. For the SC film, the thickness varied 6 

with the diffusion degree of the IEICO-4F into the NT812 layer, which can be 7 

controlled by the thickness of the NT812 or the processing solvent for the IEICO-4F. 8 

The diffusion degree of the IEICO-4F in SC film can also strongly influence the D:A 9 

ratio. Shown in Fig. S3a are the UV-vis absorption spectra of SC films with different 10 

thicknesses. It can be seen that the absorption peak at ~850 nm declines with film 11 

thickness increasing, as the NT812 layer with higher thickness can mitigate the 12 

diffusion of IEICO-4F, resulting lower IEICO-4F doping content in the film. The 13 

blend ratios of the SC films are estimated by comparing the absorption spectra of BC 14 

films with given blend ratios (Figs. S3b,c). Fig. S4 summarizes device performances 15 

of SC films with different thicknesses, and best performance was obtained under ~300 16 

nm.  We also changed the processing solvent of IEICO-4F with CB, but the resulting 17 

SC film shows low-quality film formation, leading to deteriorated device 18 

performances (Fig. S5). 19 

        The spectral response of devices at –0.1 V bias is shown in Fig. 2a. In 20 

comparison with the BC device, the SC device shows increased EQE from ~45% to 21 

~60% over the wavelength range of 620-870 nm. The photo-responsivity (R) of 22 
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devices can be calculated by [37]: 1 

� = ���
���	�


= ���×�
����  (A W��)                                           (1) 2 

where Jph is the photocurrent, Llight is the incident light power, and λ is the wavelength 3 

of incident light in nanometer. Apparently, the increased EQE of SC device leads to 4 

enhanced responsivity of 0.42 A W–1 at 860 nm. Shown in Fig. 2b are the current 5 

density-voltage (J-V) curves of devices under dark condition. The SC device shows 6 

decreased dark current density (Jd) under reverse bias, which is beneficial for 7 

obtaining lower noise level and higher sensing capability to weak light signals. The Jd 8 

of the SC device is 2.2 × 10–10 A cm–2 under –0.1 V, which is one of the lowest values 9 

of reported OPDs [ 38 - 42 ]. To quantify the detection capability, the specific 10 

detectivities (D*) are calculated following the equation [43,44]: 11 

�∗ = � × √�
�� = �

 �!�"
= ���×�

���� × �
 �!�"

 (Hz�/� W�� or Jones)             (2) 12 

where A is device area, Sn is the noise power density, and q is the elementary charge 13 

[45]. The noise power density as a function of frequency at –0.1 V is shown in Fig. 14 

2c. The SC device shows lower Sn values at the low-frequency region, which are more 15 

approaching the background noise, indicating less flicker noise compared with the BC 16 

device [46]. The D* values at 860 nm derived from R and Sn (10 kHz) are of 4.7 × 17 

1012 Jones and 9.5 × 1012 Jones for BC and SC devices, respectively. As the device 18 

noise is out of the detection limit of the instrument at high-frequency region, the D* 19 

values calculated by this approach are underestimated. Following the abovementioned 20 

equation, the D* can also be derived by the device EQE and Jd, and the calculated 21 

results are summarized in Fig. 2d. The SC device exhibits higher D* values than those 22 
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of the BC device within the probed wavelength range, due to the increased EQE and 1 

reduced Jd. A maximum D* of 5.0 × 1013 Jones is achieved at 860 nm, which is among 2 

the highest values for reported vis-to-NIR OPDs [47-51].  3 

        The linear dynamic range (LDR) was used to evaluate the range where the device 4 

output signals scale linearly with the input signals, since the devices need to detect the 5 

weak light and operate across a broad range of light intensity [52]. The LDR is 6 

calculated by 7 

LDR = 20log �34456
�78956

= 20log :34456
:78956

(dB)                                  (3) 8 

where Jupper (Iupper) and Jlower (Ilower) represent the highest and the lowest photocurrent 9 

density (light intensity), respectively, between which the input-output signal relation 10 

coincides with linearity. The light-intensity dependent J-V characteristics of the 11 

devices are plotted in Figs. S6a,b, and the photocurrent density (Jph, Jph = JL – Jd) at –12 

