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Abstract 

The photoresponse of the transparent self-powered near-infrared (NIR) organic photodetectors (OPDs) 

with a high conductivity poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate upper transparent 

electrode, prepared by a lamination transfer process, has been analyzed. The large-area transparent 

self-powered NIR OPDs have a specific detectivity of >1012 Jones at 850 nm, a high -3 dB cutoff 

frequency of 71 kHz and a linear dynamic range of 154 dB. The performance of the solution-processed 

transparent NIR OPDs is comparable to that of a control opaque NIR OPD with a 100 nm thick Al 

contact, providing a platform technology for a plethora of applications in self-powered monitoring 

systems, optical communications, wireless appliances and Internet-of-Things. 
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1. Introduction 

Solution-processable large-area high sensitivity organic near-infrared (NIR) photodetectors have 

attracted great interests for different applications. The functional organic photoactive materials can be 

prepared by solution fabrication process, with a tunable absorption extended to the NIR wavelength 

range. In comparison with the commercial inorganic semiconductor-based photodetectors, the organic 

photodetectors (OPDs) offer an attraction option for delivering large-area NIR photodetectors at a low 

cost.[1–4] The transparent OPDs have attracted increasing interests for different applications, e.g., 

health monitoring, biochemical sensing,[5] and functional windowpanes.[6] The transparent NIR 

OPDs have also been integrated with the visible light-emitting units for applications in NIR 

visualization devices,[7–9] and a multi-spectral imaging system.[10] The NIR image of the object 

created on the NIR visualizing devices can be then converted to visible image and captured by the 

Complementary Metal Oxide Semiconductor (CMOS) imaging sensors used in the digital image 

formation. The solution-processable transparent electrodes with a high electric conductivity and a high 

optical transparency over the visible light to NIR wavelength region are essential for high-

performance transparent NIR OPDs.  

 

Transparent electrodes can be prepared by vacuum deposition and solution-process fabrication 

processes. Thin films of transparent conductive oxides, e.g., indium tin oxide (ITO), ultrathin metal 

layers, e.g., gold (Au), silver (Ag), and aluminum (Al), and dielectric/thin metal/dielectric layers are 

often prepared by vacuum process. Solution-processable metal nanocomposites, e.g., Ag nanowires, 

carbon nanotubes, graphene and conducting polymer thin films[11–16] have been adopted for 
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applications in organic solar cells, light emitting diodes and photodetectors. The transparent 

conducting oxides and ultrathin metal layers generally have relative low transparency over the NIR 

region due to the plasma cutoff frequency, caused by the high charge carrier density. The polymeric 

based transparent electrodes can be fabricated by different solution fabrication processes, such as spin-

coating, spray coating, blading coating, and roll-to-roll printing, having a good mechanical flexibility, 

a high transparency over the visible to NIR wavelength range for use in large-area device at low cost. 

The surface electronic properties of the poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate 

(PEDOT:PSS) layer can be adjusted through appropriate doping for improving the interfacial energy 

level alignment at the PEDOT:PSS/organic functional layer interface in the transparent OPDs.[17,18] 

The transparent OPDs, with a large device area of several square centimeters, have additional benefits 

for applications in large-area electronic devices.[19]  

 

In this work, we demonstrated a high-performance transparent self-powered NIR OPD by 

incorporating a transparent conductive PEDOT:PSS upper transparent electrode, prepared using a 

lamination transfer process. The effect of the optical and electrical properties of the laminated 

PEDOT:PSS upper transparent electrode on the responsivity and -3 dB cutoff frequency of the 

transparent self-powered NIR OPDs have been analyzed. The solution processable high 

conductivity PEDOT:PSS upper transparent electrodes, modified using polyethylene glycol (PEG) 

and ethylene glycol (EG) additives and prepared using a lamination transfer fabrication process, 

have been adopted for application in transparent NIR OPDs. In comparison with the conventional 

vacuum deposition process, the use of the lamination transfer process avoids the damage to the 
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underlying functional layers. The lamination transfer also eliminates the deterioration of the 

underlying organic function layers due to the solvent effect.[20] The transparent self-powered NIR 

OPDs demonstrated in this work have a high specific detectivity (D*) of 4.061012 Jones from the 

ITO side, and a D* of 2.981012 Jones from the PEDOT:PSS side, and a high -3 dB cutoff frequency 

of 71 kHz, measured using an NIR (850 nm) light source. 

