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ABSTRACT
Benzo[1,2-d:4,5-d’]bis(oxazole) (BBO) is a conjugated building block that can be easily synthesized for the 

development of organic optoelectronic polymers. Here, the authors synthesized BBO-based polymers, P1 and P2, 
by coupling BBO with thiophenes for use in organic photodetectors (OPDs). The optical characteristics of P1 and 
P2 make them suitable for OPDs, as they selectively absorb the green light with a narrow bandwidth in the range of 
500–600 nm. The OPD devices were fabricated by making a bulk heterojunction active layer between the synthesized 
polymers and a nonfullerene acceptor, IDIC. P1-based devices showed slightly higher responsivity (R) of 0.169 A/W 
than 0.112 A/W of P2-based devices. However, the P2-based device was higher than D* value of the P1-based under 
100 μW/cm2, which was due to the influence of excessive thiophene units that had low dark current density. 
Keywords: Organic photodetector; p-type polymer; Conjugated polymer; Alkylthiophene π-spacer; Benzobisoxazole

1. Introduction
Organic photodetectors (OPDs) have been given 

attention due to their unique characteristics such as 
high absorption coefficient, tunable absorption re-
gion and broadness, light weight, and solution-pro-
cessibility. Thus, OPDs are considered to be one of 

the promising options for optical sensors and com-
munications in wearable, portable, and light-weight 
electronic devices [1–6]. In the OPD devices, the pho-
toconductive layer has the greatest influence on the 
bandwidth, photocurrent density (Jph), dark current 
density (Jd), responsivity (R) and specific detectivity 
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(D*), and thus the development of photoconductive 
polymer is highly important for OPDs [7]. Previous 
research has studied increasing both the R and D* 
values and decreasing Jd values.

Xai et al. fabricated p-n bulk heterojunction or-
ganic photodiodes (OPDs) using a small-molecule 
donor based on squaraine and a non-fullerene accep-
tor (NFA) composed of polycyclic aromatic rings. 
They successfully achieved red-selective OPDs with 
a D* value of 4.70 × 1011 Jones, unbiased, and a full 
width at half maximum (FWHM) of 186 nm [3]. Kim 
et al. synthesized phthalocyanine-based conjugat-
ed small molecules. They exhibited a D* value of 
1.0 × 1012 Jones under 530 nm light-emitting diode 
light of 0.1 mW/cm2 at –2 V bias. In addition, in 
the dynamic characteristics of the OPD, they were 
investigated that the –3 dB cut-off frequency of 
CuPc-HT:PC71BM devices was extremely high at 
0.1 MHz, and the signal response time was ultra-
fast at 9 μs [8]. Kang et al. synthesized p-type donor 
PSBOTz and n-type nonfullerene acceptor (NFA) 
T2-OEHRH. OPDs fabricated of PSBOTz and T2-
OEHRH exhibited a great R value of 0.31 A/W and 
D* value of 2.04 × 1013 Jones –2 V bias [9]. In addi-
tion, it showed green selective OPD in the full width 
at a half-maximum (FWHM) region of 230 nm. 
Jeong et al. synthesized a BBO-based conjugated 
polymer donor which was named as PBB. The hal-
ogen-free solvent processed OPDs were developed 
with outstanding R value of 0.385 A/W and D* value 
of 1.33 × 1013 Jones, respectively, at –1 V bias under 
532 nm light illumination [10]. After that, they incor-
porated thiophene π-spacer in a conjugated polymer 
donor, and found the correlation between Jd and 
hole charge-transfer (CT) state, which was inform-
ative to understand and reduce Jd in the OPDs [11].  
Jeong et al. synthesized cyclopentadithiophene (CP-
DT)-based red and near-infrared conjugated polymer 
donor. By including a thienothiophene (TT) ring into 
the polymers, a stable quinoid structure was main-
tained, showing wavelength absorption at 700–900 
nm [12]. They showed high performance with D* 

