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Abstract 

Junction engineering methods, applied to color-selective organic photodiodes (OPDs), are 

demonstrated (1) to enhance the specific detectivity, (2) to improve the color selectivity, and (3) to boost 

the external quantum efficiency (EQE). 

(1) A facile and strategic junction tuning technology is reported to boost self-powered organic 

Schottky photodiode (OPD) performances by synergetic contributions of reactive dedoping effects. It 

is shown that dedoping poly(3-hexylthiophene-2,5-diyl) (P3HT) films with 1-propylamine (PA) 

solution significantly reduces not only acceptor-defect density but also intrinsic doping level, leading 

to dramatically enlarged depletion region width (DW) of metal/polymer Schottky junctions, as 

confirmed by ultraviolet photoelectron spectroscopy and Mott–Schottky junction analyses. As a result, 

whole penetration regions of photons corresponding to absorption bands of P3HT can be fully covered 

by the depletion region of Schottky junctions, even without the assistance of external electric fields. In 

addition, it is shown that non-solvent exposure effects of PA dedoping further enable lower 

paracrystalline disorder and, thus, higher charge carrier mobility, by means of two-dimensional grazing 

incidence X-ray diffraction (2D-GIXD), field-effect mobility, and space-charge-limited current  

analyses. As a result of such synergetic advantages of the PA dedoping method, non-power-driven 

green-selective OPDs were demonstrated with a high specific detectivity exceeding 6 × 1012 Jones and 

a low noise-equivalent power of 5.05 × 10−14 W Hz−0.5. Together with a fast temporal response of 26.9 

μs and a wide linear dynamic range of 201 dB, the possibility of realizing non-power-driven, near-ideal 

optimization of solution-processed OPDs with a facile dedoping method is demonstrated. 

(2) A precise and facile junction engineering of OPDs via chemical doping, while maintaining 

their thin-film nature to realize organic optical sensors with intrinsic ambient light cancellation, is 

demonstrated. It is shown that excitons with the desired wavelength range can be selectively separated 

by means of doping-induced fine engineering of the DW so that photons with unwanted wavelengths 

can avoid reaching the charge-separating depletion region. This method is different from previous 

narrowband detection strategies, in that only the DW, not the overall thickness of the active layer, is 

controlled to realize thin-film narrowband-selective OPDs. Optical absorption and exciton separation 

behaviors in each constituting layer of the OPDs are studied both theoretically and experimentally to 

explain the described mechanism of doping-induced spectral refining. Based on a carefully designed 

planar heterojunction architecture, thin-film (~500 nm) narrowband (FWHM < 60 nm) red-/NIR-

selective OPDs are realized without sacrificing a high specific detectivity over 1012 Jones. To show the 

feasibility of the suggested doping-induced spectrally refined OPD, (i) an OPD-based optical 

communication platform with superior ambient noise-tolerance compared to Si-based platforms and (ii)  
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high performance ambient light pulse oximetry with two NIR-selective OPDs are demonstrated. 

(3) A new non-fullerene acceptor was desgined and synthesized by introducing 

thienylenevinylene (TV) groups into the conventional 2,2ʹ-[[6,6,12,12-tetrakis(4-hexylphenyl)-6,12-

dihydrodithieno[2,3-d:2ʹ,3ʹ-dʹ]-s-indaceno[1,2-b:5,6-bʹ]dithiophene-2,8-diyl]bis[methylidyne(3-oxo-

1H-indene-2,1(3H)-diylidene)]]bis[propanedinitrile] (ITIC) structure for its application in 

photomultiplication-type OPDs (PM-OPDs), which rely on acceptor molecules for both effective 

charge separation and efficient gain generation. The resulting TV–ITIC acceptor possesses not only 

extended π-conjugation length, which leads to lower energy bandgap as well as deeper lowest 

unoccupied molecular orbital level, but also enhanced hydrophobic characteristics, owing to the 

increased volumetric portion of the aliphatic chain, which improves the miscibility with the donor 

polymer semiconductor, P3HT. Moreover, pristine TV–ITIC films consist of intrinsically well-ordered 

anisotropic crystallites, which was confirmed by 2D-GIXD analysis. All of these photophysical 

properties are beneficial for efficient exciton separation, electron trapping, and charge injection abilities 

of PM-OPDs compared to those obtained with conventional ITIC. Because of such synergetic 

contributions of TV–ITIC to the photomultiplication mechanism, the resulting optimized PM-OPD 

exhibits a high external quantum efficiency (> 74,000%) and a large specific detectivity (> 1012 Jones). 
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OPD structure with and without the DBU-doping of the PC61BM layer. 

Figure 3.11 (a) Dark and illuminated J–V characteristics of the red-selective photodiodes with or 

without n-doping. (b) Noise current and (c) specific detectivity spectra of the pristine and n-doped red-

selective OPDs measured under a bias of −0.5 V (scale bars are distinguished by colors). 

Figure 3.12 (a) Test setup for the optical communication experiment. (b) Measured BER at 5 

kbps versus an ambient light intensity ranging from 5 × 10−5 W to 3 × 10−3 W. 

Figure 3.13 PPG spectra measured with NIR (NIR I, NIR II)-selective OPDs and calculated values of 

the HR and SpO2 (a) before and (b) after harsh aerobic exercise. 
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Part 4. Junction Engineering: Self-Amplification 

Figure 4.1 CV analysis of ferrocene solution in DCM for calibration. 

Figure 4.2. (a) Thin-film absorption spectra of TV–ITIC and ITIC. (b) CV analyses of TV–ITIC and 

ITIC solutions in DCM. (c) PL spectra of TV–ITIC and ITIC thin films. (d) Energy band diagram of 

the suggested PM-OPD and its operating mechanism. (e) Optical images obtained from water contact 

angle measurements on P3HT, ITIC and TV–ITIC thin films. 

Figure 4.3. (a,d) 2D-GIXD pattern images of TV–ITIC and ITIC neat films and their corresponding 

line-cut profiles in the (b,e) in-plane and (c,f) out-of-plane directions. 

Figure 4.4. Dark and illuminated J-V characteristics of the optimized PM-OPDs based on the (a) TV–

ITIC and (b) ITIC acceptors. EQE spectra of the optimized (c) TV–ITIC- and (d) ITIC-based PM-OPDs 

measured at various reverse biases.  

Figure 4.5. Noise current spectra of the optimized PM-OPDs based on the (a) TV–ITIC and (b) ITIC 

acceptors, measured under a reverse bias of 20 V. 

Figure 4.6 Specific detectivity spectra of the optimized (a) TV–ITIC- and (b) ITIC-based PM-OPDs 

measured under −20 V. 

Figure 4.7. Bode plot of the optimized PM-OPD based on the (a) TV–ITIC and (b) ITIC, with various 

Hz and 32 Hz, respectively. LDR plot of the optimized PM-OPD based on (c) TV–ITIC and (d) ITIC. 

Both the Bode and LDR plots were measured at −20 V.
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Part 1. Color-Selective Organic Photodiodes 
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I. Introduction 

As advanced technologies including smart phones, machine vision, autonomous vehicles, 

advanced driver assistance systems, and unmanned aerial vehicles (drones) develop, their sensory 

systems are being of significant importance and attracting great attention. A diverse variety of sensors 

are employed to support these technologies: such as image sensors, sensors for light detection and 

ranging, distance sensors, proximity sensors, gyroscopes, accelerometers, sensors for radio detection 

and ranging, humidity sensors, and temperature sensors. Among these sensors, image sensors and their 

unit devices (photodiodes) can be an analogy of the ‘retinas’ and ‘retinal cells’ of a machine, 

respectively. The operational mechanism of image sensors is similar to that of human eyes; they are 

illuminated by or receive photons from the subject, convert optical signals (photons) to electrical signals 

(charge carriers), and transport the electrical signals to signal-processing integrated circuits, which can 

be likened to the ‘brain’ of the machine. 