0.1 V as a function of light intensity is shown in Fig. 2e. The BC device has a linear 13 

response from  3.9 × 10–9 W cm–2 to 2.1 × 10–3 W cm–2, giving an LDR of 115 dB. 14 

The SC device has a linear response from 7.8 × 10–10 W cm–2 to 2.1 × 10–3 W cm–2, 15 

corresponding to a higher LDR of 129 dB. Insets in the Fig. 2e are the linear fitting 16 

results for each device, where the coefficients are 0.32 and 0.42 for BC and SC 17 

devices, in agreement with their responsivities at 860 nm (RBC = 0.32, RSC = 0.42) as 18 

demonstrated in Fig. 2a. Response speed is also an important performance of 19 

photodetectors for practical applications [1,2,18]. Fig. 2f shows the transient photo-20 

response behavior of devices at –0.1 V, for which the rise time (trise) is defined as the 21 

time gap when the photocurrent rises from 10% to 90% and the fall time (tfall) is 22 
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defined as the time gap when the photocurrent drops from 90% to 10%. The BC 1 

device shows trise and tfall of 9.5 μs and 9.6 μs, respectively. The SC device shows trise 2 

and tfall of 4.5 μs and 5.5 μs, respectively, demonstrating quicker on-off switch to the 3 

optical signal. The dynamic response of devices at various light modulation 4 

frequencies is shown in Figs. S6c,d. The cutoff frequency is defined as the frequency 5 

when the output of a detector drops by 3 dB. The SC device shows a cutoff frequency 6 

larger than 105 Hz, which is relatively high compared with the BC device with cutoff 7 

frequency below 105 Hz. These results indicate that the SC device shows faster 8 

response to a square-wave light signal and is potential to better fit the requirements 9 

for practical applications. The related device parameters discussed above are compiled 10 

in Table 1. 11 

 12 

 13 

Fig. 2. (a) EQE and responsivity spectra at –0.1 V, (b) dark J-V curves, (c) noise 14 

power spectra, (d) D* curves derived from EQE and Jd at –0.1 V, (e) LDR and (f) time 15 
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response under 10 kHz 860 nm light pulse at –0.1 V of BC and SC devices. 1 

 2 

 3 

Table 1. OPD performance parameters of BC and SC devices under –0.1 V bias. 4 

Device 
Jd 

(A cm–2) 

EQEa 

(%) 

Ra 

(A W–1) 

D*b 

(Jones) 

D*c 

(Jones) 

LDR 

(dB) 

trise / tfall 

(μs) 

BC 1.4 × 10–9 46.1 0.32 1.5 × 1013 4.7 × 1012 115 9.5 / 9.6 

SC 2.2 × 10–10 60.6 0.42 5.0 × 1013 9.5 × 1012 129 4.5 / 5.5 

a Obtained at 860 nm. b Calculated from Jd and EQE at 860 nm. c Calculated from 5 

noise spectral density at 10 kHz. 6 

 7 

2.2 Device physics 8 

The photocurrent density-effective voltage (Jph-Veff) curves of devices are shown in 9 

Fig. S7. The photocurrents of both devices increase and reach saturation at high Veff 10 

region, where the SC device shows a saturated current density (Jsat) of 23.1 mA cm–2 11 

at 2 V, higher than the BC device with 19.7 mA cm–2, indicating the increase of 12 

overall absorption and exciton generation. The charge collection probabilities (Pc, Pc 13 

= Jph/Jsat) under short-circuit condition are 66.5% and 78.8% for BC and SC devices, 14 

indicating that improved exciton dissociation and charge collection efficiency is 15 

obtained by SC device [53]. Transient photovoltage (TPV) and transient photocurrent 16 

(TPC) were performed to evaluate charge recombination and charge extraction in 17 

devices (Fig. S8) [54,55]. The SC device shows a slower TPV decay time of 104 μs 18 

than the BC device with 88 μs, indicative of suppressed charge recombination. 19 



 