 

2. Results and discussion 

The performance of the transparent NIR OPDs, comprising a ternary photoactive layer of 

ternapoly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b’]dithiophene-2,6-diyl-alt-(4-(2-

ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-Th, donor), 2,2’-

[[4,4,11,11-tetrakis(4-hexylphenyl)-4,11-dihydrothieno[2’,3’:4,5]thieno[2,3-d]thieno[2’’’’,3’’’’: 

4’’’,5’’’]thieno[2’’’,3’’’:4’’,5’’]pyrano[2’’,3’’:4’,5’]thieno[2’,3’:4,5]thieno[3,2-b]pyran-2,9-diyl] 

bis[methylidyne(5,6-difluoro)]] (COi8DFIC, acceptor) and [6,6]-Phenyl-C71-butyric acid methyl 

ester (PC71BM, acceptor), has been analyzed. The ternary photoactive layers were prepared by the 

PTB7-Th:COi8DFIC: PC71BM precursor solution, formulated using a weight ratio of PTB7-Th to 

COi8DFIC to PC71BM of 1:1:0.5.[21] The molecular structures of PTB7-Th, COi8DFIC and PC71BM 

are shown in Fig. 1(a). The absorption spectra measured for an 85 nm thick ternary PTB7-

Th:COi8DFIC:PC71BM photoactive layer and a 10 nm thick zinc oxide (ZnO) electron-transporting 

layer (ETL) are shown in Fig. 1(b). The ternary PTB7-Th:COi8DFIC:PC71BM photoactive layer 

exhibits a peak absorption at 854 nm, and a weak absorption over the visible light wavelength range, 

a suitable candidate for use in transparent NIR OPDs. The schematic energy level diagram of the 
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functional materials used in the PTB7-Th:COi8DFIC:PC71BM-based transparent NIR OPDs is shown 

in Fig. 1(c). The ZnO ETL also acts as a hole-blocking layer for achieving a low dark current, due to 

its deep valence band of > -7.70 eV. 

 

The control opaque OPDs, comprising a layer configuration of glass/ITO/ZnO (10 nm)/PTB7-

Th:COi8DFIC:PC71BM (85 nm)/molybdenum trioxide (MoO3) (5 nm)/Al (100 nm), were fabricated 

for comparison studies. A 5 nm thick MoO3 layer acts as a hole-transporting layer (HTL). The cross-

sectional view of a control opaque OPD is shown in Fig. 2(a). The current‒voltage (I‒V) 

characteristics, measured for the control opaque OPD under an NIR (850 nm) illumination with an 

intensity of 10 mW/cm2 and in the dark, are shown in Fig. 2(b). The photocurrent measured for the 

control opaque OPD operated under a reverse bias is two orders of magnitude higher than its dark 

current. A self-powered control opaque OPD, operated without bias, has a photocurrent of 1.01  10-

4 A, which is about six orders of magnitude higher than that of the dark current (2.55  10-10 A). The 

responsivity, R(𝜆), measured for the control opaque OPD without bias and operated under different 

reverse biases of -0.5 V and -1.0 V, are shown in Fig. 2(c). The R(𝜆)  is defined as the ratio of 

photocurrent generated in the OPD to the optical power of the incident light, which is associated with 

the photon to charge conversion efficiency and can be calculated using the following equation: 

𝑅(𝜆)  =
𝐼𝑙𝑖𝑔ℎ𝑡 − 𝐼𝑑𝑎𝑟𝑘

𝑃𝑙𝑖𝑔ℎ𝑡
,                            (1) 

where 𝐼𝑙𝑖𝑔ℎ𝑡 is the photocurrent under illumination, 𝐼𝑑𝑎𝑟𝑘 is the dark current in the absence of light, 

𝑃𝑙𝑖𝑔ℎ𝑡 is the power of the incident light. R(𝜆) spectra measured for the control opaque OPD without 

bias and operated under different reverse biases are almost identical, with a peak R(𝜆) of 0.41 A/W 
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at 890 nm. This suggests that PTB7-Th:COi8DFIC:PC71BM-based OPDs have a self-powered 

photodetection feature due to the photovoltaic effect. The self-powered OPDs are very useful for 

applications in different monitoring systems, optical communications, wireless appliances and 

Internet-of-things (IoT).[5,22–24] High quality transparent electrodes that can be overlaid on the 

organic photoactive layer through a compatible fabrication process are the prerequisite for the 

development of high-performance transparent NIR OPDs.  