value of 1.14 × 1012 Jones at –1 V bias. Kim et al. 
developed NDI-based and PDI-based n-type pol-
ymers with nonconjugated spacer. To decrease Jd, 
nonconjugated spacers with various chain lengths, 
ether and thioether-mediated nonconjugated spacers 
were synthesized. They exhibited highly low Jd value 
of 5.1 × 10–9 A/cm2 and D* value of 1.0 × 1012 Jones 
at –1 V bias [13]. Kim et al. synthesized a PDI-based 
small molecule acceptor. Among three small mole-
cules, I-NPDI, including indacenodithiophene (IDT), 
showed better charge transport and suppressed Jd 
characteristics. They exhibited R value of 0.231 A/W, 
low Jd value of 5.92 × 10–10 A/cm2 and D* value of 
8.09 × 1012 Jones at –2 V bias [14]. 

Benzo[1,2-d:4,5-d’] bis(oxazole) (BBO) moiety, 
which has a linear alkyl chain, has many advantages 
for building a conjugated polymer donor. Firstly, it 
is a polynuclear heterocyclic aromatic ring, and thus 
it has a planar structure and is advantageous for π-π 
stacking, facilitating efficient charge transport of the 
polymers. Secondly, this aromatic ring itself contains 
alkyl side chains, which increase the solubility of the 
polymer [10,11]. We expected great performance, which 
was expanded π-specer, by a BBO moiety. 

In this study, we synthesized two green-light ab-
sorption conjugated polymer donor, poly[2,6-dioc-
tyl-4,8-bis(4-octylthiophen-2-yl)benzo[1,2-d:4,5-d’]
b i s ( o x a z o l e ) - a l t - 2 , 5 - t h i o p h e n e ]  ( P 1 )  a n d 
poly[2,6-dioctyl-4,8-bis(4-octylthiophen-2-yl)ben-
zo[1,2-d:4,5-d’]bis(oxazole)-alt-2,2’-bithiophene] 
(P2), by Stille coupling reaction between the bromi-
nated BBO-based monomer (compound 7) and the 
stannylated thiophene-based monomers (compound 
5 and 8) as shown in Scheme 1. The polythiophenes 
are the most well-known conjugated donors. It 
shows promising charge transporting properties in 
the film states [15,16]. In addition, alkylated thiophene 
can lower dark current density [11]. Thus, the combi-
nation between thiophenes and BBO can give a pos-
sibility to build conjugated polymer donor for OPDs, 
and the number of thiophene rings was adjusted in 
the synthesized two polymers (P1 and P2).
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Scheme 1. Synthesis of P1 and P2 polymers. i) 27% NH4OH 
solution, 2-methoxyethyl acetate, 100 °C 3.0 hours reaction. ii) 
Na2S2O4 (2.0 M in water) , Ethanol, 55 °C 2.0 hours reaction. 
iii) Poly(trimethylsilyl phosphate), nonanoyl chloride, o-DCB, 
90 °C, 3 day reaction. iv–v) n-BuLi (2.5 M in hexane), 
trimethyltin chloride (1.0 M in THF), –78 °C iv), 40 °C v), 
overnight reaction. vi) 5-Trimethylstannyl-3-octylthiophene, 
tris(dibenzylideneacetone)dipalladium (Pd2(dba)3), Tri(o-tolyl)
phosphine (p-(o-tolyl)3), toluene, 116 °C, overnight reaction. vii) 
N-bromosuccinimide (NBS), DMF, R.T., overnight reaction. viii) 
Compound 5, 7, 8, tetrakis(triphenylphosphine)palladium(0), 
toluene, 116 °C, 3.0 hours reaction.

The OPD devices were fabricated by blending a 
conjugated polymer donor (P1 or P2) and a nonfuller-
ene acceptor (IDIC). P1-based devices showed the 
best OPD performance with a R of 0.17 A/W, Jd of 
1.47 × 10–7 A/cm2 and D* of 7.78 × 1011 Jones at –1 
V bias, whereas P2-based devices showed a R of 0.11 
A/W and Jd of 7.41 × 10–8 A/cm2 and D* of 7.28 ×  
1011 Jones. However, when the P2-based devices 
showed under 100 μW/cm2 light intensity, D* was 
measured to be higher than P1-based devices. Addi-
tionally, we analyzed the P1 and P2 through external 
quantum efficiency (EQE) and space charge limited 
current (SCLC).