12 
 

Meanwhile, the SC device presents faster TPC decay time (0.76 μs) compared with 1 

the BC device (1.27 μs), signifying improved charge extraction efficiency. The hole 2 

(μh) and electron (μe) mobilities of blend films are evaluated by space-charge-limited 3 

current (SCLC) method with charge-only devices (Fig. S9). As shown in Fig. 3a, the 4 

SC film shows μh and μe of 1.8 × 10–4 and 7.9 × 10–4 cm2 V–1 s–1, both of which are 5 

higher than those of BC film (μh = 7.5 × 10–6 cm2 V–1 s–1, μe = 1.1 × 10–4 cm2 V–1 s–1). 6 

With the J-V curves of the electron-only devices, the defect states (Nt) were calculated 7 

using the equation of Nt = 2εrε0·VTFL/qL2, where L is the thickness of the active layer 8 

and VTFL is the trap-filling limit voltage (Fig. S10) [56]. The VTFL values of BC and 9 

SC devices are 0.57 eV and 0.32 eV, corresponding to Nt values of 2.1×1015 cm−3 and 10 

1.2×1015 cm−3, indicating reduced defect states in the SC film. The improved charge 11 

generation, transportation, and collection jointly contribute to the EQE increase of the 12 

SC device. The improvement of these photophysical processes also implies the 13 

decrease of the local defects and impurities that may help to lower the dark current 14 

under reverse bias. 15 

The intrinsic origins of dark current in OPDs under reverse bias (saturation 16 

current, J0) were studied. The J0 consists of a radiative recombination current (J0,R) 17 

and a non-radiative recombination current (J0,NR) [57]. The J0,R is derived from the 18 

Fourier transform photocurrent spectroscopy (FTPS) and the absorptivity of 19 

blackbody radiation at room temperature, and the J0,NR can be calculated by 20 

electroluminescence (EL), as EQE of EL equals to the fraction of J0,R to the sum of 21 

J0,R and J0,NR (see the Note 2 and Fig. S11 in supplementary data). The BC device 22 

shows a J0,R of 2.8 × 10−18 A cm−2 and a J0,NR of 9.5 × 10−13 A cm−2. The SC device 23 

shows a J0,R of 1.6 × 10−18 A cm−2 and a  J0,NR of 3.2 × 10−13 A cm−2. Both J0,R and 24 

J0,NR of the SC device are lower than those of the BC device. J0 is dominated by the 25 

J0,NR, and the J0,NR of SC is three orders of magnitude lower than the Jd at −0.1 V. 26 

Thus, the Jd of the devices is mainly contributed by the extrinsic origins, such as 27 

topology defects. The impedance spectra of devices with frequency from 20 Hz to 10 28 

MHz are shown in Fig. 3b. Fitting the curves with circuit model shown in the inset 29 

gives the series resistance (Rs) and shunt resistance (Rsh) of each device. Both devices 30 
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show similar Rs values of ~15 Ω, but the SC device shows an Rsh of 451.9 KΩ, 1 

significantly higher than the BC device with 298.8 KΩ. According to the equivalent 2 

circuit of a photodetector, for a constant current source, lower Rsh could share more 3 

current flow of the circuit, decreasing the device current (Fig. S12) [58]. Thus, a high 4 

Rsh is desirable for a photodetector. As Rsh is caused by the leakage across the pn-5 

junction due to the defects and impurities in the junction region, the higher Rsh in SC 6 

device indicates lower leakage current, which is the major origin of the reduced dark 7 

current under reverse bias. Shown in Fig. 3c is the density of trap states (tDOS) as a 8 

function of energy (tDOS-Eω) [59], which is deduced from the capacitance-frequency 9 

(C-F) characteristics of devices (Fig. S13). Although the devices have similar peak 10 

position of tDOS distribution, the SC device exhibits a diminished profile, suggesting 11 

the electron injection under reverse bias is suppressed. Mott-Schottky analysis was 12 

performed with capacitance-voltage (C-V) characteristics of devices (Fig.3d) [60,61], 13 

and the C-V relation can be described by: 14 

=�� = �(>?��>)
�@!AABCD                                                    (4) 15 

where A is device area, ε0 is the vacuum permittivity, ε is the relative permittivity of 16 

the blend film (ε ~ 3), Vbi is built-in potential, and NA represents the doping or 17 

impurity concentration [62,63].  The NA values are recorded as 3.6 × 1015 cm–3 for the 18 

