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We report stable organic photodetectors with all-small molecular bulk heterojunction (BHJ) sensing layers 

prepared using solutions of electron-donating and electron-accepting small molecules. As an electron-

donating molecule 2,5-bis(2-ethylhexyl)-3,6-bis(4'-methyl-[2,2'-bithiophen]-5-yl)pyrrolo[3,4-c]pyrrole-

1,4(2H,5H)-dione (EHTPPD-MT) was synthesized via Stille coupling reaction, while [6,6]-phenyl-C61-

butyric acid methyl ester (PC61BM) was used as an electron-accepting component. The devices with the 

EHTPPD-MT:PC61BM BHJ layer could detect photons at a wavelength of 400~800 nm and exhibited a 

stable photoresponse under on/off modulation of near UV (405 nm) and visible (532 nm and 650 nm) 

lights even at bias voltage condition. The corrected responsivity reached ~175 mA/W for the near UV 

detection at -1 V. An extremely durable photoresponse was measured for the present devices (including 

flexible devices) under illumination of a high intensity green light (133.4 mW/cm2 at 532 nm) which is 

much stronger than the standard sun light (100 mW/cm2, white). The excellent stability has been attributed 

to the tiny EHTPPD-MT crystals, which are formed in the EHTPPD-MT:PC61BM layers during the 

coating processes. 

 

Introduction 
 

Organic photodetectors (OPDs) have recently attracted keen 

attention because of their potential for lightweight and flexible 

photodetector modules in the coming flexible electronics era 

since successful commercialization of organic light-emitting 

devices (OLEDs) for smart phones and large-size high 

definition TVs.1-5 In principle, OPDs can detect various ranges 

of light by employing suitable organic semiconducting 

materials as a sensing medium (active layer), which can be 

achieved by designing their chemical structures in the synthesis 

process.6-8 Compared to conventional photodetectors with 

inorganic semiconducting materials, OPDs have a strong 

benefit in the facile control of detection band (wavelength 

range) by simple mixing of more than two organic 

semiconducting materials in solutions.3,9,10  

To date, two types of OPDs, a diode type and a transistor 

type, have been studied using either small molecules or 

polymers. 4,5,11-14 Organic photodiodes (OPDIs) have a merit of 

large detection area because organic semiconducting layers can 

be placed between two parallel (top and bottom) electrodes, 

whereas organic phototransistors (OPTRs) have a limited 

detection area owing to typically narrow channel length (< 150 

µm) (note that additional high accuracy processes are required 

for further extension of detection area leading to organic 

phototransistors with an interdigitated structure).15,16 In addition, 

the simple device structure of OPDIs delivers further 

advantages of low-cost and easy fabrication processes.  

Both small molecules and polymers have been employed as 

an active layer for OPDIs.4,5,17-22 Most of early works have used 

single materials as an active layer for OPDIs so that the device 

efficiency was quite low because of low charge separation 

yields owing to the absence of internal driving force for charge 

separation.23,24 To overcome this problem, a bulk 

heterojunction (BHJ) layer has been introduced into OPDIs as 

used for organic solar cells.25-28 The representative BHJ 

materials used for OPDIs so far are: (1) poly[N-9ʹ-

heptadecanyl-2,7-carbazole-alt-5,5-(4ʹ,7ʹ-di-2-thienyl-2ʹ,1ʹ,3ʹ-

benzothiadiazole)] (PCDTBT) and [6,6]-phenyl-C61-butyric 

acid methyl ester (PC61BM), (2) poly(9,9’-dioctylfluorene-co-

benzothiadiazole) (F8BT) and N,N’-bis(alkyl)-3,4,9,10-

perylenetetracarboxylicdiimide (PDI), (3) poly(3-

hexylthiophene-2,5-diyl) (P3HT) and PC61BM, (4) 7,7'-(4,4-

bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b']dithiophene-2,6-

diyl)bis(6-fluoro-4-(5′-hexyl-[2,2'-bithiophen]-5-

yl)benzo[c][1,2,5]thiadiazole) (p-DTS(FBTTh2)2) and [6,6]-

phenyl-C71-butyric acid methyl ester (PC71BM), (5) symmetric 

squarines and PC61BM, (6) 5,15-bis-(7-(4-hexylthiophen-2-yl)-

2,1,3-benzothiadiazole-4-yl-ethynyl)-10,20-bis(3,5-

di(dodecyloxy)-phenyl)-porphyrin zinc (DHTBTEZP) and 

PC61BM, (7) 2,5-bis(2,5-(bis(2-thienyl)-N-alkyl 

pyrrole)thieno[3,5-b][1,2,5]thiadiazole and PC61BM, (8) 

quinquethiophene-cored conjugated dendrimers and PC61BM.29-cPohang Accelerator Laboratory,Pohang 790-784, Republic of Korea 
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36 However, no study has been carried out for the stability of 

OPDIs under illumination of high intensity lights.  