To date, silicon semiconductor has been the most common photoactive material in sensor 

industries owing to its abundance in the Earth, good electrical properties, high operational stability, and 

non-toxicity.[1] Nonetheless, it has critical limitations, such as an absence of selective absorption in the 

target wavelength range and a low absorption coefficient owing to its small indirect bandgap (~1.1 

eV).[2–4] So far, color selectivity of Si-based image sensors is assigned using several-micrometer-thick 

color filters, which do not transmit the target wavelength region perfectly. However, both the low 

absorption coefficient and lack of color selectivity may be overcome only by replacing silicon 

semiconductor with another semiconducting material.[5–11] 

Since decades ago, organic semiconductors have been getting significant attention and become a 

promising candidate to replace inorganic semiconductors owing to their key advantages: a low-cost and 

low-temperature manufacturing process, physical flexibility, high absorption coefficient because of the 

direct bandgap, adaptable molecular design from the perspectives of charge carrier mobilities, 

absorption spectra, energy levels, and thermal stability.[12–19] It is speculated that if image sensors based 

on organic semiconductors can be demonstrated successfully, they will definitely alternate the 
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conventional Si-based image sensors owing to the following phenomena arising out of the above-

mentioned overwhelming characteristics of the organic semiconductors: (1) reduction in photodiode 

thickness due to the high absorption coefficient, (2) the elimination of thick color filters, and thereby 

(3) considerably improved degree-of-integration. 

Recently, Fujifilm and Panasonic reported the first industrial demonstration of an organic 

semiconductor-based complementary metal-oxide–semiconductor (CMOS) prototype image sensor, in 

which organic photodiodes (OPDs) were introduced instead of conventional Si-based photodiodes for 

photoelectric signal conversion and additional circuits for noise cancelling and global shutter function 

were inserted in the remaining space that originated from the decrease in overall thickness by the OPD 

replacement. In this report, technical factors such as the photoactive layer thickness, chief angle, and 

dynamic range were significantly enhanced. In fact, color filters were still used for separate color 

detection, which are considered to be potential impediments to the development of image sensors; there 

is photon loss in the target wavelength range owing to the absorption of color filters, and additional 

manufacturing processes are needed for the deposition of color filters. Generally, color filters exhibit 

10–15% absorption of the target wavelength photons, leading to the decrease in the quantum efficiency 

of the resultant devices. Additional manufacturing processes for color filters such as electrodeposition, 

photolithography, thermal evaporation, dyeing, and printing raise the final cost. Therefore, it is of 

significant importance to achieve color selectivity by means other than color filters; for the best example, 

by employing the absorption spectra of organic semiconductors. 

In this study, recently reported methods to realize color selectivity of organic photodiodes without 

the use of color filters are briefly summarized and classified by operational mechanisms. In advance to 

reviewing the cases, the figures-of-merit for color-selective OPDs are collected and precisely discussed. 
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II. Operational Mechanisms of OPDs 

2.1 Figures-of-Merit for OPDs 

2.1.1 Dark Current and Noise Current 

 
Figure 1.1 The description of shot noise in the absence of light. 

The definition of dark current is the current in the absence of light, which is in a direct relation with 

noise current such as shot noise (ishot). As described in Figure 1.1, the shot noise (or Poisson noise), 

which is known to be the major noise source, can be expressed as: 

𝑖shot = √(𝑖(𝑡) − 𝑖d)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅2 =
𝑞

∆𝑡
√(𝑛(𝑡) − �̅�)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 2 ,       (1.1) 

𝑖(𝑡) =
𝑞𝑛(𝑡)

∆𝑡
 , 𝑖d =

𝑞�̅�

∆𝑡
 ,          (1.2) 

where Δt is the shortest time interval over which the behavior of the current is equivalent to that in the 

long time limit, i(t) and n(t) is the instantaneous dark current generated and number of free charge 

carriers emitted in time Δt, respectively, id and �̅� is the mean dark current generated and number of 

free charge carriers emitted in time Δt, respectively, and q is the elementary charge. With the assumption 

of statistically independent emission of electrons, n(t) can be well described by a Gaussian distribution 

of probabilities as: 

𝑃(𝑛(𝑡)) =
1

√2𝜋
exp (−

1

2
(

𝑛(𝑡)−�̅�

𝜎
)

2
) ,        (1.3) 

where σ is the standard deviation of n(t). Assuming the common situation where (1) �̅� ≫ 1 (or �̅� →

∞) and there are no free charge carriers reaching the detector during Δt, the above distribution can be 

regarded as a Poisson distribution, characterized by 𝜎2 = �̅�, and expressed as: 
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𝑃(𝑛(𝑡)) =
1

√2𝜋
exp (−

(𝑛(𝑡)−�̅�)2

2�̅�
)         (1.4) 

By assuming an ergodic situation that all accessible microstates are equiprobable over a long period of 

time, the following relation is concluded: 

(𝑛(𝑡) − �̅�)2 ≈ 2�̅�           (1.5) 

By inserting Equation 1.5 into Equation 1.1, 

𝑖shot =
𝑞

∆𝑡
√2�̅� = √2𝑒𝑖d𝐵          (1.6) 

Assuming that the shot noise is the only source of noise current can result in an overestimated 

performance of OPDs; therefore, in order to accurately measure the noise current (inoise; A), other noise 

sources including thermal noise (ithermal), flicker noise (i1/f), and generation-recombination noise (ig-r) 

must be considered. The noise current corresponds to the square root of the random fluctuation of the 

dark current and can be expressed by the following equation: 

𝑖noise = √𝑖shot
2 + 𝑖thermal

2 + 𝑖1/f
2 + 𝑖g−r

2  

     = √2𝑞𝑖d𝐵 + 4𝑘𝑇𝐵/𝑅sh + 𝑖(𝑓, 𝐵)1/f
2 + 𝑖(𝑓, 𝐵)g−r

2
 ,     (1.7) 

where B is the bandwidth, k is the Boltzmann constant, T is the absolute temperature, and Rsh is the 

shunt resistance of the OPD. 

 

2.1.2 External Quantum Efficiency (EQE) and Responsivity (R) 

The definition of EQE in an optoelectronic device is the ratio of the number of the produced 

electrons (or holes) to that of the incident photons. This term can be transformed into responsivity (R), 

which is the ratio of the generated photocurrent to the power of the incident light. The relationship 

between the EQE and R can be expressed as: 

𝑅 =
𝑖ph−𝑖d

𝑃
 ,            (1.8) 

EQE =
# of electrons per second

# of photons per second
=

ℎ𝑐

𝑞
×

𝑅

𝜆
= (1241.52 

W nm

A
) ×

𝑅

𝜆
 ,   (1.9) 
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where iph is the current under illumination, P is the power of the incident light, λ is the wavelength in 

nm, h is the Planck constant, and c is the speed of light in a vacuum. 

 

2.1.3 Noise-Equivalent Power (NEP) and Specific Detectivity (D*) 

Based on the measured responsivity (or EQE) and noise current, NEP and D*, which are the 

performance indices commonly adopted to quantify the detectable limits of OPDs, can be obtained. 

NEP is defined as the signal power that provides a signal-to-noise ratio of an unity and expressed as the 

following: 

NEP =
𝑖noise

𝑅√𝐵
            (1.10) 

D* involves both the photoelectric conversion efficiency, which corresponds to responsivity or 

EQE, and noise current; thus, by normalizing the photoactive area in NEP, it can be obtained as the 

following equation: 

𝐷∗ =
√𝐴

𝑁𝐸𝑃
=

𝑅√𝐴𝐵

𝑖noise
 ,           (1.11) 

where A is the area of a photoactive layer. Using the relationship between EQE and responsivity 

(Equation 1.9), D* can also be expressed as the following: 

𝐷∗ =
𝑞𝜆√𝐴𝐵EQE

ℎ𝑐𝑖noise
           (1.12) 

As mentioned in the section regarding the dark current and noise current, the major noise source 

is the shot noise, which means 𝑖noise ≥ √2𝑞𝑖d𝐵. By introducing this relation in Equations 1.11 and 

1.12, the D* can be further simplified as: 

𝐷∗ ≤
𝑅√𝐴

√2𝑞𝑖d
=

𝑅

√2𝑞𝑗d
           (1.13) 

𝐷∗ ≤
𝑞𝜆√𝐴EQE

ℎ𝑐√2𝑞𝑖d
=

𝑞𝜆EQE

ℎ𝑐√2𝑞𝑗d
          (1.14) 

where jd is the dark current density. The specific detectivity values of differing OPDs can be roughly 

compared by using the above equations without measuring the noise current; however, it must be always 
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noted that other noise sources other than the shot noise must be considered for the evaluating the final 

performance indices. 