BC device and 2.5 × 1015 cm–3 for the SC device, indicating the realization of 19 

depressed impurity concentration in SC device. Meanwhile, the lower capacitance 20 

peak (0.5-1.1 V in the C-V curves) of SC device suggests a wider depletion width 21 

(Wdepletion) compared with the BC device. The Wdepletion of each blend film can be 22 

derived by  23 

Wdepletion = E2εrε0(Vbi-V)

qCD                                             (5) 24 

where V is the applied bias [60,62,64,65]. The depletion width as a function of the 25 
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applied bias is shown in Fig. S14. At −0.1 V, the Wdepletion values are 271 nm and 322 1 

nm for BC and SC devices, indicating that the SC devices exhibits a stronger block 2 

ability from the reverse injected electrons. Therefore, the impedance spectroscopy, 3 

tDOS analysis, and Mott-Schottky analysis demonstrate the suppressed trap states in 4 

the SC device, in good agreement with the decreased monomolecular recombination 5 

as evaluated by light-intensity dependent open-circuit voltage characteristics (Fig. 6 

S15), the less unity deviation of the ideal factor (n) fitted from the dark J-V curves 7 

(Fig. S16).  8 

 9 

Fig. 3. (a) Summary of hole and electron mobilities of charge-only devices based on 10 

BC and SC blend films. (b) Impedance spectra, (c) tDOS as a function of trap energy, 11 

(d) C-V and 1/C2-V characteristics of BC and SC OPD devices. 12 

 13 

2.3 Film morphology 14 
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Grazing incidence wide angle x-ray scattering (GIWAXS) was performed to study the 1 

crystalline packing in neat and blend films. The incident angle of x-ray was 0.16o, 2 

which was used to extract the crystalline information over the film thickness, as 3 

indicated by the attenuation length as functions of grazing angle each material at 10 4 

keV (Fig. S17). As shown in Fig. S18, the neat NT812 shows preferential bimodal 5 

arrangement consisting of both face-on and edge-on crystalline stacking, with π-π 6 

stacking reflection at 1.78 Å−1 and lamellar stacking reflection at 0.27 Å−1 in both in-7 

plane (IP) and out-of-plane (OOP) directions. The neat IEICO-4F shows intense π-π 8 

stacking peak at 1.82 Å−1 in the OOP direction and lamellar stacking peak at 0.31 Å−1 9 

in the IP direction, indicative of preferential face-on orientation. The appearance of 10 

off-axis diffractions at the low-q region (0.3-0.6 Å−1 in the qz direction) indicates the 11 

formation of high-quality crystalline packing. The 2D images and sector averaged 12 

curves of blend films are shown in Figs. 4a,b, which combine the crystalline signals 13 

from both NT812 and IEICO-4F. Multipeak-fitting the IP lamellar reflections can 14 

extract the peak area and full width at half maximum (FWHM), which can be used to 15 

quantify the crystallinity and crystalline coherence length (CCL, CCL = 2π/FWHM) 16 

for each component (Fig. S19). As shown in Fig. 4c, crystallization improvements are 17 

seen in the SC film compared with the BC film. The NT812 shows slightly increased 18 

crystallinity but decreased CCL compared with the BC film, while the IEICO-4F 19 

shows significant enhancement on both crystallinity and CCL, with increase extent of 20 

~55% and ~44%, respectively. Meanwhile, the off-axis spots from IEICO-4F are 21 

retained in the SC film, indicating that high-quality IEICO-4F crystallites are 22 
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achieved (Fig. S20). It is found that the IEICO-4F shows higher crystallinity and 1 