2. Experimental section
2.1 Materials synthesis 

Synthesis of 2,5-diamino-3,6-dibromocyclohexa- 
2,5-diene-1,4-dione

Bromanail (10.0 g, 23.6 mmol) was dissolved 
in 2-methoxyethyl acetate (50.0 mL) at 100 °C and 
stirred fro 1 hour. The solution was cooled to room 
temperature, and 27% NH4OH (4.8 mL) was added 
dropwise. The resulting mixture was stirred at 100 °C  
for 3 hours. Afterward, the mixture was washed 
with water and acetone, followed by filtration. The 
obtained filtrate was dried under vacuum. Resulting 
in a yield of (5.54 g, 79.14%). Due to the compound 
limited solubility, it was used without further purifi-
cation or analysis.
Synthesis of 2,5-diamino-3,6-dibromobenzene- 
1,4-diol 

2,5-diamino-3,6-dibromocyclohexa-2,5-di-
ene-1,4-dione (18.6 mmol, 5.54 g) was stirred in 60 
mL of ethanol and 15 mL of distilled water under 
nitrogen at 55 °C. Na2S2O4(46.5 mmol, 8.0 g) dis-
solved in 80 mL of distilled water was added drop-
wise and the mixture stirred for 1 hour. The reaction 
mixture was allowed to cool to room temperature 
the precipitate was filtered and washed with distilled 
water and cold ethanol. The solid was dried under 
vacuum to give the product (5.54 g, 99%). Because 
of the insolubility and air sensitivity of synthesis of 
2,5-diamino-3,6-dibromobenzene-1,4-diol. It was 
used immediately without further purification or 
analysis.
Synthes i s  o f  4 ,8-d ibromo-2 ,6-d ioc ty lben-
zo[1,2-d:4,5-d’]bis(oxazole)

Poly(trimethylsilyl phosphate) (13.0 g) and non-
anoyl chloride (10.0 g, 44.64 mmol) were dissolved 
in o-DCB (50 mL). The solution was degassed by 
bubbling argon through it for 30 minutes and add-
ed the solution in a N2 atmosphere flask containing 
2,5-diamino-3,6-dibromobenzene-1,4-diol (5.54 g, 
18.6 mmol). The mixture was heated to 90 °C for 72 
hours. The solution is concentrated by vacuum dis-



14

Organic Polymer Material Research | Volume 05 | Issue 02 | December 2023

tillation of the o-DCB. The resulting crude product 
was purified by column chromatography. The result-
ing white solid was recrystallized using DCM/meth-
anol to given compound 3 (6.37 g, 63.1%). 1H-NMR 
(600 MHz, CDCl3) δ: 3.010 (m, 4H), 1.924 (dt, 4H), 
1.444–1.276 (m, 20H), 0.879 (m, 6H).
Synthesis of 5-Trimethylstannyl-3-octylthiophene

3-octylthiophene (2.0 g, 10.2 mmol) was dis-
solved in anhydrous THF (20 mL). Dropwise n-Bu-
tyllithium (2.5 M in hexane) (6.2 mL, 15.3 mmol) 
at –78 °C and stirring for 2 hours. After the solution 
was stirred for 1 hour at room temperature. The solu-
tion was cooled down to –78 °C, and trimethyltin 
chloride (1.0 M in THF) (30 mL, 30.6 mmol) was 
added one shot injection and stirred overnight under 
N2 atmosphere. The reaction mixture was extract-
ed with diethyl eher, washed water, and dried over 
MgSO4. After removing the solvent to afford product 
pale liquid (3.66 g, 100%) NMR (600 MHz, CDCl3) 
δ: 7.201 (s, 1H), 7.013 (s, 1H), 2.646 (t, 2H), 1.631 
(q, 2H), 1.349–1.250 (m, 10H), 0.885 (t, 3H), 0.354 
(m, 9H).
Synthesis of 2,5-bis(trimethylstannyl)thiophene