In this work, we attempted to fabricate OPDIs with all-small 

molecular BHJ layers that can be prepared by wet-coating 

process using solutions of electron-donating (p-type) and 

electron-accepting (n-type) small molecules. As the p-type 

small molecule, 2,5-bis(2-ethylhexyl)-3,6-bis(4'-methyl-[2,2'-

bithiophen]-5-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione 

(EHTPPD-MT), which has a shorter alkyl chain (methyl group) 

compared to the recently reported 2,5-bis(2-ethylhexyl)-3,6-

bis(4’-hexyl-[2,2’]-bithiophen-5-yl)pyrrolo[3,4-c]pyrrole-

1,4(2H,5H)-dione,37 was synthesized via Stille coupling 

reaction in this work. As the n-type material, [6,6]-phenyl-C61-

butyric acid methyl ester (PC61BM) was used because of its 

outstanding electron-accepting and film-forming 

characteristics.38-41 Two compositions (EHTPPD-MT:PC61BM 

= 1:2 and 1:3 by weight) were employed for the fabrication of 

OPDIs, while near UV (405 nm) and two visible (532 nm and 

650 nm) lights were used to test the performance of the present 

OPDIs. A high intensity green light (133.4 mW/cm2 at 532 nm), 

which is a monochromatic but much stronger than the standard 

one sun light (100 mW/cm2, white), was employed to examine 

the stability of devices under illumination of high intensity light. 

The nanostructure of the EHTPPD-MT:PC61BM layers was 

investigated with high resolution scanning electron microscopy 

(SEM), transmission electron microscopy (TEM) and 

synchrotron grazing incidence angle X-ray diffraction (GIXD) 

measurements. 

 

 

Fig. 1  (a) Scheme for the synthesis of 2,5-bis(2-ethylhexyl)-3,6-bis(4'-

methyl-[2,2'-bithiophen]-5-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione 

(EHTPPD-MT) from 3,6-bis(5-bromo-2-thienyl)-2,5-dihexadecyl-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (2Br-EHTPPD) and 3-methyl-

thiophene-2-boronic acid pinacol ester (TMTD). The detailed synthesis 

procedures are explained in the experimental section. (b) Optical density (OD) 
of the EHTPPD-MT solution and film as a function of wavelength. (c) 

Photoelectron (PE) yield spectrum of the EHTPPD-MT coated on quartz 
substrate: Inset shows the flat energy band diagram for EHTPPD-MT (note 

that minus signs in the energy values were omitted). 

 

 

Results and Discussion 
 

The EHTPPD-MT material (dark pale blue color) was synthesized 

via Stille coupling reaction of 3,6-bis(5-bromothiophen-2-yl)-2,5-

bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione(2Br-

EHTPPD) and 3-methyl-thiophene-2-boronic acid pinacol ester 

(TMTD) (see the scheme in Fig. 1a). The detailed synthesis 

procedures are described in the experimental section. As shown in 

Fig. 1b, the EHTPPD-MT material has much wider absorption in 

film than in solution due to the relatively high optical density at the 

wavelengths below 450 nm and above 650 nm (see Fig. S1 for 

solvent). In particular, it is worthy to note that the absorption edge 

(tail) of the EHTPPD-MT film reached ca. 800 nm. Based on the 

onset point of the absorption tail in solution (see Fig. S2), the band 

gap energy of the EHTPPD-MT molecule was calculated ~1.6 eV 

(note that the optical band gap energy of the EHTPPD-MT film is 

expected to be ~1.5 eV because of its longer tail). The highest 

occupied molecular orbital (HOMO) energy of EHTPPD-MT (~5.5 

eV) was obtained from the photoelectron yield spectrum of the 

EHTPPD-MT film after calibration (Fig. 1c).42,43 Thus the lowest 

unoccupied molecular orbital (LUMO) energy (3.9 eV) of EHTPPD-

MT could be obtained by subtracting the band gap energy (1.6 eV) 

from the HOMO energy (5.5 eV) (see inset in Fig. 1c).  