CCLs than those of NT812 in both BC and SC films, which affords more efficient 2 

pathways for electron transport. Thus, the electron mobilities are higher than the hole 3 

mobilities in both blends, as demonstrated by SCLC measurements. In the SC film, 4 

while the crystallization of each material is substantially improved, such improvement 5 

of IEICO-4F is more significant, which entails the electron mobility remains higher 6 

compared with the hole mobility. Azimuthal analysis for the π-π stacking was done to 7 

further investigate the crystalline orientations. As shown in Fig. 4d, the pole figure of 8 

the SC film shows narrowed and intensified profile compared with the BC film, 9 

suggesting crystallites grow with more preferential face-on arrangements (Fig. S21). 10 

Since component concentration varies along the vertical direction of the SC film, the 11 

crystalline information near the top surface (~5 nm) was also revealed by GIWAXS 12 

with an incident angle of 0.08o (Fig. S22). The comparison of the GIWAXS data 13 

probed with 0.08o and 0.16o indicates that the peak area ratio between IEICO-4F and 14 

NT812 at the top surface is ~3.2, which is higher than that of ~2.8 in the bulk, 15 

indicating the film surface with relatively high IEICO-4F concentration shows more 16 

reflection signals associated with IEICO-4F.  17 

 18 
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 1 

Fig. 4. GIWAXS (a) images and (b) sector averaged curves in the OOP and IP 2 

directions of the blend films. (c) Summary of the peak area and CCLs obtained by 3 

fitting the lamellar peaks in the IP direction. (d) Pole figure of the π-π stacking of the 4 

blend films. The azimuthal angle χ and spreading direction are shown by the dotted 5 

arc in the 2D image of the BC film. 6 

 7 

        The mesoscale morphology in real space was studied by atomic force 8 

microscopy (AFM) and transmission electron microscopy (TEM). The AFM height 9 

images capture the surface topographic features of the films. As shown in Fig. 5a, 10 

fibrillar aggregates appear in the BC film, while the SC film shows homogeneous and 11 

poor-defined features. In the TEM images, which are the vertical projections of both 12 

the surface and the bulk structures, the BC film shows large-scale aggregates enriched 13 

with delicate fibrils (bright region), while the SC film exhibits refined and robust 14 

fibril network with tens of nanometers in width (Fig. 5b). Due to the semiflexible 15 

backbones, conjugated polymers often crystallize with high aspect ratio by segmental 16 
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π-π and lamellar interactions, forming fibril-like crystallites [ 66 - 69 ]. Thus, the 1 

fibrillar structures seen in the above images originate from NT812 crystallites. The 2 

comparison of AFM and TEM results indicates that the NT812 fibrils in the SC film 3 

are mainly presence in the bulk, and delicate and highly aggregated fibrils display 4 

over the BC film. 5 

 6 

 7 

Fig. 5. (a) AFM and (b)TEM images of  the blend films. 8 

 9 

        The length scales of each component in blends were probed by nitrogen K-edge 10 

resonant soft x-ray scattering (NK-RSoXS), which is a powerful characterization tool 11 

developed for decoupling the multiphase structures in soft matters [70]. As shown in 12 

Fig. 6a, the neat NT812 and IEICO-4F show distinct near edge x-ray absorption fine 13 

structure (NEXAFS) signatures at 399 eV and 400 eV, which arise from N 1s→π* 14 

transitions localized within the benzothiadiazole units of NT812 and the cyano-groups 15 

of IEICO-4F, respectively [70]. The NEXAFS spectra determine the absorptive 16 
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component β of complex indexes of refraction, and the dispersive component δ can be 1 

calculated by β via Kramer-Kronigs relationship (Fig. 6b) [ 71 ], enabling the 2 

calculation of contrast function Δδ2 + Δβ2 between NT812 and IEICO-4F (Fig. 6c). It 3 

can be seen that the refractive indexes of NT812 and IEICO-4F show substantial 4 

changes when the x-ray energy is approaching 399 eV and 400 eV, respectively, 5 

leading to intense compositional contrast with chemical specificity. Thus, NK-RSoXS 6 

of blend films was performed to resolve the phase separation contributed by NT812 at 7 

399 eV and IEICO-4F at 400 eV. The RSoXS averaged I-q curves are shown in Figs. 8 