 

2.1.4 Photoactive Layer Thickness 

For commercial application in high-resolution image sensors, a thin photoactive layer is required 

for OPDs. The typical pitch size, which is the distance between a pixel and its adjacent pixel, of recently 

developed image sensors has reached the sub-micron level, which means that a vertically thick (> 1 μm) 

geometry of photodiodes can seriously limit the degree-of-integration of image sensors. It is because of 

the long optical pathway that can increase the rate of cross-talk phenomena between adjacent pixels. In 

the recent demonstration of OPD-based CMOS prototype image sensors from Panasonic, the thickness 

of photoelectric conversion layer is only ~500 nm, which is a significant reduction compared to that of 

Si-based image sensors (several micrometers thick). 

However, a thin photoactive layer (< 300 nm) rather deteriorate OPD performances owing to the 

increase in a dark current density. Generally, the theoretical dark current density of an OPD is defined 

with the terms regarding minority carrier diffusion and thermal generation of electron-hole pairs, and it 

is expressed as: 

𝑗d = (
𝑞𝐷e

𝐿e𝑛
+

𝑞𝐷h

𝐿h𝑝
) 𝑛i

2 +
𝑞𝑊𝑛i

𝜏g
 , 𝑛i

2 = 𝑛𝑝 ,       (1.15) 

where De and Dh are the diffusion coefficients of electrons and holes, respectively, Le and Lh are the 

diffusion lengths of electrons and holes, respectively, n is the concentration of free electrons, p is the 

concentration of free holes, W is the depletion region width, ni is the intrinsic concentration, and τg is 

the rate of thermal generation. As shown in Equation 1.15, the dark current density is theoretically 

described to be independent of the photoactive layer thickness; however, in fact, the dark current density 

values that are measured experimentally seem to be dependent of the photoactive layer thickness, as 

displayed in Figure 1.2. Therefore, it is reasonable to consider another term of the actual dark current 

density: the thickness-dependent term related to the charge injection from electrodes. 
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Figure 1.2 Statistical plot of dark current density values of OPDs with various photoactive layer 

thicknesses. 

𝑗d = (
𝑞𝐷e

𝐿e𝑛
+

𝑞𝐷h

𝐿h𝑝
) 𝑛i

2 +
𝑞𝑊𝑛i

𝜏g
+ 𝑗injection        (1.16) 

When a thin photoactive layer is employed, there are several factors that raise the charge injection 

current density, such as interfacial defects (oxygen vacancies or dangling bonds of metal oxides) at 

electrode–organic semiconductor interfaces, disorders in crystallinity of a photoactive layer, and any 

defects that can induce energetically favourable escape routes (i.e. mid-gap state) for free charge carriers 

at the semiconductor interfaces. However, the effects of those defects reduce significantly as the 

photoactive layer thickness increases because the injected charge carriers are being diminished by 

recombination during transportation. The following phenomenon can be described with the equation: 

𝑑s = √
𝑘𝑇𝜇𝜏

𝑞
            (1.17) 

where ds is the average travel distance of charge carriers before recombination, μ is the minority charge 

carrier mobility, and τ is the minority charge carrier lifetime. That is, if a photoactive layer is thicker 

than its ds, the injected charge carriers will not contribute to the dark current. In cases of donor organic 

semiconductor, electron mobility and lifetime values are ~10 μs and 10−5–10−3 cm2 V−1 s−1, respectively, 

and thus the ds is calculated as 16–161 nm, which is consistent with the phenomenon that OPDs with 

the photoactive layer thickness over 300 nm exhibits well-supressed dark current densities. 

Generally, organic semiconductors that are widely used in OPDs, such as poly(9,9-

dioctylfluorene-alt-bithiophene) (F8T2), poly(3-hexylthiophene-2,5-diyl) (P3HT), poly[2-methoxy-5-

(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH–PPV), poly[[9-(1-octylnonyl)-9H-carbazole-2,7-
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diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl] (PCDTBT), poly[(2,5-

bis(2-hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-yl)benzo[c][1,2,5]-thiadiazole)] 

(PPDT2FBT), poly[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] (PCE10), poly[2,5-(2-

octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno[3,2-b]thiophene)] (DPP–

DTT), poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]dithiophene)-alt-4,7(2,1,3-

benzothiadiazole)] (PCPDTBT), poly{[N,N′-bis(2-octyldodecyl)naphthalene-1,4,5,8-

bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)} (PNDI2OD–T2), [6,6]-phenyl-C61-butyric 

acid methyl ester (PC61BM), [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM), and 2,2′-

[[6,6,12,12-tetrakis(4-hexylphenyl)-6,12-dihydrodithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-

b′]dithiophene-2,8-diyl]bis[methylidyne(3-oxo-1H-indene-2,1(3H)-diylidene)]]bis[propanedinitrile] 

(ITIC), exhibit peak absorption coefficients in a rage of 0.8–3.0 × 105 cm−1, which corresponds to 

photoactive layer thicknesses of approximately 100–300 nm for 90% absorption of the target 

wavelength region. 

For these reasons, the suitable photoactive layer thickness for a sufficient absorption and absence 

of charge injection is over 300 nm. 

 

2.1.5 Full-Width at Half-Maximum (FWHM) 

In a function, FWHM is defined as the difference between the two values of the independent 

variable at which the dependent variable is equal to half of its maximum value. That is, it is the width 

of a spectrum curve measured between those points of which y values are half the maximum amplitude. 

In the cases of optoelectronic devices such as OPDs, it is typically used for responsivity (or specific 

detectivity) spectra that indicates the ability of an OPD to distinguish wavelengths (or colors). The 

narrower FWHMs of responsivity spectra are, the more clearly blue (~450 nm), green (~550 nm), and 

red (~650 nm) wavelength regions are distinguished from a light source, and thus the more accurately 

and precisely the colors are reproduced. It depicts that. The requirements for FWHMs of image sensors 
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mainly depend on the target application. For example, in the case of image and video applications, 

where various colors should be detected without undetectable region, interference of responsivity 

spectra needs to be minimized; however, only in the case of color imaging, they must be overlapped 

each other. In the case of vein detection, where the target detection range in NIR is considerably limited, 

image sensors with narrow FWHMs (< 50 nm) are required. 

 

2.1.6 −3 dB Cut-Off Frequency (f−3dB) 

f−3dB is a figure-of-merit for photoresponse speed of OPDs, in which the electrical properties of 

both the device and circuit are considered. f−3dB is defined as the modulation frequency corresponding 

to −3 dB (~70.8%) of the initial signal under continuous illumination. Theoretically, f−3dB is limited by 

the RC constant and transit time, as described in the following equation: 

𝑓−3dB =
1

√
1

𝑓RC
2+

1

𝑓transit
2

=
1

√(2𝜋𝑅total𝐶)2+(
2𝜋𝑡transit

3.5
)

2
 ,      (1.18) 

where fRC and ftransit are the RC- and carrier transit time-limited −3 dB frequencies, respectively, Rtotal is 

the total series resistance of the circuit including the measurement equipments and photodiode, and 

ttransit is the carrier transit time.[20] 

 

2.1.7 Linear Dynamic Range (LDR) 

The definition of LDR is the range where the power of the incident light and the intensity of the 

electric signal maintain a linear relationship. Generally, a photodiode with a wide LDR can convert light 

signals to electrical signals under various power intensities, which is significantly important for color 

imaging regardless of day and night. The LDR can be calculated using the following equation: 

LDR = 20 log
𝑃max

𝑃min
 ,          (1.19) 

where imax and imin are the maximum and minimum values of detectable power intensities, respectively. 

In general, NEP is regarded as a theoretical lower limit of LDR. Then, Equation 1.19 can be expressed 
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differently as: 

LDR = 20 log
𝑃max

𝑃NEP
            (1.20) 

 

2.2 Realization of Color Selectivity 

Color-selective OPDs can be classified by three categories: bulk heterojunction (BHJ) OPDs, 

Schottky junction OPDs, and OPDs using optical manipulation methods. BHJ OPDs are the most 

common PN junction OPDs, where donor and acceptor semiconductors are in blend state. Owing to 

their large PN junction interface area, photon-to-carrier transformation mechanism is significantly 

efficient, resulting in a high responsivity as well as EQE. However, due to the exposure of electrodes to 

both donor and acceptor semiconductors, percolation pathways of both electrons and holes are available, 

resulting in a high injection current under dark condition. In addition, BHJ-based color-selective OPDs 

suffered from a limited combination of semiconducting materials because they require donor and 

acceptor materials with well-overlapped absorption spectra for color selectivity. 