 

 

 

Fig. 2 (a) Device structure and materials used for the fabrication of organic 

photodiodes (OPDIs) in this work. (b) Flat energy band diagram for the 

present device (note that minus “-” sign and “eV” unit were omitted in order 
to avoid crowding the diagram). (c) Optical density (OD) as a function of 

wavelength for the EHTPPD-MT:PC61BM films on quartz substrates. (d) 

External quantum efficiency (EQE) spectra for the OPDIs with the solution-
processed EHTPPD-MT:PC61BM layers at 0 V. (e) Dark current density–

voltage (J-V) characteristics for the OPDIs with the solution-processed 

EHTPPD-MT:PC61BM layers. 
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Hence EHTPPD-MT was used as a p-type (electron-donating) 

component in the solution-processed EHTPPD-MT:PC61BM BHJ 

layers for OPDIs, because the LUMO energy level of EHTPPD-MT 

is lower (negatively) than that of PC61BM (see Fig. 2ab). In brief, as 

seen from the structure of OPDIs, the incident light passes through 

the glass substrate/ITO/PEDOT:PSS layers and finally arrives at the 

BHJ (EHTPPD-MT:PC61BM) layer. Once excitons are generated by 

light absorption and charge separation processes occur in the 

EHTPPD-MT:PC61BM layer, the individual charges (holes and 

electrons) transport toward corresponding electrodes by the driving 

forces (built-in electric field and photovoltage) inside the OPDIs. 

Considering the optical absorption spectra of the EHTPPD-

MT:PC61BM layers (1:2 and 1:3 by weight ratio) in Fig. 2c (see Fig. 

S3 for the absorption spectrum of the pristine PC61BM film), the 

present active layers can detect photons from 200 nm to 800 nm. 

However, the actual absorption range is limited from ca. 350 nm to 

800 nm because of the absorption by the glass substrate below ca. 

350 nm. As shown in the external quantum efficiency (EQE) spectra 

measured at 0 V (Fig. 2d), an EQE tail covers up 800 nm even 

though the EQE value over 750 nm is quite low. Here we note that 

the EQE maximum was slightly higher for the 1:3 (EHTPPD-

MT:PC61BM) composition than the 1:2 composition, which is a 

contrast to the optical absorption trend in Fig. 2c. The reason can be 

attributed to the better charge transport for the 1:3 composition than 

the 1:2 composition as seen from the current density – voltage (J-V) 

characteristics in the dark (see Fig. 2e).  

 

 

Fig. 3 Light J-V characteristics of devices under illumination of near UV (405 nm), 

green (532 nm) and red (650 nm) lights: (a) OPDIs with the EHTPPD-
MT:PC61BM (1:2) layers. (b) OPDIs with the EHTPPD-MT:PC61BM (1:3) layers. 

PIN (mW/cm
2
 from top to bottom in each graph): (405 nm) 1.0, 2.0, 4.1, 8.2, 10.2, 

14.3 and 16.4; (532 nm) 1.7, 3.4, 6.9, 10.3, 13.7, 17.2 and 24.0; (650 nm) 0.4, 1.9, 

3.7, 11.1, 14.8, 26.0 and 30.0. Inset photographs show OPDIs under illumination 

of corresponding incident lights for demonstration only (note that actual 

measurements were carried out by mounting the OPDIs inside an argon-filled 

sample holder and the incident light beam was perfectly aligned into the active 

area of devices).   

Based on the optical absorption and EQE spectra discussed in Fig. 