6d,e, where strong resonant signals present at 399 eV and 400 eV in comparison with 9 

those recorded at the pre-edge energy (395 eV) and the post-edge energy (406 eV), in 10 

good agreement with the calculated contrast function. The peak positions in the I-q 11 

curves were determined by fitting their corresponding Iq2-q curves (Figs. S23 and 12 

S24). The BC film shows broad scattering interferences at ~0.0043 Å−1 under 399 eV 13 

and ~0.0038 Å−1 under 400 eV, corresponding to characteristic distances of 147 nm 14 

and 164 nm, respectively. The SC film shows scattering humps at ~0.011 Å−1 under 15 

399 eV and ~0.0091 Å−1 under 400 eV, corresponding to characteristic distances of 55 16 

nm and 69 nm, respectively. The combination of the NK-RSoXS and AFM/TEM 17 

images unlocks the multiphase structures in blend films. In the BC film, the large 18 

domain distance of NT812 is likely stemming from the correlations between the 19 

fibrillar aggregates, while the IECIO-4F is of low crystallinity and sparsely distributes 20 

among the aggregates. The fibrils within the aggregates may also have inter-distance, 21 

but the scattering interference does not appear in the high-q region of the I-q curve at 22 
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399 eV, which may be due to the weak intensity. In the SC case, the NT812 is refined 1 

into robust fibrillar network with an inter-fibril space of 55 nm, and the enhanced 2 

IEICO-4F crystallization leads to decreased inter-crystallite distance of 69 nm. Fig. 6f 3 

schematically shows the phase-separated morphology of BC and SC films based on 4 

the scattering and microscopy results, where the multiple phases are demonstrated, 5 

including the NT812 crystalline fibrils, IEICO-4F crystalline domains, and the 6 

amorphous mixing region. Such phases are inter-connected with complex domain 7 

interfaces, and show collective behaviors affording optoelectronic performances [72-8 

74]. 9 

 10 

 11 

Fig. 6. (a) Normalized NEXFAS spectra and (b) complex indexes of refraction of neat 12 

materials. The NEXAFS spectra were collected with total electron yield (TEY) mode. 13 

(c) Calculated contrast function between NT812 and IEICO-4F at N K-edge. NK-14 

RSoXS I-q curves of (d) BC and (e) SC films at various energies. (f) Schematic 15 
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representations of multiphase morphology of BC and SC films. The light-blue 1 

background represents the amorphous mixing comprising both NT812 and IEICO-4F.  2 

 3 

        Therefore, the results reveal the fundamental advantages of SC on morphology 4 

and the impacts on the OPD performance. IEICO-4F was well dissolved in CF 5 

without heterogeneous interactions from NT812, which provided a favorable 6 

crystallization environment during drying. Thus, high-quality IEICO-4F crystallites 7 

with more preferential face-on orientation were obtained. Unlike blend casting, the 8 

pre-deposited NT812 layer was re-dissolved by CF when the IEICO-4F was casted 9 

atop. The re-dissolution was insufficient, as the processes including dissolution and 10 

drying were terminated within seconds, which highly increased the viscosity of 11 

NT812 chains that rapidly crystallized in the form of fibrillar network [75]. Such 12 

refined and robust NT812 fibrils laid the foundation of phase-separated framework, 13 

in-between which the IEICO-4F crystallites infiltrated from the top to the bottom. 14 

Although cross-section scanning electron microscopy (SEM) cannot defined the phase 15 

separation from each material in the vertical direction (Fig. S25), the surface and bulk 16 

information resulted from AFM, TEM, and NK-RSoXS, coupled with a ~300 nm 17 

thickness that covers the characteristic lengths of phase separation, can be used to 18 

appropriately describe the vertical morphology for both blends as schematically 19 

shown in Fig. 7a. The combination of high-quality IEICO-4F crystallites and refined 20 