To overcome those issues, Schottky junction (generally, p-type) structure was introduced, which 

consists of a transparent cathode and a color-selective semiconducting material and exhibit the detection 

spectrum same as the absorption spectrum of the semiconductor. Although Schottky junction OPDs 

showed a relatively low photocurrent compared to BHJ OPDs, they exhibited a significantly suppressed 

dark current owing to their intrinsic Schottky barrier, which prevents the injection of holes from the 

cathode. The key factor for color selectivity of Schottky junction OPDs is the photoactive 

semiconducting material. Generally, in π-conjugated organic semiconductors, developing blue- or 

green-selective absorption characteristics is straightforward because π–π* transitions between or within 

donor moieties result in absorptions in those high-energy regions. However, in the case of red- and near-

infrared (NIR) selectivities, donor–acceptor intramolecular charge-transfer (CT) must be introduced to 

evolve the red and NIR absorption bands. Although the CT between donor and acceptor moieties 

enables the expansion of the absorptions to low-energy regions, high-energy absorption band is also 
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yielded from π–π* transitions of the donor moieties. Therefore, organic semiconductors with the 

maximized donor–acceptor intramolecular CT and minimized π–π* transitions of the donor moieties 

will enable Schottky junction OPDs with genuine red and NIR selectivities. 

The limitations of Schottky junction OPDs in realizing red and NIR selectivities can be resolved 

by an optical manipulation method, called ‘charge collection narrowing (CCN)’.[21] In this method, a 

thick (> 1 μm) photoactive layer is given to induce the following mechanism: (1) photons in high-

absorption-coefficient region are absorbed in the surface of the photoactive layer near the cathode (or 

anode) and the generated holes (or electrons) are rarely collected to the anode (or the cathode) because 

of a short carrier lifetime and low carrier mobility while (2) photons in low-absorption-coefficient 

region penetrate through the entire photoactive layer and undergo more balanced photocurrent 

generation. Therefore, color selectivity is realized at the absorption tail of the photoactive layer, which 

implies that CCN is an effective method for realizing color selectivity in low-energy ranges. 

In the following sections, a number of studies regarding BHJ OPDs, Schottky junction OPDs, and 

CCN OPDs are carefully handled as well as their OPD performances are summarized in tables. 

 

2.2.1 Bulk Heterojunction (BHJ) OPDs 

K. –H. Lee et al. demonstrated green-selective BHJ OPDs with N,N-dimethyl quinacridone 

(DMQA, B1) and dibutyl-substituted dicyanovinyl-terthiophene (DCV3T, B2) as green-selective donor 

and acceptor materials, respectively, which were thermally evaporated with various composition ratios 

(B1:B2 = 1:3, 1:1, 3:1).[22] It was found that 1:1 is the optimum ratio, resulting in the highest values of 

photocurrent density and EQE as well as a balanced value of hole and electron mobilities. As a result, 

the optimized green-selective BHJ OPD exhibited a high EQE over 67%, which was measured under a 

reverse bias of 5 V. 

D. S. Leem et al. further optimized the green-selective BHJ OPD with B1 and B2 by introducing 

buffer layers in between the photoactive layer and the anode.[23] Note that the optimized OPD, in the 
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Figure 1.3 Materials for BHJ OPDs. 

previous report,[22] exhibited a large dark current density (> 3.0 × 10−7 A cm−2 at −3 V).  OPD 

optimizations were carried out to reduce the dark current density by varying the thicknesses of the hole 

extraction layer (HEL; MoO3) and the photoactive layer. For further suppression of the dark current 

density, 30 nm of triphenylamine dimer (TPD15) was introduced in between the anode and MoO3 layer 

as an electron blocking layer (EBL). The optimized interlayer (TPD15 30 nm/MoO3 30 nm) exhibited 

a well-suppressed dark current density of 6.4 × 10−9 A cm−2, which was ~2 orders of magnitude smaller 

than that in the previous report. 

In addition to B1 and B2, K.–H. Lee et al. employed subphthalocyanine chloride (SubPc, B3), and 

pentafluoro-phenoxy-substituted SubPc (F5-SubPc, B4) as photoactive materials and applied various 



- 14 - 

combinations of them (B1:B3, B1:B4, B3:B2, and B3:B4 = 1:1) to realize green-selective OPDs.[24] It 

is shown that B1:B3-based OPDs exhibited the overall ascendency of other blend combinations, 

confirming the feasibility of their use in CMOS image sensor applications. 

In the subsequent year, K.–H. Lee et al. reported the newly optimized B1:B3 combination with 

the previously reported green-selective combination (B1:B2) in terms of response speed.[25] Due to the 

fused structure and conical-shaped molecular structure of B3, B3-based OPDs could render faster 

response speed. 

D.–H. Kim et al. reported semi-transparent green-selective OPDs with a low dark current density 

and high specific detectivity.[26] B1:B2 BHJ was used as a photoactive layer for green selectivity, and 

indium zinc oxide (IZO) was used as a semi-transparent top electrode, instead of typical metal 

electrodes. 1-nm rubidium carbonate (Rb2CO3) was deposited on indium tin oxide (ITO) electrode as 

an electron extraction layer (EEL), and 1,1-Bis-(4-methyl-phenyl)-aminophenyl-cyclohexane (TAPC) 

was deposited on the photoactive layer as an EBL. 1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile 

(HATCN) layers of varying thicknesses were deposited on TAPC layer not only for the purpose of hole 

extraction but also to protect the organic layers from a damage during the sputtering process of IZO. As 

a result, the fabricated OPD exhibited the lowest dark current density (3.8 × 10−10 A cm−2 at −1 V) and 

highest D* (2.1 × 1012 Jones), when 140 nm of HATCN was deposited. Transmittance values of the 

optimized OPDs were ~60 % at 590–650 nm wavelength range, ~18 % at 510–570 nm wavelength 

range, and ~26 % at 420–490 nm wavelength range, indicating that the fabricated OPDs are semi-

transparent. 

S. –J. Lim et al. reported green-selective OPDs using N,N’-dimethyl-2,9-dimethylquinacridone 

(DM-2,9-DMQA, B5) and B3 as BHJ photoactive layer and successfully applied them as pixels of 

image sensors.[27] B1, which was hitherto used as green-selective donor, exhibits limitations such as a 

weak thermal stability and low absorption coefficient (~2.5 × 104 cm−1) due to which it cannot be used 

in image sensor applications. To overcome these inherent limitations, B5 was synthesized, in which two 

methyl groups were added to B1 and used with B3 as BHJ components for green selectivity. Moreover, 
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an organic-on-Si hybrid image sensor was fabricated, which was formed by stacking the green-selective 

OPD pixels on top of the Si photodiode pixels covered with blue- and red-transmitting color filters. A 

5-megapixel picture was successfully acquired using a camera consisting of the fabricated stacked 

image sensor. It is worth noting that the feasibility of application of color-selective OPDs on organic 

semiconductor-based image sensor was successfully demonstrated. 

X. Bulliard et al. designed and synthesized two types of small molecules, named as 1a (B6) and 

1b (B7) in the article, and employed them as photoactive materials with C60 (B8) for green-selective 

OPDs.[28] Because the synthesized molecules exhibited cyanine-like features, a sharp and intense 

absorption in green wavelength region was observed. By adding bulky aryl functional groups, the 

molecular stacking of the synthesized molecules could be controlled, and thus the charge transport 

properties were optimized successfully. The fabricated OPDs based on BHJ of B6:B8 and B7:B8 

showed a high EQE of 61%, low dark current density of 1.6 × 10−9 A cm−2, and high D* of 1.19 × 1013 

Jones. It was ensured that both electrodes were transparent considering the application of stacked image 

sensor developed in this group.[27] 

M. G. Han et al. reported four different small molecules, named as M1–M4 in the article (B9–

B12, respectively), to realize high-performance, narrowband green-selective OPDs.[29] In this study, 

donor–π–acceptor molecular architecture was adopted, which allowed the synthesized molecules to 

exhibit a Gaussian-shaped narrowband absorption in green wavelength region, high thermal stability, 

and high photoelectric conversion efficiency. BHJ photoactive layers were deposited using blends of 

synthesized molecules and B8 as donor and acceptor materials, respectively. Although the new 

molecules were blended with B8, the resultant absorption spectra maintained its inherent Gaussian-

distributed narrowband absorption, which is favorable for green color detection. The fabricated OPDs 

exhibited an extremely low dark current density of 1.06 × 10−10 A cm−2, fast response of ~30 μs for both 

rise time and fall time, high thermal stability, and high EQE of ~50 % as well as a high D* of 3.73 × 

1013 Jones. Moreover, a stacked image sensor with the same structure as the previously reported organic-
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on-silicon stacked image sensor was fabricated,[27] and images at a low light condition (10 lux) were 

successfully obtained with a camera containing the fabricated image sensor. 