 

The effect of solution-processable highly transparent conductive PEDOT:PSS upper electrode on the 

performance of the transparent PTB7-Th:COi8DFIC:PC71BM-based NIR OPDs has been analyzed. A 

PEDOT:PSS interlayer or transparent electrode has been often used in a variety of organic electronic 

devices, including organic solar cells, organic light-emitting diodes, OPDs etc. The transparent OPDs 

with a solution-processable high conductivity PEDOT:PSS upper transparent electrode have a unique 

application in large-area transparent OPDs. Different additives of PEG and EG were added in the 

PEDOT:PSS precursor solution for improving the electric conductivity of the PEDOT:PSS film. In 

order to avoid the possible deterioration to the underlying function layers, in this work a conducting 

PEDOT:PSS contact on the organic photoactive layer was prepared using a lamination transfer process. 

The schematic illustration of forming a PEDOT:PSS upper transparent electrode on the surface of a 

ternary PTB7-Th:COi8DFIC:PC71BM photoactive layer using a lamination transfer fabrication 

process is shown in Fig. 3. A 165 nm thick PEDOT:PSS layer was first coated on the 

polydimethylsiloxane (PDMS) mold by spin-coating in air. The PEDOT:PSS layer was then 

transferred onto the surface of the ternary PTB7-Th:COi8DFIC:PC71BM photoactive layer by 
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lamination transfer using the PDMS mold. The deposition of the PEDOT:PSS upper transparent 

electrode through a lamination transfer process avoids the possible damage to the underlying ternary 

PTB7-Th:COi8DFIC:PC71BM photoactive layer, which would otherwise occur in the continuous 

solution fabrication processes due to the solvent effect. The combination of spin-coating and 

lamination transfer processes developed in this work provide a very efficient, energy-save and low-

cost device fabrication process. The approach can also be extended to combine other solution 

fabrication processes, including inkjet printing and roll-to-roll printing, for fabricating large-area high 

performing OPDs at a low cost.[25] 

 

The cross-sectional view of a transparent NIR OPD, comprising a layer configuration of 

glass/ITO/ZnO (10 nm)/PTB7-Th:COi8DFIC:PC71BM (85 nm)/PEDOT:PSS (165 nm), is shown in 

Fig. 4(a). Different upper transparent electrodes, including transparent conductive oxides (e.g., ITO), 

dielectric/thin metal/dielectric layers, e.g., MoO3/Ag (10 nm)/N,N’-Di(1-naphthyl)-N,N’-diphenyl-

(1,1’-biphenyl)-4,4’-diamine (NPB), metal nanocomposites, e.g., Ag nanowires (NWs) and polymeric 

transparent electrodes, e.g., PEDOT:PSS[11,12], have been adopted for applications in different 

organic electronic devices. The transmission spectra measured for different transparent upper 

electrodes are shown in Fig. 4(b). Transparent electrodes with a high transparency in visible and NIR 

light range, are desired for use in transparent NIR OPDs. As shown in Fig. 4(b), the MoO3/Ag (10 

nm)/NPB (50 nm) electrode has a relatively poorer transparency over the NIR light range. Apart from 

the fabrication process comparability, the optical transparency and electric conductivity of the 
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dielectric/thin metal/dielectric layer is dependent on the thickness of the metal film. NIR transparency 

of the ultrathin metal layer decreases rapidly with increase in its layer thickness. Thin films of Ag 

NWs and ITO based transparent electrodes have a good electric conductivity and an average 

transparency of >90%. Solution-processed Ag NWs-based transparent electrodes have a relatively 

rough surface. A surface passivation is needed to improve its adhesion to the underlying functional 

layers or substrates. ITO layer is one of the most frequently used transparent electrodes because of its 

excellent electronic conductivity and optical transparency. However, ITO layer is not an ideal choice 

for applications in large-area flexible or foldable electronic devices.  