2, near UV (405 nm) and two visible lights (green - 532 nm; red - 

650 nm) were selected as a light source for the examination of the 

present OPDIs. Here it is noteworthy that the near UV light (405 nm) 

detection is of high interest because of recently commercialized 

high-power UV light-emitting diode (UV LED) systems which 

feature compact and long lifetime so that they are expected to 

replace conventional UV lamps for photolithography and curing 

processes etc.44,45 As shown in the J-V curves (Fig. 3), the current 

density was greatly increased (negatively) as the incident light 

intenisty (PIN) increased irrespective of wavelengths and 

compositions. This result indicates that the present OPDIs do 

properly work under illumination of common visible (green and red) 

lights as well as near UV light (405 nm). In particular, we find that 

the photocurrent increase was more pronounced for the 1:3 

composition (Fig. 3b) than the 1:2 composition (Fig. 3a), which is 

basically in accordance with the EQE spectra (see Fig. 2d). However, 

the current density became greater (negatively) at higher voltages 

than lower voltages (negative), leading to the noticeable steep slopes 

in the J-V curves. This result indicates that the charge transport is 

quite limited inside the BHJ layers owing to high charge blocking 

resistances between EHTPPD-MT and PC61BM molecules, which 

reflects that the present BHJ layers have further potential for 

optimization leading to better efficiency.  

 

 

Fig. 4 Corrected responsivity (RC) as a function of the incident light intensity 

(PIN) under illumination of near UV (405 nm), green (532 nm) and red (650 
nm) lights: (a) OPDIs with the EHTPPD-MT:PC61BM (1:2) layers. (b) 

OPDIs with the EHTPPD-MT:PC61BM (1:3) layers. 

 

From the J-V curves in Fig. 3, the corrected responsivity (RC = 

(JL-JD)/PIN) was extracted after subtracting the dark current density 

(JD) from the light current density (JL) in order to understand the 

pure contribution of incident light without the intrinsic dark current 

in the devices. As shown in Fig. 4, the RC value was increased as the 

applied voltage increased for all wavelengths. Interestingly, the RC 

value was not seriously decreased even at higher intensity of near 
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UV light (405 nm) for both compositions. This trend was similar for 

the case of visible lights (532 nm and 650 nm). Considering the 

stable responsivity trend under illumination of such high intensity 

(16 ~ 30 mW/cm2) of monochromatic (near UV and visible) lights, 

the present OPDIs are suitable for high power light detection even 

though the RC value is relatively low. The maximum RC value at -1 

V was 112 mA/W (16.4 mW/cm2 at 405 nm), 174 mA/W (10.3 

mW/cm2 at 532 nm), and 166 mA/W (0.4 mW/cm2 at 650 nm). 

Next, a brief operation performance was studied by measuring the 

photocurrent signals of the present OPDIs upon on/off modulation of 

the incident light (PIN = 16.4 mW/cm2 at 405 nm, 24.0 mW/cm2 at 

532 nm, 30.0 mW/cm2 at 650 nm). As shown in Fig. 5, a stable 

photocurrent signal was measured for all wavelengths tested in this 

work. In addition, the photocurrent signal was still stable even at 

high applied voltages (up to -1 V) for both compositions, implying 

that the present OPDIs are suitable for bias-amplified detector 

applications. In particular, we need to pay keen attention to the result 

that the photocurrent signal was stable even under illumination of 

near UV light (405 nm) (see top panels in Fig. 5ab). This result 

supports that the present OPDIs can be applied as a low-cost 

integrated system-on detector for next generation near UV LED 

systems because of their solution process advantages leading to 

various detector shapes.     

    

 

Fig. 5 Photoresponse characteristics of devices under on/off modulation of 

incident near UV (405 nm, PIN = 16.4 mW/cm2), green (532 nm, PIN = 24 
mW/cm2) and red (650 nm, PIN = 30 mW/cm2) lights: (a) OPDIs with the 

EHTPPD-MT:PC61BM (1:2) layers. (b) OPDIs with the EHTPPD-

MT:PC61BM (1:3) layers. The applied voltage is given on the left part of each 
pattern, while the photocurrent scale is given on the right part with arrows. 

The light modulation was carried out with a manual mode so that the pattern 

width (time scale) is slightly different each other.  

 

To further examine the stability of the present OPDIs under 

illumination of much higher intensity light, one of the highest power 

green LED (133.4 mW/cm2) was used to test the present OPDIs 

fabricated using the glass and flexible PET film subsrates. As shown 

in Fig. 6a, the present OPDIs exhibited clear J-V curves under the 

strong green light illumination for both compositions though the 1:3 

composition was better than the 1:2 composition in terms of 

photocurrent generation, which is in agreement with the previou 

results. In particular, a stable photocurrent signal (ca. 100 signals) 

was measured from the present OPDIs upon on/off modulation of 

such strong visible light, which supports the high durability of the 

present OPDIs (see Fig. S4 for the quick on/off modulation case).    