Thiophene (1.0 g, 11.88 mmol) and TMEDA (3.04 
g, 26.14 mmol) were dissolved in anhydrous hexane 
(45.0 mL) under N2 atmosphere. Dropwise n-Butyl-
lithium (2.5 M in hexane) (10.5 mL, 26.14 mmol) at 
room temperature and stirring for 1.0 hour. After the 
solution was stirred for 1 hour at 60 °C. The solution 
was cooled down to 0 °C, and trimethyltin chloride 
(1.0 M in THF) (30 mL, 29.7 mmol) was added one 
shot injection and stirred overnight. The reaction 
mixture was extracted with diethyl eher, washed 
water, and dried over MgSO4. After removing the 
solvent to afford product white solid (2.75 g, 56.5%) 
1H NMR (600 MHz, CDCl3) δ: 7.317 (d, 2H), 0.366 
(s, 18H).
Synthesis of 2,6-dioctyl-4,8-bis(4-octylthiophen- 
2-yl) benzo[1,2-d:4,5-d’]bis(oxazole)

4,8-dibromo-2,6-dioctylbenzo[1,2-d:4,5-d’] 
bis(oxazole) (2.0 g, 3.69 mmol), tris(dibenzylide-
neacetone)dipalladium(0) (102.0 mg, 0.11 mmol), 
tri(o-tolyl)phosphine (p-(o-tolyl)3) (112.0 mg, 0.37 

mmol) were dissolved in toluene (40.0 mL). The 
mixture was added 5-Trimethylstannyl-3-octylthio-
phene (4.0, 11.06 mmol) in a N2 atmosphere flask. 
The mixture was heated to 110 °C for an overnight 
reaction. The reaction mixture was extracted with 
methylene chloride (M.C.), washed water, and dried 
over MgSO4 after removing the solvent. The result-
ing crude product was purified by column chroma-
tography (eluent is M.C.: Hex = 1:3) and recrys-
tallized to afford product as a yellow solid (1.91 g, 
66.8%). 1H-NMR (600 MHz, CDCl3) δ: 8.146 (s, 
2H), 7.099 (s, 2H) 3.089 (t, 4H), 2.729 (t, 4H), 2.000 
(q, 4H), 1.719 (q, 4H), 1.531–1.297 (m, 40H), 0.883 
(m, 12H).
Synthesis of 2,6-dioctyl-4,8-bis(5-bromo-4-octylthi-
ophen-2-yl) benzo[1,2-d:4,5-d’]bis(oxazole)

2,6-dioctyl-4,8-bis(4-octylthiophen-2-yl) ben-
zo[1,2-d:4,5-d’] bis(oxazole) (1.8 g, 2.33 mmol) was 
dissolved in DMF (50.0 mL). The mixture added 
the N-bromosuccinimide(NBS) (0.91 g, 5.12 mmol) 
at an overnight reaction and room temperature. The 
reaction mixture was extracted with M.C., washed 
water, and dried over MgSO4. After removing the 
solvent and purified by purified by column chroma-
tography (eluent is M.C.: Hex = 1:3). Recrystalized 
to afford product as a yellow solid. (2.04 g, 94.2%) 
1H-NMR (600 MHz, CDCl3) δ: 7.965 (s, 2H), 3.075 
(t, 4H), 2.672 (t, 4H), 1.988 (q, 4H), 1.688 (q, 4H), 
1.527-1.297 (40H), 0.885 (m, 12H). 
Polymerization of P1(POTB-T)