 

The high conductive PEDOT:PSS upper electrode provides an attractive option for applications in 

large-area flexible organic electronic devices, due to its compatible fabrication processes, high optical 

transparency, high electric conductivity, and excellent mechanical flexibility. PEDOT:PSS layer also 

has an unique high transparency over the NIR wavelength range, which is very suitable for use in 

transparent NIR OPDs.[18] The electric conductivity of the PEDOT:PSS layer can be easily adjusted 

by incorporating the high boiling point polar compounds or solvents, for example, ethylene glycol, 

diethylene glycol, glycerol, dimethyl sulfoxide, mannitol and sorbitol.[17] The visible light 

transparency and electric conductivity of the PEDOT:PSS layer are dependent on its thickness, as 

shown in Fig. 4(c). Transparent electrodes with a high electric conductivity are critical for determining 

the performance of the transparent optoelectronic devices.[20,26] In this work, a 165 nm thick 
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PEDOT:PSS upper electrode was optimized for the transparent NIR OPDs, taking into account 

consideration of achieving simultaneous high NIR responsivity and high visible light transparency. 

The electric conductivity of the PEDOT:PSS upper transparent electrode is around 260 S/cm. The 

transparency of 92% is obtained for a 165 nm thick PEDOT:PSS film at 550 nm and 850 nm, which 

is suitable for application in transparent NIR OPDs.  

 

The transmission spectra measured from the ITO side and PEDOT:PSS side of the transparent NIR 

OPDs are shown in Fig. 4(d), showing a very similar transparency behavior. The average visible 

transmittance (AVT) of the transparent OPDs can be calculated using the following equation: 

                          𝐴𝑉𝑇 =
∫ 𝑇(𝜆)𝑃(𝜆)𝑆(𝜆)𝑑(𝜆)

780 𝑛𝑚
380 𝑛𝑚

∫ 𝑃(𝜆)𝑆(𝜆)𝑑(𝜆)
780 𝑛𝑚

380 𝑛𝑚

,                           (2) 

where T() is the wavelength dependent transmission spectrum measured for the OPDs, P() is the 

luminous-efficacy function of the human eye, and S() is the incident light correction factor. An AVT 

of 57.6% was obtained for the transparent NIR OPDs measured from the ITO side. An AVT of 55.5% 

was obtained for the transparent NIR OPDs measured from the PEDOT:PSS side. The relatively low 

transparency at 850 nm is due to the peak absorption of the ternary PTB7-Th:COi8DFIC:PC71BM 

photoactive active layer.  

 

Apart from of the high optical transparency and electric conductivity of the upper transparent 

electrodes, a low dark current is another important factor for achieving a high photosensitivity of the 
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transparent OPDs. IV characteristics measured for the NIR OPDs with different upper electrodes of 

PEDOT:PSS (165 nm), Al (100 nm), MoO3 (5 nm)/Ag (10 nm)/NPB (50 nm) and MoO3 (5 nm)/Ag 

(10 nm)/ITO (160 nm) are shown in Fig. 5(a). The self-powered transparent NIR OPDs with a 165 

nm thick PEDOT:PSS upper transparent electrode have a comparable dark current as compared to that 

of a control opaque OPD of 10-10 A, which is 1-2 orders of magnitudes lower than the dark current 

measured for the self-powered transparent NIR OPDs made with two types of transparent 

dielectric/thin metal/dielectric upper electrodes, e.g., MoO3 (5 nm)/Ag (10 nm)/NPB (50 nm) and 

MoO3 (5 nm)/Ag (10 nm)/ITO (160 nm). The results reveal that the dark current in the self-powered 

PTB7-Th:COi8DFIC:PC71BM-based NIR OPDs is closely associated with the charge transfer 

properties at the photoactive/upper electrode interface, as the set of the NIR OPDs have the same front 

ITO contact.[19] I‒V characteristics measured for the transparent OPDs, with a 165 nm thick 

PEDOT:PSS upper transparent electrode, in dark and under an NIR (850 nm) light illumination with 

an intensity of 10 mW/cm2, are presented in Fig. 5(b). The results show that the transparent NIR OPDs 

with a 165 nm thick upper transparent electrode and a control opaque OPD, as shown in Fig. 2(b), 

have a comparable photosensitivity. Similar IV characteristics have also obtained from the ITO side 

and the PEDOT:PSS side of the transparent NIR OPDs, measured under an NIR (850 nm) light 

illumination with an intensity of 10 mW/cm2. Photocurrent−light intensity characteristics measured 

from the ITO side and the PEDOT:PSS side of the transparent NIR OPD operated under a reverse bias 

of -1.0 V, using an NIR (850 nm) light source with an intensity of 10 mW/cm2 are shown in Fig. 5(c). 
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The linear dynamic range (LDR) is defined as the linear light intensity dependence of the photocurrent 

of the OPD in presence of the NIR light. LDR is a figure-of-merit for the OPDs in different 

applications, describing the reliable responsivity of the photodetectors over a broad light intensity 

range. LDR can be obtained using the following equation:  