NT812 fibrillar network suppresses the local defects and imperfections, offering 21 

efficient transport channels for both electrons and holes. The NT812 fibrils are not 22 
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independent of the multiphase system, since the polymer crystallites are formed by 1 

chain-segmental packing, leaving other segments to participate into the mixing region, 2 

which can efficiently extract the generated charges at the D/A interface [76]. Thus, 3 

charge generation, transportation and collection are significantly improved, boosting 4 

the EQE and response speed of the SC device. The gradient multiphase distribution in 5 

vertical direction effectively diminishes the trap states in the SC film, as well as the 6 

dark/noise current under reverse bias of the SC device (Fig. 7b). Therefore, the 7 

simultaneous achievement of high EQE and low dark/noise current enables 8 

significantly improved OPD performances of the SC film. 9 

 10 

 11 

Fig. 7. (a) Schematic representations of multiphase morphology in vertical direction 12 

of BC and SC films. The light-blue background stands for the mixing matrix 13 

comprising amorphous NT812 and IEICO-4F. (b) Suppressed tDOSs in the SC film 14 

that assists in reducing the device dark current under reverse bias.  15 

 16 

2.4 Effectiveness of refined fibrillar multiphase morphology 17 

To study the advantages of the refined fibrillar multiphase morphology on other blend 18 
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systems, NT812:COTIC-4F and NT812:Y6 were used to fabricate the OPD devices 1 

by BC and SC, respectively. The chemical structures of COTIC-4F and Y6 are shown 2 

in Fig. S26a. The TEM images of blends, dark J-V characteristics and D* curves of 3 

devices are summarized in Fig. 8. Device EQE and R spectra at –0.1 V are shown in 4 

Figs. S26 b,c. For the NT812:COTIC-4F case, similar refined and robust NT812 fibril 5 

network is seen in the SC film, corresponding to reduced dark current at reverse bias 6 

and increased detectivities compared with the BC film. The maximum D* appears at 7 

1050 nm over 5.0 × 1012 Jones, which is a high OPD detectivity with response 8 

wavelength longer than 1000 nm [29,34,40,46]. For the NT812:Y6 case, the TEM 9 

image of BC film shows high contrast between the bright and dark regions, where the 10 

bright region is enriched with fibrillar structures, indicative of large-scale aggregates. 11 

A refined and uniform fibril network is seen in the SC film, which drastically 12 

decreases device dark/noise current by two orders of magnitude lower than the SC 13 

device. Such decrease is huge in comparison with NT812:IEICO-4F and NT812:Y6 14 

blends, and a maximum D* is obtained at ~860 nm over 1.3 × 1013 Jones, which is one 15 

order magnitude higher than that of the BC devices. These results demonstrate the 16 

effectiveness of the refined fibril-based multiphase morphology, which is potential to 17 

provide guidelines for structural manipulation in various OPD blend systems. 18 

 19 
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 1 

Fig. 8. (a) TEM images and (b) device dark J-V and D* curves of NT812:COTIC-4F 2 

blends. (c) TEM images and (d) device dark J-V and D* curves of NT812:Y6 blends.  3 

 4 

 5 

3. Conclusion 6 

The utilization of SC for active-layer processing successfully demonstrates highly 7 

enhanced NT812:IEICO-4F based OPD performances, with highest D* of 5.0 × 1013 8 

Jones at 860 nm under –0.1 V and improved LDR and response speed, indicating the 9 

strong vis-to-NIR sensing capability and potential for practical applications. SC leads 10 

to the formation of a refined fibrillar multiphase morphology, where from the surface 11 

to the bulk, high-quality IEICO-4F crystallites infiltrate the robust NT812 fibrils. 12 

Such morphology improvements lead to enhanced charge generation and 13 

transportation, reduced trap states, and strong block ability to reverse electron 14 

injection, substantially increasing the EQE and decreasing the dark/noise current. 15 

Similar performance enhancements are seen from OPD devices based on 16 

NT812:COTIC-4F and NT812:Y6 blends, indicating that the SC-induced refined 17 
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fibrillar multiphase morphology can bring new opportunities for developing high-1 

performance OPDs. 2 
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Graphic Abstract 

 

 

 

A refined fibrillar multiphase thin-film morphology for organic photodetectors is 

demonstrated by sequential casting, where from the surface to the bulk, high-quality 

acceptor crystallites infiltrate the donor fibril network, enabling substantial optimization 

of device performances. 

 