 

 

Fig. 6 Light J-V characteristics of devices under illumination of the high 
intensity green light (532 nm, PIN = 133.4 mW/cm2): (a) OPDIs with the 

EHTPPD-MT:PC61BM (1:2 on the left and 1:3 on the right) layers. (b) 

Photoresponse characteristics of OPDIs under on/off modulation of the 
incident light at 0 V (note that the photoresponse patterns seem to be slow in 

the rise/decay shape owing to the slow on/off manual modulation but they 

were actually fast under fast on/off modulation as shown in Fig. S4). (c) 
Examples of flexible OPDIs with the EHTPPD-MT:PC61BM layers by 

employing the PET film substrates under illumination of incident near UV 

(405 nm), green (532 nm) and red (650 nm) lights. 

 

To understand the origin of such high device stability, we tried to 

investigate the nanostructure of the EHTPPD-MT:PC61BM layer. As 

shown in Fig. 7a (left), a random crystalline morphology was 

measured from the pristine EHTPPD-MT film casted from its 

solution. Further maganification revealed that each crystal in the 

random crystalline structure is a nanorod with a diameter of less than 

100 nm and various lengths. Interestingly, however, such big 

nanorods disappeared in the EHTPPD-MT:PC61BM layer (see Fig. 

7b), which can be attributed to the disturbed crystallization of 

EHTPPD-MT by the presence of PC61BM owing to the well mixing 

between EHTPPD-MT and PC61BM in the solution state. In other 

words, the EHTPPD-MT molecules in the BHJ layer might be 
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relatively easy to form its own nano-domains (leading to a mixed 

nanomorphology) instead of making such big nanorods in its pristine 

film (see the dark area in the TEM images in Fig. 7b). We note that 

the optical microscope (OM) examination could not find any 

particular micromorphology from the BHJ layer (see the OM image 

in the inset of Fig. 7b).  

 

 
 

Fig. 7 (a) SEM images for the EHTPPD-MT material coated on glass 

substrate: (left) low magnification, (right) high magnification, and (middle) 
the enlarged image from the selected part marked with the dotted rectangle 

on the right image. (b) TEM images of the nanomorphology of the EHTPPD-
MT:PC61BM (1:2) film: (left) low magnification, (right) high magnification, 

and (middle) optical microscope image for the present BHJ layer coated on 

the PEDOT:PSS layer on the ITO-glass substrate. 

 

To further investigate the crystalline nanostructure in the 

EHTPPD-MT:PC61BM layer, the synchrotron radiation GIXD 

measurements were performed for the pristitine films and the BHJ 

films. As shown in the 2D GIXD images (Fig. 8), the pristine 

EHTPPD-MT film exhibited a particular diffraction pattern that 

corresponds to a well-ordered crystal structure as analyzed in Fig. S5. 

In contrast, the PC61BM film (as-coated but no thermal annealing) 

did not show any particular diffraction spots.46 Interestingly, the 

diffraction spots of the EHTPPD-MT part became weakened in their 

intensity for the EHTPPD-MT:PC61BM (1:2) layer and some higher 

order diffraction spots did even disappear for the EHTPPD-

MT:PC61BM (1:3) layer. This result is in good agreement with the 

TEM images in Fig. 7, which confirms again that the the EHTPPD-

MT crystals might be prohibited by the presence of PC61BM 

molecules because of good compatability between EHTPPD-MT and 

PC61BM. In addition to the weakened diffraction spots for the BHJ 

layers, we find from the 1D GIXD profiles that the major diffraction 

peak (100) of the EHTPPD-MT crystals was shifted toward lower 

angles for the BHJ films. This result indicates that the presence of 

PC61BM molecules did significantly affect the formation of the 

EHTPPD-MT crystals in the BHJ layers. Anyhow, these GIXD 

results deliver an important information that the present BHJ layers 

contain the EHTPPD-MT crystals even though their size and amount 

were different from the pristine EHTPPD-MT case. Hence the 

presence of the EHTPPD-MT crystals is considered to significantly 

contribute to the high stability of the present devices under 

illumination of high intensity lights.     