𝐿𝐷𝑅 = 20𝑙𝑜𝑔
𝐼𝑢𝑝𝑝𝑒𝑟

𝐼𝑙𝑜𝑤𝑒𝑟
 ,                           (3) 

where 𝐼𝑢𝑝𝑝𝑒𝑟 and 𝐼𝑙𝑜𝑤𝑒𝑟 are the maximum and minimum photocurrent limits of the targeted light 

intensities that the photodetector can be obtained in a specific detection range. LDR of 154 dB is 

obtained for the transparent NIR OPDs, as shown in Fig. 5(c), measured using an NIR (850 nm) light 

source over an intensity range from 5  10-7 to 10 mW/cm2.  

 

D* is a function of R(𝜆) and noise of the OPDs. The noise in the OPDs includes shot noise, thermal 

noise, and flicker noise. The flicker noise is the low-frequency noise that is negligible at frequencies 

above 100 Hz. The thermal noise is usually dominated in the OPDs prepared using small bandgap 

organic semiconductors, absorbing the photons with wavelengths longer than 1000 nm.[27] The 

thermal noise becomes more prominent for NIR OPDs operated without bias. In comparison to the 

thermal noise, the shot noise is dominated in the OPDs operated at a reverse bias. Thus, the shot noise, 

𝑖𝑠ℎ𝑜𝑡 = √2𝑒𝐼𝑑𝑎𝑟𝑘𝐵, can be adopted for calculating D* of the transparent NIR OPDs operated under a 

reverse bias, where 𝐼𝑑𝑎𝑟𝑘 is the dark current, e.g., 1.36  10-8 A/cm2 measured for the transparent 

NIR OPDs operated under a reverse bias of -0.1 V. B is the normalized bandwidth, derived by 
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measuring the dark current of the OPDs.[28] Therefore, in this work, the dark current is adopted for 

calculating D* of the OPDs using the following equation: 

𝐷∗ =
𝑅(𝜆)

√2𝑒 ∙ 𝐽𝑑𝑎𝑟𝑘

 ,                         (4) 

where e is the elementary electron charge. A D* of 4.06  1012 Jones, measured from the ITO side, 

and a D* of 2.98  1012 Jones, measured from the PEDOT:PSS side, were obtained for the transparent 

NIR OPDs at 850 nm, as shown in Fig. 5(d), revealing the high-performance of the transparent NIR 

OPDs made with a PEDOT:PSS upper transparent electrode.   

 

The performance uniformity of the large-area transparent NIR OPDs was analyzed using a set of 

structurally identical transparent NIR OPDs having different active areas of 2.0 mm  2.0 mm, 1.0 cm 

× 1.0 cm and 1.6 cm × 1.6 cm. As shown in Fig. 6(a), a self-powered 2.0 mm  2.0 mm-sized 

transparent NIR OPD has a peak R(𝜆) of 0.21 A/W at 865 nm, measured from the PEDOT:PSS side. 

A peak R(𝜆) of 0.28 A/W at 865 nm is obtained from the ITO side of the same transparent NIR OPD, 

operated under the self-powered mode or under a reverse bias of -1.0 V. R(𝜆) spectra measured from 

the ITO side and the PEDOT:PSS side of a 1.0 cm  1.0 cm-sized transparent NIR OPD, as shown in 

Fig. 6(b), are that same as the ones obtained for a 2.0 mm  2.0 mm-sized transparent NIR OPD. R(𝜆) 

spectra measured from the ITO side and the PEDOT:PSS side of a 1.6 cm  1.6 cm-sized transparent 

NIR OPD are shown in Fig. 6(c), which are similar to the ones measured for a 2.0 mm  2.0 mm-sized 

transparent NIR OPD. The results show that the PEDOT:PSS upper transparent electrode, prepared 

by the lamination transfer process, is suitable for making large-area high-performance transparent NIR 