R. D. Jansen-van Vuuren et al. reported green selective OPDs with ketocyanine dye-cored 

dendrimers and PC61BM (B13).[30] A parent ketocyanine chromophore (B14) and three dendrimers 

(B15–B17) were synthesized, and the materials exhibited narrowband thin-film absorption features with 

FWHMs of ~100 nm at peak positions of 522–529 nm. The synthesized molecules exhibited hole 

mobilities of 10-6–10-4 cm2 V−1 s−1. B13 was used instead of PC71BM (B18) to minimize the effect of 

the acceptor material on absorption spectra because the absorption coefficient of B18 is higher than that 

of B13. As a result, by employing a blend ratio of 1:1 (w/w), green-selective OPDs with FWHMs of 

130–175 nm at peak positions of 510–530 nm, depending on the donor molecules, were demonstrated. 

In the following year, A. K. Pandey et al. reported blue-selective OPDs with two different 

quinquethiophene-cored conjugated dendrimers (B19, B20), which were synthesized by attaching two 

different complex alkyl groups to both sides of quinquethiophene core.[31] Because the absorption 

spectrum of B20:B13 blend had an apparently large absorption in UV ranges, only B19 was used with 

B13 in a blend ratio of 1:1. The fabricated blue-selective OPD showed a high dark current density of 

~10−4 A cm−2 under a reverse bias of 2 V. Nonetheless, it exhibited a quite high EQE of 22.5 % at 435 

nm wavelength. 

D. M. Lyons et al. reported green-selective OPDs with a new small molecule containing 

ketocyanine chromophore (B21) and B13.[32] In the previous results, the issue of band broadening 

caused by B13 was overcome by using B8 as an optical spacer between the photoactive layer and 

reflective electrode. The B8 optical spacer enhanced the narrowband absorption in green wavelength 

region due to the reduced absorption of the blue wavelength region (< 450 nm). Consequently, the 

optimized green-selective OPDs rendered a narrow FWHM of ~80 nm, fast f-3dB of 25 kHz, and 

moderate LDR of 4 orders of magnitude under a reverse bias of 1 V. 

 



- 17 - 

2.2.2 Schottky Junction OPDs 

 
Figure 1.4 Materials for Schottky junction OPDs. 

S. Yoon et al. reported the concept of transparent electrode–organic semiconductor Schottky 

junction to realize blue-selective OPDs.[33] In this study, ITO/ZnO as a transparent electrode and F8T2 

(S1) was used as a blue-selective donor polymer. It was shown that the absorption spectrum of S1 was 

fully reflected on the detection spectrum of the fabricated OPD. Moreover, the OPD exhibited a low 

dark current density of 1.3 × 10−9 A cm−2 and a spectral noise current of 2.46 × 10−14 A Hz−0.5 at −5 V 

by virtue of the Schottky barrier. Because of the low noise current, a high D* of 1.15 × 1012 Jones at 

450 nm wavelength and a wide LDR of ~6 orders of magnitude at −5 V were observed, despite a low 

peak EQE of ~4.5 % attributable to a small junction interface area. 

M. J. Sung et al. reported green-selective Schottky junction OPDs based on a newly synthesised 

green-selective donor polymer (PP-TPD, S2).[34] A polymer comprising 6H-phenanthro[1,10,9,8-

cdefg]carbazole (PCZ) and 1,3-bis(5-bromothiophen-2-yl)-5-octyl-4H-thieno[3,4-c]-pyrrole-4,6(5H)-

dione (TPD) as donor and acceptor units, respectively, was synthesized. The synthesised S2 exhibited 

a narrowband thin-film absorption in green wavelength region with a peak position of 538 nm and 

FWHM of 138 nm. The fabricated OPD, owing to its Schottky junction structure, exhibited an 

extremely low dark current density of 6.8 × 10−10 A cm−2 and high D* of 1.04 × 1012 Jones with an 

FWHM of 148 nm at −5 V. Because all the constituting layers are resistant to oxidation, both dark 
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current and photocurrent rarely changed for over 6 h even when exposed to a 10-Hz incident light (532 

nm, 0.08 mW/cm2) in air. In the subsequent year, M. J. Sung et al. newly synthesised a donor–donor 

polymer consisting of PCZ and thiophene units for narrower absorption in green wavelength region 

whereby thiophene was used instead of the TPD (in S2) used in the previous study.[35] OPDs based on 

the synthesized polymer, named PP-Th (S3), rendered a low dark current density of 2.0 × 10−9 A cm−2 

and high D* of 1.42 × 1012 Jones. The optimized S3-based OPD exhibited a narrower spectral response 

with an FWHM of 118 nm compared to that of S2-based OPD. Air stability was also enhanced, 

exhibiting a change of responsivity within 1 % over 30 days. 

S. Yoon et al. developed red-selective OPDs with a suppressed band II absorption.[36] PPDT2FBT 

(S4) was used as a red-selective donor polymer. Like other typical donor–acceptor polymers, S4 also 

exhibited two different absorption bands: band I is relevant to intramolecular charge transfer 

corresponding to the absorption near 650 nm, and band II is relevant to π–π* transition corresponding 

to the absorption near 420 nm. To maximize the band I absorption and minimise the band II absorption 

simultaneously, the thickness of the S4 layer was controlled carefully to prevent the saturation of the 

narrowband absorption in band I. In this study, ZnO has played an additional role as a deep-blue (420 

nm) color filter compared to the previous researches. By controlling the ZnO layer thickness, the charge 

generation from band II absorption at ZnO/S4 interface was minimized. As a result, the optimized red-

selective OPD exhibited a high D* over 3.04 × 1012 Jones with a narrow FWHM of 138 nm at band I, 

while the spectral response at band II was almost suppressed. 

K. Kim et al. reported a junction optimization strategy for near-ideal blue-selective Schottky 

junction OPD.[37] A ZnO/S1 Schottky junction was formed and idealized by decreasing the chemical 

defects at the surface of ZnO using sulphur doping. As the number of chemical defects at the ZnO 

surface decrease, the mid-gap state density was also reduced, and thus the reduced number of injection 

paths from ITO/ZnO electrode to S1 was achieved, resulting in a suppressed dark current injection 

toward S1 layer. As a result of the reduced dark current injection, the effective built-in potential 

increased, which expanded the depletion region width (DW). Because only the generation and 
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separation of excitons occur in the depletion region, an expanded DW implies an increase in 

photocurrent; therefore, D* increased. With the OPD optimization, an unprecedentedly high D* of 2.4 

× 1013 Jones was demonstrated. Moreover, the fabricated sulphur-doped ITO/ZnO electrode exhibited 

not only a fine device reproducibility, but also an exceptional air stability as observed from the 

negligible decrease in D* even after 20 days of air exposure. 

 

2.2.3 Optical Manipulation Methods 

 
Figure 1.5 Materials for OPDs based on the CCN mechanism. 

For the first time, A. Armin et al. invented the CCN mechanism and realized red-/NIR-selective 

OPDs based on PCDTBT (C1):PC71BM (C3) and DPP-DTT (C2):C3 BHJs, respectively, as 

photoactive layers.[21] The optimized red-selective and NIR-selective OPDs exhibited a high D* over 
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1.0×1012 Jones with a narrow FWHM < 90 nm, large LDR of ~8 orders of magnitude, and f-3dB of ~100 

kHz. 

L. Shen et al. developed visible-blind, narrowband NIR-selective OPDs by using the CCN 

method.[38] A BHJ with poly[2,7-(5,5-bis-(3,7-dimethyloctyl)-5H-dithieno[3,2-b:2′,3′-d]pyran)-alt-4,7-

(5,6-difluoro-2,1,3-benzothiadiazole)] (PDTP-DFBT, C4) and C3 was formed, and the photoactive 

layer thickness was set as 4 μm to achieve an absorption close to 100 % over the entire visible range. 

Because the photoactive layer has an inherent visible-blind characteristic, it is no longer necessary to 

install a band-pass filter as in the cases of typical NIR OPDs. Then, the PbS quantum dots (QDs) added 

to the photoactive layer helped activate the photoconductive gain mechanism owing to the hole-trapping 

effect at the QDs thereby resulting in a high D* of 8.0 × 1011 Jones with an FWHM of <50 nm. 