2,6-dioctyl-4,8-bis(5-bromo-4-octyl thio-
phen-2-yl) benzo[1,2-d:4,5-d’]bis(oxazole) (0.204 
g, 0.219 mmol), 2,5-bis(trimethylstannyl)thiophene 
(0.090 g, 0.219 mmol) and tetrakis(triphenylphos-
phine)palladium(0) (12.4 mg, 0.011 mmol) were dis-
solved in toluene (4.5 mL). The mixture was heated 
at 120 °C and 2.0 hours reaction. After polymeriza-
tion, the polymer was washed by soxhlet extraction 
with methanol, acetone, and chloroform. The pol-
ymer solution in chloroform was filtered through a 
Celite filter. P1 was obtained by reprecipitation from 
methanol (100.0 mg, 53.4%). Elemental Anal. Calcd 
C52H74N2O2S3: C:73.02; H:8.72; N: 3.28; O:3.74; 
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S:11.24. Found: C, 72.6; H, 8.49; N, 3.17; S, 11.4.
Polymerization of P2(POTB-biT)

P2 was polymerized using the same P1 pol-
ymer. The polymerization involved 2,6-dioc-
tyl-4,8-bis(5-bromo-4-octylthiophen-2-yl) ben-
zo[1,2-d:4,5-d’]bis(oxazole) (200.0 mg, 0.215 
mmol), 5,5’-bis(trimethylstannyl)-2,2’-bithiophene 
(105.6 mg, 0.215 mmol), tetrakis(triphenylphos-
phine)palladium(0) (12.4 mg, 0.011 mmol), and tol-
uene (4.2 mL). The mixture was then refluxed at 120 
°C for 16.0 hours. P2 was obtained by recrystalliza-
tion from methanol (123.1 mg, 61.1%). Elemental 
Anal. Calcd C56H76N2O2S4: C:71.75; H:8.17; N: 2.99; 
O:3.41; S:13.68. Found: C, 71.6; H, 8.10; N, 2.95; S, 
13.5.

2.2 Device fabrication and characterization

Patterned indium-doped tin oxide (ITO)-coated 
glass substrates were used as the bottom transpar-
ent electrode. ITO substrates were cleaned through 
sonication with acetone, distilled water, and ethanol 
sequentially, each for 20 minutes. The remaining 
solution was then removed using N2 blowing. The 
ZnO precursor solution was prepared by dissolving 
0.45 M of zinc acetate dehydrate and 0.45 M of mo-
noethanolamine in 2-methoxyethanol at 60 °C for 
3 hours. After cooling, the precursor solution was 
aged overnight. Before the coating process, ITO 
substrates were subjected to UV-O3 treatment for 20 
minutes. The prepared ZnO precursor solution was 
spin-coated onto the ITO at 3000 rpm for 30 sec-
onds. The ZnO-precursor-coated ITO substrates were 
thermally annealed at 220 °C for 10 minutes. The 
BHJ photoconductive layer consisted of donor pol-
ymers (P1 and P2) and acceptor (IDIC) with a ratio 
of 1:1.5. The concentration of the blended solution 
in chloroform was 25 mg/mL. After stirring for 3 
hours, the blended solution was spin-coated onto the 
ZnO-coated ITO at 1000 rpm for 40 seconds. The 
fabrication of the BHJ conductive layer was carried 
out in an Ar-filled glovebox. MoOx and Ag were 
thermally deposited under high vacuum conditions, 
with thicknesses of 8 nm and 100 nm, respectively. 
MoOx served as the hole-transporting layer (HTL), 

while Ag was used as the top electrode.

3. Results and discussion
3.1 Synthesis and characterization of the pol-
ymers

The synthetic routes for the P1 and P2 are shown 
in Scheme 1. Compounds 1–3 were synthesized 
according to the previous literature [10,11,17]. 5-Tri-
methylstannyl-3-octylthiophene (compound 4) and 
2,5-bis(trimethylstannyl)thiophene (compound 5) 
were synthesized from thiophene and 3-octylthio-
phene, respectively, by the continuous process of 
lithiation using BuLi and distannylation using tri-
methyltin chloride. Compound 6 was obtained via 
the Stille cross-coupling reaction between compound 
3 and 2-trimethylstannyl thiophene in the presence of 
a palladium catalyst. Subsequently, the bromination 
of compound 7 using NBS resulted in the final mon-
omer 7. 5,5’-Bis(trimethylstannyl)-2,2’-bithiophene 
(compound 8) was purchased from Sigma-aldrich 
Inc. P1 and P2 were synthesized by Stille cross-cou-
pling reaction of monomer 7 with co-monomer 5 and 
8, respectively, in the presence of a palladium cata-
lyst.