OPDs. An obvious higher peak R(𝜆) of 0.37 A/W at 865 nm was obtained for the transparent NIR 
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OPD in the presence of a white paper reflector, which is more than 20% higher than that of the OPD 

measured in the absent of a white paper reflector (0.30 A/W). The value of the enhanced peak R(𝜆) 

of 0.37 A/W, obtained for the transparent NIR OPD in the presence of a white paper reflector, is close 

to the performance of the control opaque NIR OPD. This suggests that the large-area transparent NIR 

OPD also has the capability detecting the scattered or reflected background NIR, which can be a useful 

function for application in large-area environmental detection and security monitoring. The inset in 

Fig. 6(d) is the photo taken for a large-area transparent NIR OPD with a layer configuration of 

glass/ITO/ZnO (10 nm)/PTB7-Th:COi8DFIC:PC71BM (85 nm)/PEDOT:PSS (165 nm). R(𝜆) spectra 

measured over different locations, indicated by the red, green, black and blue dots, on a 1.6 cm  1.6 

cm-sized transparent OPD are shown in Fig. 6(d). The large-area transparent NIR OPDs have a 

fabulous uniform performance over the entire active area. A summary of the photoactive layers, upper 

transparent electrodes, deposition processes, transparency of the upper transparent electrodes, R, D*, 

and active areas of different transparent OPDs is listed in Table 1. It becomes very clear that the 

transparent NIR OPDs demonstrated in this work have superior performance as compared to that of 

the transparent OPDs reported in the literatures. 

 

The frequency response is another important factor of the OPDs.[29] The relative photoresponses of 

the transparent NIR OPDs with different active areas of 2.0 mm  2.0 mm, 1.0 cm × 1.0 cm and 1.6 

cm × 1.6 cm and ones measured for the OPDs operated under different biases of -1.0 V and -2.0 V, 

over a frequency range from 0.01 to 100 kHz, were measured using a modulated NIR (850 nm) light 

source. The results are shown in Fig. 7(a), Fig. 7(b), and Fig. 7(c), respectively. The -3 dB cutoff 
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frequency is the frequency of light under which the photoresponse is 70.8% of that measured under 

continuous light. The -3 dB cutoff frequency for the transparent NIR OPDs with different active areas 

of 2.0 mm  2.0 mm, 1.0 cm  1.0 cm and 1.6 cm  1.6 cm and the ones measured for the OPDs 

operated under the reverse biases of -1.0 V and -2.0 V are shown in Fig. 7(d). A higher -3 dB cutoff 

frequency can be obtained for the transparent NIR OPDs operated under a reverse bias. For example, 

a -3 dB cutoff frequency of 36 kHz is obtained for a 2.0 mm  2.0 mm-sized transparent NIR OPD, a 

higher -3 dB cutoff frequency of 71 kHz is obtained for the same OPD operated under a reverse bias 

of -1.0 V. The -3 dB cutoff frequency decreases with the increase in the active area of the OPDs, as 

shown in Fig. 7(d). 

   

3. Conclusions 

Large-area transparent NIR OPDs, comprising a layer configuration of glass/ITO/ZnO (10 nm)/PTB7-

Th:COi8DFIC:PC71BM (85 nm)/PEDOT:PSS (165 nm), have been developed. The 165 nm thick 

PEDOT:PSS upper transparent electrode, prepared using a lamination transfer process, has a high 

transparency of 92% across the visible light to NIR wavelength range, a high electric conductivity and 

a compatible fabrication process. The self-powered transparent NIR OPDs demonstrated in this work 

have a high D* of >1012 Jones at 850 nm, a high -3 dB cutoff frequency of 71 kHz, and an LDR of 

154 dB. The outcomes of this work are very encouraging, providing a platform technology for a 

plethora of applications in self-powered monitoring systems, optical communications, wireless 

appliances and IoT.  
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4. Experimental section 

4.1. Device fabrication 

Prepatterned ITO/glass substrates with a sheet resistance of 10 Ω/square were cleaned by an 

ultrasonication sequentially with detergent, distilled water, acetone, isopropanol each for 30 min, dried 

using a pure N2 gas stream and stored in the dry box before use for the device fabrication. A 10 nm 

thick ZnO ETL was deposited on the ITO/glass substrates by spin-coating using a ZnO nanoparticles 

solution at a rotation speed of 2500 rpm for 50 s in nitrogen-purged glove box. The ZnO-coated 

ITO/glass samples were then transferred to a vacuum chamber to remove the residual organic solvents. 