Y. Zhong et al. reported the synthesis of four different helical ribbons, namely, hPDI2 (C5), hPDI3 

(C6), hPDI4 (C7), and hPDI3- Pyr-hPDI3 (C8), and used them as photoactive materials with poly(9,9-

dioctylfluorenyl-2,7-diyl)-co-1,4-benzo-(2,1,3)-thiadiazole (F8BT) (C9) for ultra-narrowband OPDs.[39] 

By employing the CCN mechanism, the peak was adjusted from ~575 nm to ~650 nm by varying the 

material used with C9. Although the measured D* was only ~2.5 1010 Jones, it is worth noting that this 

study is the first case where the CCN mechanism is realized with non-fullerene acceptors. 
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III. Conclusion 

In summary, the recently reported articles related to color-selective OPDs were reviewed 

according to their color detection mechanism: BHJ OPDs, Schottky junction OPDs, and OPDs based 

on the CCN mechanism. BHJ OPDs successfully demonstrates blue and green selectivities; however, 

due to the limited combination of photoactive donor and acceptor materials, color selectivity is only 

achievable in high-energy regions (blue and green). Schottky junction OPDs perfectly reflects the 

absorption spectra of the constituting color-selective organic semiconductors to their detection spectra; 

nonetheless, their low responsivity (or EQE) and synthetic issue that donor–acceptor polymer 

semiconductors exhibit dual-band absorption features hinders the emergence of high-performance and 

red-/NIR-selective Schottky junction OPDs, respectively. OPDs based on the CCN mechanism realized 

narrowband red and NIR selectivities, only when a thick enough photoactive layer is given. In all the 

cases, challenging issues are still remaining. 

  



- 22 - 

Part 2. Junction Engineering: Enhanced Specific Detectivity 
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I. Introduction 

With the advent of the Fourth Industrial Revolution, the market demand for high-performance 

image sensors is gradually expanding. Traditionally, image sensors have been Si CMOS, but 

conventional CMOS image sensors using Si photodiodes have now reached technical saturation. This 

is due to the inherent limitations of the Si, such as low extinction coefficient and lack of color 

selectivity;[3,40,41] therefore, it is essential to discover new materials to further improve the performance 

of the image sensors, especially in terms of degree of integration. In this context, it is necessary to pay 

attention to OPDs, where π-conjugated organic semiconductors are employed as a photoactive layer. 

This new class of device can show similar or even better photodiode performances compared to Si 

photodiodes while enabling significantly thinner devices,[20,24,42–49] which is beneficial for enhancing the 

degree of integration of image sensors. Such remarkable advantages of OPDs can be ascribed to the 

inherent synergetic properties of organic semiconductors with high extinction coefficient against visible 

light as well as wavelength-selective absorbing ability.[3,27,41,50,51] Various high-performance OPDs have 

been demonstrated with various operating mechanisms, such as charge collection narrowing methods 

to realize well-defined color selectivity or Schottky diode methods to fully reflect the genuine 

absorption spectrum of organic semiconductors to the final detectivity spectrum.[21,37,52–58] Nonetheless, 

when considering the non-negligible trap densities inherently possessed by the disordered organic 

semiconductors, further improving the performances of those OPDs is still required, especially in terms 

of reliability, stability, and reproducibility. 

Many studies have been conducted to find ways to reduce the intrinsic defects of organic 

semiconductors, and a typical example is the use of single crystals.[59–62] Although the use of single 

crystals with a near-perfect crystalline orientation as a photoactive layer of photodetectors has enabled 

excellent performances,[63–67] they are practically not fab-compatible; it is difficult for them to be applied 

to the thin-film photodiodes fabricated in the image sensor industry. That is, it is necessary to develop 

a method for suppressing the defects of an organic semiconductor that can be used for a thin-film-type 

photodiode. In fact, many studies on the suppression of interfacial defects between organic 
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semiconductors and electrodes have been reported,[37,68–74] but studies on the defect suppression of 

organic semiconductors themselves have been limited. Recently, an interesting dedoping mechanism 

for organic semiconductors has been suggested, where the fluorescence of polymer semiconductors 

could be significantly enhanced simply by dipping them into primary amine solution.[75,76] Because the 

fluorescence of organic semiconductors is sensitive to mobile charge, this result implies that free 

carriers of as-cast polymer semiconductors can be significantly reduced by dedoping. The presence of 

non-negligible free carriers in as-cast states of polymer semiconductors could be related with an 

unintended doping mechanism attributed to either unreacted organic moieties or impurities. Therefore, 

by applying such a dedoping method to polymer semiconductors used in OPDs, the elimination of defect 

states can be expected, which can result in synergetic advantages: (i) due to reduced defect states, charge 

carrier mobility and, thus, charge extraction efficiency can be enhanced and (ii) decreased doping 

density of as-cast films of polymer semiconductors can lead to extension of the space-charge layer of 

the semiconductor junction so that more excitons can be separated and, thus, higher photocurrent can 

be extracted. Finally, (iii) because of (i) and (ii), high specific detectivity can be realized at significantly 

lower or even zero bias because a wide enough DW is formed even without the assistance of external 

bias, and this leads to low power consumption. 

In this work, we demonstrate the synergetic contributions of a facile dedoping method to enhance 

the performances of Schottky OPDs with non-power operation by expanded DW and also increased 

charge carrier mobility. As an optimized structure of OPDs, a green-selective Schottky diode geometry 

consisting of ITO/ZnO/P3HT/MoO3/Ag was used, and it was shown that 1-propylamine (PA) treatment 

of P3HT can lead to distinctly increased photocurrent caused by reduced doping states as well as 

increased mobility, even under zero bias, thus enabling the remarkable enhancement of specific 

detectivity up to 6.03 × 1012 Jones compared to the 1.28 × 1012 Jones of as-cast devices. Detailed 

photophysical analyses combined with semiconductor junction analyses were conducted to fully explain 

the physics behind the synergetic contributions of PA treatment. 
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II. Experimental Section 

2.1 Materials 

P3HT (Mw = 50–70 kg mol−1, %RR = 91–94%) was purchased from Rieke Metals, and possible 

impurities it contains are radical species used in the synthetic route.[77] Molybdenum trioxide was 

purchased from Alfa Aesar. Cyclohexanone (CH), PA, Mucasol, 2-methoxyethanol, zinc acetate 

dihydrate, ethanolamine, chloroform (CF), and octyltrichlorosilane (OTS) were purchased from Sigma-

Aldrich. All chemicals were used as received without further purification processes. 

 

2.2 Device Fabrication 

In the case of organic Schottky diode fabrication, ITO-patterned glass substrates were cleaned 

with the sequential sonication in Mucasol aqueous solution, distilled water, acetone, and isopropanol 

for 15 min each. After sonication, the substrates were blown dry with a flow of nitrogen gas and then 

treated by oxygen plasma for 15 min to prepare hydrophilic surfaces. ZnO thin films were deposited 

through the previously reported sol–gel method.[78] For the preparation of the sol–gel precursor solution, 

zinc acetate dihydrate (1 g) was mixed with 2-methoxyethanol (10 mL), followed by the addition of 

ethanolamine (280 mg). The solution was stirred at 60 ℃ for 3 h under ambient conditions. Then, the 

solution was deposited on the oxygen plasma-treated substrates by spin coating at 2000 rpm, followed 

by the thermal treatment at 200 ℃, resulting in the film thickness of 30 nm. P3HT was dissolved in an 

anhydrous CF solution with a concentration of 30 mg mL−1. The solution was stirred at 55 ℃ and spin-

coated onto the ZnO substrates at 500 rpm. Then, slightly different from the previous method,[76] PA 

dedoping was conducted on the P3HT films with 20 min exposure to dedoping solution, the mixture of 

PA (1 mL) and CH (9 mL), by casting enough drops on top of the films to be fully covered. The PA-

dedoped P3HT films were dried in high vacuum without any washing processes. After the photoactive 

layer preparation, a 30 nm MoO3 layer and a 100 nm silver electrode were sequentially deposited on 

top of P3HT (as-cast or PA-dedoped) films with thermal evaporation to complete the Schottky diode 
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structure. For the fabrication of organic field-effect transistors (OFETs), heavily n-doped silicon wafers, 

with 100 nm thick SiO2 on them, were used as the substrates. The substrates were cleaned in a piranha 

solution and blown dry with a nitrogen gas flow after several steps of immersing them in distilled water. 