 

 
 

Fig. 8 (a) 2D GIXD images for films coated on the ITO-glass substrate. (b) 

1D GIXD profiles in the out-of-plane (OOP) direction which were taken 

from the 2D GIXD images in (a). Note that the (100) diffraction peak of the 
EHTPPD-MT:PC61BM layers was shifted to a lower angle from that of the 

pristine EHTPPD-MT. No particular diffraction peak was measured for the 

PC61BM film because no thermal annealing was applied. The detailed 
diffraction peak assignment for the pristine EHTPPD-MT film is given in Fig. 

S5. 

 

Conclusions 
 

All-small molecular organic photodetectors were fabricated by 

solution processes using solutions of newly synthesized electron-

donating EHTPPD-MT and conventional electron-accepting 

PC61BM molecules. The EHTPPD-MT film showed a broad optical 

absorption range from 300 nm to 800 nm, while its LUMO energy 

was 3.9 eV. The OPDIs with the EHTPPD-MT:PC61BM BHJ layers 

exhibited excellent rectification behavior in the dark, while they 

could detect photons in the near UV (405 nm) and whole visible 

ranges. Although the EQE of the present OPDIs was ca. 20% at 0 V, 

the photocurrent became greatly amplified under biased conditions 

(>0 V). The present OPDIs did sensitively work under illumination 

of near UV (405 nm) and two visible lights (532 nm and 650 nm) 

with various light intensities. The corrected responsivity after 

removing dark current contribution in the bias range of 0 V ~ -1 V 

reached 70~120 mA/W at 405 nm, 75~180 mA/W at 532 nm, and 

80~170 mA/W at 650 nm. In particular, the present OPDIs exhibited 

stable responses under modulation of repeated incident lights for the 

three representative wavelengths (405 nm, 532 nm and 650 nm). 

Strikingly, the present OPDIs showed excellent durability under 

illumination of highly intense visible light (133.4 mW/cm2 at 532 

nm) that is too strong to see with naked eyes (much brighter than 

normal sun light). Such good performance and high stability in the 
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present OPDIs has been attributed to the formation of the EHTPPD-

MT nanocrystal domains in the BHJ layers even though the crystal 

size and lattice of EHTPPD-MT were changed from its pristine form 

as disclosed from the TEM and GIXD measurements. 

 

 

Experimental Section 
 

Synthesis and Solutions: 3,6-bis(5-bromo-2-thienyl)-2,5-

dihexadecyl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (2Br-

EHTPPD), 3-methyl-thiophene-2-boronic acid pinacol ester 

(TMTD) and potassium carbonate (K2CO3) were purchased 

from Sigma-Aldrich (USA). To synthesize 2,5-bis(2-

ethylhexyl)-3,6-bis(4'-methyl-[2,2'-bithiophen]-5-

yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (EHTPPD-MT), 

2Br-EHTPPD (250 mg), TMTD (180 mg) and K2CO3 (110 mg) 

were dissolved in a mixture solvent of tetrahydrofuran (THF, 5 

ml) and deionized water (2 ml) by stirring for 20 min. Then 

tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4, 28 mg) 

was added to the mixture solution, followed by heating up to 85 
oC and keeping at this temperature for 16 h in order to proceed 

the coupling reaction between 2Br-EHTPPD and TMTD. After 

terminating the coupling reaction by cooling the reaction 

solution, methanol (Aldrich, 99.8 %) was added to the solution 

in order to make precipitates. The unreacted starting materials 

were washed out and then the final precipitates were subject to 

centrifugation and filtration processes. Next, additional 

purification processes (column chromatography etc) were 

carried out before drying in a vacuum oven for 24 h. The colour 

of the finally dried EHTPPD-MT powder was dark pale blue 

(yield = 78 %). The mass of the synthesized EHTPPD-MT 

material was measured with a matrix-assisted laser desorption 

ionization-time of flight-mass spectroscopy (MALDI-TOF-MS, 

Voyager DE-STR, Applied Biosystems): Mass (m/z) = 717.08 

(calculated for C54H58N4O6S2); 716.33 (measured). Further 

characterization of the EHTPPD-MT material was carried out 

with nuclear magnetic spectroscopy (NMR, INOVA 14.1t, 

Varian unity): 13C-NMR (500 MHz, CDCl3, δ (ppm)) = 

165.1(C1, C=O), 14.1 (C18), 23.0 (C17), 29.3 (C16), 32.1 

(C15), 37.9 (C14), 47.0 (C13), 11.6 (C19), 26.1 (C20), 121.7 

(C11), 125.5 (C9), 15.4 (C12), 137.6 (C10), 137.4 (C8), 138.1 

(C7), 136.3 (C4), 127.9 (C5), 132.5 (C6), 142.6 (C3), 113.6 (C2) 