The molecular weights of the synthesized poly-
mers were analyzed by gel permeation chromatogra-
phy (GPC). The number average molecular weights 
of P1 and P2 were 5,600 and 4,800 Da, respectively, 
and the corresponding weight average molecular 
weights were 7,200 and 9,600 Da, respectively 
(Figures S5 and S6). Both polymers showed good 
solubility in common organic solvents such as chlo-
roform, toluene and tetrahydrofuran (THF). 

The ultraviolet-visible spectra of P1 and P2 were 
analyzed in both solution and film states. As shown 
in Figure 1a, the maximum absorption wavelengths 
(λmax) of P1 and P2 were 477 and 476 nm, respective-
ly, in the diluted solution. Regardless of the number 
of thiophene rings, two polymers showed similar ab-
sorption behaviors in the solution. In the film state, 
as shown in Figure 1b, λmax was 555 and 602 nm for 
P1, and 553 and 596 nm for P2. The optical proper-
ties are shown in Table 1. The absorption bandwidth 
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of P1 and P2 was increased when changing from 
solution to film. This indicates that the intermolecu-
lar ordering of P1 and P2 was enhanced in the film 
state. The two polymers also exhibited quite similar 
absorption behaviors in the film states with a strong 
green light absorbance. P1 polymer shows a stronger 
shoulder peak. Because the length of the polymer 
unit is short, which strengthens the π-π stacking 
between polymers. But This indicates that the effec-
tive π-conjugation was already saturated at P1, and 
the additional thiophene ring in P2 had a negligible 
effect on absorbance. The optical bandgaps (Eg) of 
P1 and P2 were calculated from the absorption onset 
wavelength of the polymer film, and all the polymers 
had similar values of ~ 2.0 eV. 

Figure 1. Characterization of the POTB-T, POTB-TT polymers: a, 
b) absorption spectra of the PBBOCPDT, POTBCPDT polymers in 
solution and film states and c) cyclic voltammograms of POTB-T, 
POTB-TT. d) Energy level diagram of used materials.

The energy levels of the synthesized polymers 

were analyzed by cyclic voltammetry (CV) (Figure 
1c). The highest occupied molecular orbital (HOMO) 
and lowest unoccupied molecular orbital (LUMO) 
energy levels were extracted from the oxidation on-
set potential (Eox) and the reduction onset potential 
(Ered), respectively, based on the ferrocene reference 
electrode. The Eox of P1 and P2 were 0.60 and 0.43 
V from the equation: EHOMO = [4.8 + (Eox – E1/2(ferro-

cene))] eV, respectively [18]. The corresponding HOMO 
energy level (EHOMO) was –5.32 and –5.15 eV, re-
spectively. The LUMO energy level (ELUMO) of P1 
and P2 were –3.39 and –3.22 eV, respectively, which 
was calculated from the equation [ELUMO = (EHOMO –  
Eg

opt)]. The HOMO energy level of P1 was lower 
than that of P2 because P1 has a lower content of 
electron donating thiophene than P2 [19,20]. The elec-
trochemical properties are shown in Table 1.

3.2 OPD properties

The BHJ OPDs were fabricated with a structure 
of ITO/ZnO/photoconductive layer/MoOx/Ag. The 
p-n photoconductive layer is composed of P1:IDIC 
or P2:IDIC (1:1.5 w/w%). Under the collimated 532 
nm LED illumination, current density-voltage (J-
V) curves are measured by varying incident power 
intensities (Figure 2). Both devices show typical 
p-n junction photodiode characteristics by forming a 
reverse-saturation current density in the third quad-
rant of the J-V curves. The R values of devices were 
calculated from the J-V curve in the third quadrant, 
which indicates the ratio of Jph to the power of inci-
dent light (Pin) as shown in Equation (1) [21,22].