The ZnO precursor solution was formulated following the procedure reported in a previous work.[30] 

The ternary PTB7-Th:COi8DFIC:PC71BM precursor solution was prepared by dissolving PTB7-Th 

(1-material), COi8DFIC (Sigma-Aldrich) and PC71BM (Nano-C) in chlorobenzene (Sigma-Aldrich), 

with a weight ratio of PTB7-Th to COi8DFIC to PC71BM of 1:1:0.5 (18 mg/mL). A 85 nm thick 

ternary PTB7-Th:COi8DFIC:PC71BM photoactive layer was deposited on the ZnO ETL by spin-

coating at a rotation speed of 2000 rpm for 60 s following with a postdeposition annealing at 100 OC 

for 10 min. PEDOT:PSS solution was prepared by mixing PEDOT:PSS (Clevios PH1000) with 1 wt% 

polyethylene glycol (PEG, Sigma-Aldrich) and 5 wt% ethylene glycol (EG, Sigma-Aldrich). The use 

of the PEG and EG additives is to improve the electric conductivity of the PEDOT:PSS layer. A flat 

PDMS mold was prepared using the PDMS (DOW) solution mixed with the elastomer (DOW) and 

curing agent solution (DOW) in a ratio of 10:1. A 165 nm thick PEDOT:PSS layer was spin-coated 

first on the PDMS mold in air without any annealing process. The PEDOT:PSS layer was transferred 

onto the surface of the ternary PTB7-Th:COi8DFIC:PC71BM photoactive layer using a lamination 
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transfer approach, forming a layer stack of PEDOT:PSS/PTB7-

Th:COi8DFIC:PC71BM/ZnO/ITO/glass. The transparent NIR OPDs with different active areas of 2.0 

mm  2.0 mm, 1.0 cm  1.0 cm and 1.6 cm  1.6 cm were prepared. 

 

4.2. Device characterization 

Absorption spectra of the ZnO ETL and the ternary PTB7-Th:COi8DFIC:PC71BM photoactive layers, 

transmission spectra of the upper transparent electrodes and the transparent NIR OPDs were measured 

using a UV−visible absorption spectroscopy (Shimadzu, UV-2450). IV characteristics of the OPDs, 

in the dark and under NIR illumination, were measured using a source meter (KEITHLEY 2614B). 

The responsivity of the OPDs was obtained using an external quantum efficiency (EQE) system 

equipped with a monochromator (Bentham TMc300), a lock-in amplifier (SRS model SR830) and a 

xenon lamp. The transient photocurrent of the OPDs was measured using an NIR light source 

(LED850LN, purchased from Thorlabs), controlled by a function generator (SRS model DS345), 

having a peak emission at 850 nm. The relative photoresponse of the OPDs was measured using an 

oscilloscope (Tektronix MDO3052).  
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Fig 1. (a) Molecular structures of PTB7-Th, COi8DFIC and PC71BM. (b) Absorption spectra measured 

for a 10 nm thick ZnO layer and an 85 nm thick PTB7-Th:COi8DFIC:PC71BM photoactive layer, 

prepared using a precursor solution with a weight ratio of PTB7-Th to COi8DFIC to PC71BM of 

1:1:0.5. (c) Schematic energy level diagram of the functional materials used in the work.    
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Fig 2. (a) Schematic cross-sectional view of a control opaque OPD having a ternary PTB7-

Th:COi8DFIC:PC71BM photoactive layer. (b) IV characteristics measured for a control opaque OPD 

in the dark and under an NIR (850 nm) illumination, with an intensity of 10 mW/cm2. (c) R(λ) spectra 

measured for the control opaque OPD operated under different biases of -0.5 V and -1.0 V, and without 

bias.  
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Fig 3. A flow chart showing the deposition of a PEDOT:PSS upper transparent electrode on the surface 

of a ternary PTB7-Th:COi8DFIC:PC71BM photoactive layer using a lamination transfer process.  
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Fig 4. (a) Schematic cross-sectional view of a transparent NIR OPD having an 85 nm thick ternary 

PTB7-Th:COi8DFIC:PC71BM photoactive layer and a 165 nm thick PEDOT:PSS upper transparent 

electrode. (b) Transmission spectra measured for the PDMS/PEDOT:PSS (165 nm), glass/ITO, 

glass/Ag NWs (~20 nm) and glass/MoO3/Ag (10 nm)/NPB (50 nm). (c) Transparency, at 550 nm and 