(see the position of C1~C20 in Fig. S6). To prepare solutions 

for the BHJ layers, EHTPPD-MT and PC61BM (Nano-C) were 

dissolved in chlorobenzene at a solid concentration of 40 mg/ml 

by varying the ratio of EHTPPD-MT to PC61BM (EHTPPD-

MT: PC61BM = 1:2 and 1:3 by weight). The binary solutions 

were subject to vigorous stirring at room temperature for well 

mixing. The pristine EHTPPD-MT solution was also prepared 

using the same solvent for comparison. 

 

Film and Device Fabrication: To fabricate devices, indium-tin 

oxide (ITO)-coated glass substrates (sheet resistance = 10 Ω/□) 

were patterned to make suitable ITO electrodes by employing a 

photolithography/etching process, followed by wet (acetone 

and isopropyl alcohol) and dry (UV-ozone) cleaning steps. The 

ITO-coated poly(ethylene terephthalate) (PET) as a flexible 

substrate was patterned for the similar ITO electrodes by using 

hydrogen fluoride (HF) as an etchant and cleaned with the same 

cleaning process as for the ITO-glass substrates. Poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) 

(PH500, HC Starck) solution was spun on the cleaned ITO-

glass substrates (and ITO-PET substrates) in order to form a 

hole-collecting buffer layer (HCBL). The PEDOT:PSS layer 

(thickness = 45 nm) was annealed at 230 oC for 15 min. After 

cooling the PEDOT:PSS-coated ITO-glass substrates to room 

temperature, the BHJ layers (thickness = 120 nm) were spin-

coated on the PEDOT:PSS layers at 1000 rpm using the binary 

solutions of EHTPPD-MT and PC61BM, followed by soft-

baking at 50 oC for 30 min. The active layer-coated samples 

were loaded into a vacuum chamber inside an argon-filled 

glove box for the deposition of metal electrodes. Aluminium 

(Al, ~95 nm) top electrodes were deposited by thermal 

evaporation at a base pressure of ~1×10-6 Torr, which led to an 

exact active area of 0.09 cm2. All devices fabricated were 

stored inside the same glove box before measurement. The 

EHTPPD-MT:PC61BM films were also coated on quartz 

substrates for the measurements of optical absorption spectra 

and photoelectron (PE) yield spectra, while they were coated on 

the PEDOT:PSS layer that was coated on the ITO-glass 

substrates for the SEM and GIXD measurements.  

 

Measurement: The optical absorption spectra of solutions and 

films were measured using a UV-visible spectrometer (Optizen 

2120 UV, Mecasys), while a PE yield spectrometer (AC-2, 

Hitachi High Tech) was used for the measurement of ionization 

potential. The current density – voltage (J-V) characteristics of 

devices were measured using a specialized photodiode 

measurement system equipped with a monochromator (CM110, 

Spectral Products), a light source (Tungsten-Halogen lamp, 150 

W, ASBN-W, Spectral Products), series of laser diodes (405 

nm, 532 nm and 650 nm, Linelife), and an electrometer 

(Keithley 2400). The incident light intensity (PIN) was 

controlled with a neutral density filter set (ANG-series, CVI 

Melles-Griot) and a calibrated silicon photodiode (818-UV, 

Newport). The nanomorphology of the pristine EHTPPD-MT 

and BHJ layers was measured using a scanning electron 

microscope (SEM, PHI700, ULVAC-PHI) and a field-emission 

transmission electron microscope (FE-TEM, Titan G2 

ChemiSTEM Cs Probe). A synchrotron radiation grazing 

incidence angle X-ray diffraction (GIXD, 3C-SAXS I, Pohang 

Accelerator Laboratory) was employed to measure the crystal 

nanostructure of the pristine EHTPPD-MT and BHJ layers: The 

X-ray wavelength was 0.11352 nm, while the incidence angle 

was 0.16o. The detailed analysis of 2D GIXD images is 

described in the supporting information (Fig. S5). 
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