Table 1. Optical and electrochemical properties of P1 and P2.

Polymer
Λmax (nm)

OnsetUV
Optical 
band gap
(eV)

EHOMOCV
(eV)

ELUMO
(eV)Solution Film

P1 477 555,602 643 1.93 –5.32 –3.39

P2 476 553,596 638 1.93 –5.15 –3.22
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 （1）

The specific detectivity (D*) values were calcu-
lated from the measured R values and the Jd values 
from the J-V curves by following Equation (2), 
where q is the elementary charge.

 (2)

Figure 2. (a) Schematic illustration of fabricated OPD. J-V 
curves under 532 nm LED illumination of (b) P1:IDIC and (c) 
P2:IDIC.

P1-based devices showed higher Jph and R values 
than those of P2-based devices. Because D* reflects 
both R and Jd characteristics, it is important to assess 
the performance of the OPDs [22]. The higher R and 

D* values of the P1:IDIC and P2:IDIC devices are 
7.78 × 1011 and 7.28 × 1011 Jones, respectively, un-
der a light intensity of 22 μW/cm2 at −1.0 V. Even 
though, P1:IDIC devices showed higher R values 
than that of P2:IDIC devices, the lower level of Jd in 
P2:IDIC devices resulted in similar D* values with 
that of P1:IDIC devices. We found that excessive 
thiophene content in P2 decreased current density in 
the devices with and without light irradiation. The R 
and D* values were calculated from the J-V charac-
teristics shown in Table 2.

The R value was investigated as a function of 
wavelength by measuring the external quantum 
efficiency (EQE) of the Polymers:IDIC device, as 
shown in Figures 3a–3b. The R values of P1:IDIC 
devices reached a maximum value of 0.170 A W−1 
at –1 V under 532 nm irradiation. In the EQE graph, 
the efficiency of the P1:IDIC device was 18% high-
er at –1 V under 532 nm irradiation. The P1:IDIC 
device shows a higher R value than P2:IDIC device. 
The high R value of the P1:IDIC devices is consist-
ent with the J-V characteristics. 

Table 2. Photo-detecting properties of PCP:IDIC devices under collimated 532 nm LED light.

Active layer Plight (W/cm2) Jd (A/cm2) Jph (A/cm2) R (A/W) D* (Jones) Bias (V)

P1:IDIC

2.20 × 10–5 1.47 × 10–7 3.72 × 10–6 1.69 × 10–1 7.78 × 1011

–1

1.03 × 10–4 1.47 × 10–7 1.58 × 10–5 1.53 × 10–1 7.06 × 1011

4.96 × 10–4 1.47 × 10–7 7.30 × 10–5 1.47 × 10–1 6.79 × 1011

9.90 × 10–4 1.47 × 10–7 1.41 × 10–4 1.43 × 10–1 6.57 × 1011

4.99 × 10–3 1.47 × 10–7 6.63 × 10–4 1.33 × 10–1 6.12 × 1011

P2:IDIC

2.20 × 10–5 7.41 × 10–8 2.47 × 10–6 1.12 × 10–1 7.28 × 1011

-1

1.03 × 10–4 7.41 × 10–8 1.12 × 10–5 1.09 × 10–1 7.08 × 1011

4.96 × 10–4 7.41 × 10–8 5.37 × 10–5 1.08 × 10–1 7.03 × 1011

9.90 × 10–4 7.41 × 10–8 1.07 × 10–4 1.08 × 10–1 7.02 × 1011

5.00 × 10–3 7.41 × 10–8 5.34 × 10–4 1.07 × 10–1 6.94 × 1011
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Additionally, two polymers were investigated 
to compare charge transport. To understand them, 
the Polymer:IDIC devices were measured by space 
charge limited current (SCLC) analysis as shown in 
Figure 3c. The hole mobilities of the P1-based and 
P2-based devices were measured to be 1.57 × 10−3 
and 7.84 × 10−4 cm2 V−1 s−1, respectively. P1, which 
was short thiophene length, was a great performance 
by OPD. The hole mobility properties are shown in 
Table 3.