After 15 min of the oxygen plasma treatment, an OTS treatment was conducted on the hydrophilic SiO2 

surface by dipping the substrates in the mixture of OTS (0.3 mL) and toluene (60 mL) for 30 min, 

followed by annealing at 120 ℃ for 30 min. P3HT solution was prepared in CF with a concentration of 

10 mg mL−1 and deposited on the OTS-modified substrates by spin coating at 2000 rpm. PA-dedoping 

method was conducted as described above and dried in high vacuum. After the thin-film preparation, 

the source–drain gold electrodes, with a W/L ratio of 10, were deposited on top of P3HT (as-cast, PA-

dedoped, or CH-dipped) films to complete the bottom-gate/top-contact device geometry. All polymer 

thin-film preparation and PA dedoping were performed under nitrogen environment. 

 

2.3 Thin Film Preparation and Characterization 

The samples for PL analysis were prepared on bare glass substrates, which were spin-coated with 

P3HT solution in CF (30 mg mL−1) at 500 rpm. Each sample for ultraviolet photoelectron spectroscopy 

(UPS), two-dimensional grazing incidence X-ray diffraction (2D-GIXD), and atomic force microscopy 

(AFM) analyses was prepared as described for the fabrication of the Schottky diodes and OFETs just 

before the deposition of the top electrodes. photoluminescence (PL) measurements were conducted with 

FluoroMax-4. For the excitation of P3HT (as-cast or PA-dedoped) films, the light source of 520 nm 

wavelength was irradiated. UPS measurements were performed with ESCALAB 250Xi system under 

ultrahigh vacuum (< 1 × 10−8 torr), and an ultraviolet source of He I (21.2 eV) was used. 2D-GIXD 

measurements were performed using the PLS-II 3C and 9A beamline at the Pohang Accelerator 

Laboratory (PAL) in Korea. AFM measurements were conducted with XE-150 AFM from Park Systems. 
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2.4 Device Characterization 

C–V characteristics of the Schottky diodes were measured using a Hewlett-Packard 4284A 

precision LCR meter in connection with a Keithley 4200A-SCS parameter analyzer. Electrical 

characteristics of the transistors and dark J–V characteristics of the diodes were measured using the 

Keithley 4200A-SCS parameter analyzer. Illuminated J–V characteristics, specific detectivity spectra, 

and EQE spectra were measured using a combination of Keithley 2450 SourceMeter and Oriel 

Cornerstone 130 1/8 m monochromator, in control of LabView programs. For measuring noise current, 

a Stanford Research SR830 DSP lock-in amplifier was used in connection with the Keithley 2450 

SourceMeter and Newport 75160 MHz–kHz Chopper Controller. A −3 dB cutoff frequency was 

measured using a Tektronix TDS5052 digital phosphor oscilloscope and laser diode. Two different 

sources were used to conduct linear dynamic range measurements: a monochromatic light (520 nm) 

from a 150 W Xe arc lamp of the above-mentioned monochromator for light intensities below 78.9 μW 

cm−2 and a laser diode (520 nm) modulated with a Tektronix AFG310 arbitrary function generator for 

light intensities up to 68.1 mW cm−2. These light sources were calibrated with a commercial Si 

photodetector and performed at a light modulation frequency of 35 Hz. All of the measurements were 

performed in a nitrogen glovebox. 
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III. Results and Discussions 

3.1 Optical and Junction Analyses 

 
Figure 2.1 (a) PL spectra and (b) UPS spectra of as-cast and PA-dedoped P3HT thin films. For PL 

measurements, the incident light of 520 nm wavelength is used for excitation, and for UPS 

measurements, helium discharge lamp, which emits 58.4 nm wavelength photons, is used as the source. 

(c) Mott–Schottky plot of the fabricated devices, with the geometry of ITO/ZnO/P3HT (as-cast or PA-

dedoped)/MoO3/Ag, for the characterization of the effective built-in potential (Vbi), determined as the 

intercept between x-axis and onset, and acceptor density (Na), calculated from the slope of onset. (d) 

Light absorption simulation result of the structure, described above, for incident photons with various 

wavelengths. The inset indicates the magnified view from the position of 175 nm to that of 325 nm. 

Each arrow represents the penetration depth of the corresponding photon. (e) Absorption and exciton 

dissociation of each photon in (left) as-cast and (right) PA-dedoped P3HT films. 

Previous approaches to dedoping were mainly about the dedoping of intentionally p-doped 
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polymer semiconductors with strong acceptor molecules, which could conduct ground-state charge 

transfer with p-type polymers.[75,76] However, in this work, the dedoping of as-cast p-type polymers is 

addressed; so, for obvious reasons, only as-cast P3HT film and its dedoped film with PA are compared. 

In the previous report,[76] PA was found to be an efficient reactive donor that can not only deliver 

electrons to a p-type polymer, such as P3HT, to decrease its doping states but also react with ionized 

dopant to form an electrically inert product. Figure 2.1a compares the PL spectra of as-cast P3HT and 

its PA-dedoped films. As expected, based on the previous report, P3HT used in this study also showed 

non-negligible increases of PL intensity after PA dedoping, implying the decrease of mobile charge 

carriers within P3HT films. Therefore, it is speculated that even as-cast P3HT film possesses free 

carriers originating from inherent acceptor defects, and those can be successfully quenched by PA. The 

decrease of acceptor defects and, thus, the decrease of doping level of as-cast P3HT as a result of PA 

dedoping can be experimentally observed by UPS analysis. From UPS, the energy distance (Φ) between 

the Fermi level and highest occupied molecular orbital (HOMO) in the bulk of the semiconductor can 

be obtained, which determines the degree of p-doping. As seen in Figure 2.1b, as-cast P3HT has a Φ 

value of 0.70 eV, similar to the previous reports,[79–82] implying that the Fermi level is closer to the 

HOMO level than the lowest unoccupied molecular orbital (LUMO) level, which is typical for p-type 

semiconductors. Interestingly, followed by PA dedoping, a spontaneous increase in Φ is observed up to 

0.81 eV, indicating that the degree of p-doping was suppressed, showing good agreement with PL 

analysis results. 

Such a distinct quenching of the acceptor defect of as-cast P3HT as a result of PA dedoping can 

be further confirmed by Schottky junction analyses. In the Schottky junction, Mott–Schottky junction 

analysis can be applied to find built-in potential (Vbi) applied to the junction depletion region and the 

acceptor concentration (Na) of the semiconductor.[83,84] To determine Vbi and Na experimentally, a typical 

metal–semiconductor Schottky junction was constructed with the device architecture of 

ITO/ZnO/P3HT/MoO3/Ag. In the Mott–Schottky plot, C−2–V yields a straight line; the slope of the 

straight line yields Na, and the extrapolated intersection with the voltage axis yields Vbi.[85] As 

summarized in Figure 2.1c, the extracted Na value of PA-dedoped P3HT (3.6 × 1015 cm−3) was clearly 
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lower than that of as-cast P3HT (2.8 × 1016 cm−3), indicative of efficient quenching of the acceptor 

defect. Unlike Na, Vbi was not notably changed as a result of PA dedoping. Theoretically, Vbi of the 

Schottky junction is determined by eVbi = Φp − Φm, where Φp and Φm are work functions for a p-type 

semiconductor and metal, respectively. Therefore, a decreased work function of PA-dedoped P3HT 

should result in a decrease of Vbi according to the above equation. These contradictory results can be 

ascribed to the reduced defect states of P3HT, which avoids the formation of a non-ideal metal–

semiconductor junction such as Fermi-level pinning. In other words, thanks to the more idealized metal–

semiconductor junction as a result of PA dedoping, a decreased work function of P3HT was not simply 

reflected to the decrease of the effective Vbi, consistent with earlier works with interface optimization 

of the Schottky junction.[37] The decrease of doping level in PA-dedoped P3HT can be especially 

beneficial for Schottky junction photodiodes because it can lead to enhanced exciton separation 

efficiency. In a Schottky junction, the depletion region or space-charge region, where strong Vbi is 

generated, is fully responsible for exciton separation. Considering that the DW of the Schottky diode 

under open-circuit conditions can be obtained by: 

𝑊 = √
2𝜀(𝑉bi+𝑉)

𝑞𝑁a
 ,           (2.1) 

where ε is the permittivity of the semiconductor and V is the applied reverse bias,[83,84] one can easily 

see that a decrease in acceptor defects and, thus, a decrease in doping level would yield expansion of 

the DW. Using the obtained Vbi and Na from Mott–Schottky analyses, and with the assumption of ε = 3, 

typical for polymers, the DW could be calculated as 63 and 173 nm for as-cast and PA-dedoped P3HT, 

respectively. To correlate the estimated enlargement of the DW of PA-dedoped P3HT with the actual 

photodiode performances, optical simulation was conducted by means of the generalized transfer matrix 

method (GTTM).[86–88] The reflective index n, extinction coefficient k values of each constituent layer 

were experimentally obtained using an integrating sphere spectrophotometer. Figure 2.1d shows the 

calculated normalized absorbed photon profiles within the Schottky junction with the experimentally 

determined device geometry of ITO(150 nm)/ZnO(30 nm)/P3HT(400 nm)/MoO3(30 nm)/Ag(100 nm). 