850 nm, measured for the PEDOT:PSS layers with difference thicknesses, and the corresponding 

electric conductivity. (d) Transparency measured form the ITO and the PEDOT:PSS sides of the 

transparent OPDs.  
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Fig 5. (a) IV characteristics measured for the self-powered NIR OPDs with different upper electrodes 

of PEDOT:PSS (165 nm), Al (100 nm), MoO3 (5 nm)/Ag (10 nm)/NPB (50 nm) and MoO3 (5 nm)/Ag 

(10 nm)/ITO (160 nm). (b) IV characteristics measured for a transparent NIR OPD, with a 165 nm 

thick PEDOT:PSS upper transparent electrode, in the dark and under an NIR (850 nm) light 

illumination, with an intensity of 10 mW/cm2. (c) Photocurrent−light intensity characteristics and (d) 

D* spectra measured from the ITO side and the PEDOT:PSS side of the transparent OPD operated 

under a reverse bias of -1.0 V, under an NIR (850 nm) light illumination, with an intensity of 10 

mW/cm2.   
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Fig 6. (a) R(λ) spectra measured from the ITO side and the PEDOT:PSS side of a self-powered 

transparent NIR OPD, over an area of 2.0 mm  2.0 mm, the corresponding R(λ) spectrum measured 

from the PEDOT:PSS side of the OPD, operated under a reverse bias of -1.0 V, is also shown. R(λ) 

spectra measured from the ITO side and the PEDOT:PSS side of (b) a 1.0 cm  1.0 cm-sized self-

powered transparent NIR OPD and (c) a 1.6 cm  1.6 cm-sized self-powered transparent NIR OPD 

with and without the presence of a white paper reflector. (d) R(λ) spectra measured over different 

locations, indicated by the red, green, black, and blue dots, on a 1.6 cm  1.6 cm-sized self-powered 

transparent NIR OPD. The inset: photo picture taken from the PEDOT:PSS side of the transparent 

NIR OPD.  
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Fig 7. Relative response (dB)−frequency characteristics measured for the self-powered transparent 

NIR OPDs, with a 165 nm thick PEDOT:PSS upper transparent electrode, having different active 

areas of (a) 2.0 mm  2.0 mm, (b) 1.0 cm  1.0 cm and (c) 1.6 cm  1.6 cm, and the corresponding 

relative response (dB)−frequency characteristics of the OPDs operated under different biases of -1.0 

V and -2.0 V. (d) OPD size-dependent -3 dB cutoff frequency measured for the self-powered 

transparent NIR OPDs and the ones measured for the OPDs operated under a reverse bias of -1.0 V.   
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Table 1 A summary of photoactive layers, upper transparent electrodes, deposition processes, R, D*, and active areas of different transparent NIR 

OPDs. 

 

Photoactive layer Upper electrode Deposition process OPD transparency (%) R (A/W) D* (Jones) Device area (cm2) Ref. 

DMQA:DCV3T HATCN/IZO Thermal evaporation/sputtering 60 @ 590-650 nm N/A 2.1×1012 0.04 [3] 

PSeTPTI/PC71BM WO3/Ag/WO3 Thermal evaporation N/A 0.01 @ 30 V N/A 6.25 [15] 

P3HT:PCBM MoO3/Ag/MoO3 Thermal evaporation N/A 0.18 @ -1.5 V 5.25×1011 0.04 [2] 

Cy7-T MoO3/Au/MoO3 Thermal evaporation 68.9 @ 450-670 nm 0.165 @ -2.0 V 3.0×1012 1.60 [19] 

Co3O4/ZnO Ag-NWs Spin-coating ~76 @ visible 5.09×10-5 2.2×108 1.0 [23] 

TiO2 Ag-NWs Spin-coating ~44 @ 400-1000 nm 0.136 1.11×109 N/A [24] 

PTB7-Th: 

COi8DFIC: 

PC71BM 

PEDOT:PSS Lamination transfer 

55.5 @ 380-780 nm  

(PEDOT:PSS side)  

57.6 @ 380-780 nm  

(ITO side) 

0.21  

(PEDOT:PSS side)  

0.28  

(ITO side)  

@ 0 V and 865 nm 

2.98×1012  

(PEDOT:PSS side) 

4.06×1012  

(ITO side) 

2.56 This work 

 