Figure 3. (a) Responsivity (R) and (b) external quantum 
efficiency (EQE) spectra of P1:IDIC and P2:IDIC devices as 
a function of wavelength at –1.0 V bias, respectively (c) hole 
mobility of blend film. 

Table 3. Hole mobility of blend film.

Polymer Hole mobility (cm2/V s)
P1:IDIC 1.57 × 10−3

P2:IDIC 7.84 × 10−4

4. Conclusions
P1 and P2 were polymerized by Stille cross-cou-

pling reaction of BBO-based monomer (compound 7) 
with thiophene (compound 5) and bithiophene (com-
pound 8) comonomer, respectively. P2 has one more 
thiophene ring in a repeating unit of the polymer 
than P1. Both polymers showed similar green light 
absorption behavior with a narrow bandwidth in the 
region of 500−600 nm. We found that the effective 
π-conjugation was almost saturated at P1, and the ad-
ditional thiophene ring in P2 had a negligible effect 
on absorbance. The bulk heterojunction OPD was 
fabricated by blending a conjugated polymer donor 
(P1 or P2) and nonfullerene acceptor (IDIC). P1:ID-
IC devices exhibited R of 0.169 A/W, Jd of 1.47 ×  
10−7 A/cm2 and D* of 7.78 × 1011 Jones at −1 V bias 
under 22 μW/cm2 at −1.0 V, whereas P2:IDIC de-
vices showed slightly lower R of 0.112 A/W and D* 
of 7.28 × 1011 Jones at −1 V bias under 22 μW/cm2  

at −1.0 V. However, as the light intensity increases, 
the D* value becomes increasingly similar. The rea-
son is the effect of the excess thiophene unit, which 
maintains a low dark current.
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Experimental

Synthesis of Materials
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Figure S1. 1H-NMR of 4,8-dibromo-2,6-dioctylbenzo[1,2-d:4,5-d’]bis(oxazole).
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Figure S2. 1H-NMR of 5-Trimethylstannyl-3-octylthiophene. 
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Figure S3. 1H-NMR of 2,5-bis(trimethylstannyl)thiophene. 
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Figure S4. 1H-NMR of 2,6-dioctyl-4,8-bis(4-octylthiophen-2-yl) benzo[1,2-d:4,5-d’]bis(oxazole).
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Figure S5. 1H-NMR of 2,6-dioctyl-4,8-bis(5-bromo-4-octylthiophen-2-yl) benzo[1,2-d:4,5-d’]bis(oxazole).
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Figure S6. Gel permeation chromatography of P1 polymer.
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Figure S7. Gel permeation chromatography of P2 polymer.

Figure S8. SCLC of pristine film.
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Table S1. Hole mobility of pristine film.

cm2/Vs Pristine P1 Pristine P2

Hole mobility (μh) 2.25 × 10–5 3.59 × 10–6

Characterization of the synthesized 
materials

The absorption spectrum of the active layer was 
measured using a JASCO V-730 UV/VIS spectrom-
eter; 1H nuclear magnetic resonance (NMR) spectra 
were recorded at 25 °C using a VNMRS 600 MHz 
spectrometer. Cyclic voltammetry measurements 
were performed at a scan rate of 20 mV/s using a 

WonATech potentiostat/galvanostat/impedance ana-
lyzer ZIVE SP1(1A), with a three-electrode cell and 
a 0.1 N Bu4NBF4 solution in acetonitrile as the elec-
trolyte. The working electrode was coated with the 
polymer films by dipping them into their solutions in 
chloroform. The Ag/AgNO3 was used as the standard 
electrode, and a glassy carbon working electrode. Gel 
permeation chromatography measurements were re-
corded at 35 °C using an Agilent 1260 Infinity II GPC. 