For this optical simulation, three wavelengths of 450, 520, and 620 nm were selected, corresponding to 
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half of the absorption maximum in the high-energy regime, absorption maximum, and half of the 

absorption maximum in the low-energy regime. In the case of a 520 nm wavelength, due to the high 

absorption coefficient of P3HT, a Beer–Lambert-type absorption decay was clearly observed with most 

of the photons absorbed at the front surface of P3HT with a short penetration depth of 51 nm, as 

calculated by the inverse of absorption coefficient. On the other hand, 450 and 620 nm photons showed 

a significantly longer penetration depth up to 125 nm. Considering that the DW of the fabricated 

Schottky junction within as-cast P3HT is only 63 nm, one can see that it is difficult to fully reflect the 

absorption feature of P3HT to optical detection spectrum of OPDs. On the other hand, expanded DW 

in the case of the PA-dedoped P3HT Schottky junction enables much more efficient separation of 

photons, especially whose absorption coefficients are low, as exemplified in the case of 450 and 620 

nm wavelengths. The correlation between junction DW and optical penetration depth, as well as the 

effects of PA dedoping for enhanced exciton separation, is schematically described in Figure 2.1e. This 

result implies that, even without the assistance of external bias, PA-dedoped P3HT Schottky OPDs can 

fully extract photoinduced excitons, enabling non-power-driven operation of image sensors. Because 

the sensing ability of OPDs absolutely relies on signal-to-noise ratios, most of high-performance OPDs 

so far inevitably employ quite thick active layers (> 500 nm),[20,21,42,52–54] although they are significantly 

thinner than Si, which requires high operation voltages. Therefore, the findings of this work can be a 

breakthrough to decrease the operation voltage of previously developed OPDs. 

 

3.2 Microstructure Analyses 

As a next step, to observe the possible changes in film morphologies, AFM studies were conducted 

for as-cast and PA-dedoped P3HT films, as summarized in Figure 2.2, and showed a negligible change 

in roughness (Rrms) as a result of PA dedoping with a slight decrease from 0.815 to 0.765 nm, implying 

that film morphology rarely changed. Finally, to study the possible changes in crystalline orientation of 

P3HT as a result of PA dedoping, 2D-GIXD studies were conducted for as-cast, PA-dedoped, and CH-

dipped P3HT films, as summarized in Figure 2.3a–c. Here, CH-dipped P3HT film was prepared to 
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Figure 2.2 AFM images of as-cast and PA-dedoped P3HT thin films with a scan size of (5 × 5) nm. The 

roughness (Rrms) was obtained as 0.815 nm for the as-cast P3HT and 0.765 nm for the PA-dedoped 

P3HT, which implies that the PA-dedoping method rarely changes the film morphology. 

cross-check whether any changes in the crystalline features of P3HT as a result of PA dedoping can be 

essentially related to the nucleophilic property of PA, because CH is the processing solvent of PA 

dedoping. While as-cast P3HT shows both well-developed (100) and (010) diffraction peaks along the 

qz axis, PA-dedoped P3HT has a much more suppressed (010) feature in the same direction. Another 

notable change is that the lamella d-spacing distance obtained from the (100) diffraction peaks was 

shortened in PA-dedoped P3HT compared to as-cast P3HT film by 2.25 Å. Interestingly, all of these 

features of PA-dedoped P3HT were almost identically observed from the 2D-GIXD patterns of CH-

dipped P3HT, implying that major changes in the crystalline features of P3HT in this work should be 

ascribed to a non-solvent effect and not PA dedoping. Nonetheless, because such a more compact 

crystalline structure with a higher degree of orientation can be more favorable for many optoelectronic 

applications,[50] further quantitative analyses of the crystalline nature of P3HT films were conducted. In 

this regard, the paracrystalline disorder parameter (g) can be a useful measure for comparing the relative 

crystalline perfectness of each film. The g along the out-of-plane direction can be calculated from the 

slope of the δb–l2 plot in Figure 2.3d extracted from 2D-GIXD data, whereby the slope (m) of the δb–

l2 plot is determined by: 

𝑚 =
𝑔2𝜋2

𝑑
 ,            (2.2) 

where d is the domain spacing, δb is the integral widths of the diffraction peaks, and l is the order of 

diffractions.[89,90] Apparently lower values of g were obtained for PA-dedoped (g = 5.0%) or CH-dipped 
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Figure 2.3 2D-GIXD patterns measured from (a) as-cast, (b) PA-dedoped, and (c) CH-dipped P3HT 

samples. (d) δb–l2 curves of the P3HT (as-cast, PA-dedoped, or CH-dipped) thin films extracted along 

the out-of-plane direction from 2D-GIXD data. (e) Transfer characteristics of P3HT (as-cast, PA-

dedoped, or CH-dipped) film-based field-effect transistors (FETs). (f) Dark J–V characteristics, with 

respect to built-in potential (Vbi), of ITO/MoO3/P3HT (as-cast, PA-dedoped, or CH-dipped)/MoO3/Ag 

hole-only devices for SCLC analyses. 

(g = 5.2%) P3HT films compared to as-cast P3HT film (g = 6.3%). The g values along the in-plane 

direction (3.15, 1.67, and 1.69% for as-cast, PA-dedoped, and CH-dipped, respectively) can be also 

calculated using the same method; however, it is more reasonable to discuss only with the g values 

along the out-of-plane direction since the higher value of paracrystalline disorder determines the overall 

paracrystallinity.[91] Considering it is generally accepted that the presence of short-range intermolecular 

aggregations with low paracrystalline disorder is enough for efficient long-range charge transport, 

regardless of preferential edge-on or face-on orientation,[91] collectively, these results imply that PA-

dedoped P3HT films can possess a better environment for charge transport or higher charge carrier 

mobility, although it is not exactly related to the PA-dedoping mechanism. 

To confirm the advantageous contribution of PA dedoping (actually, it is due to non-solvent 

exposure) on charge transport, both OFET structured as bottom-gate(Si++/SiO2)/top-contact(Au) 

geometry and hole-only diode structured as ITO/MoO3/P3HT (as-cast, PA-dedoped, or CH-

dipped)/MoO3/Ag geometry were fabricated. The transfer characteristics of the P3HT FET showed a 
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typical p-type response as summarized in Figure 2.3e. The average field-effect mobility values were 

slightly higher in the case of PA-dedoped (1.25 × 10−3 cm2 V−1 s−1) or CH-dipped P3HT (1.23 × 10−3 

cm2 V−1 s−1) compared to the case of as-cast P3HT (8.03 × 10−4 cm2 V−1 s−1). For the hole-only diodes, 

space-charge-limited current (SCLC) analyses were conducted as shown in Figure 2.3f.[92] Average 

SCLC hole mobilities of 7.69 × 10−5, 1.20 × 10−4, and 1.18 × 10−4 cm2 V−1 s−1 were obtained for as-cast, 

PA-dedoped, and CH-dipped P3HT, respectively. The statistical data of obtained mobilities are 

summarized in Table 2.1. Therefore, it is confirmed that charge transport of P3HT was obviously 

enhanced as a result of PA dedoping, which can be possibly attributed to the reduced out-of-plane 

paracrystalline disorder of P3HT. 

Table 2.1 Summary of field-effect (μFET) and SCLC mobilities (μSCLC) obtained from 15 independent 

devices for as-cast, PA-dedoped, and CH-dipped P3HT. 

 μFET (cm2 V−1 s−1) μSCLC (cm2 V−1 s−1) 

As-cast (8.03 ± 0.66) × 10−4 (7.69 ± 0.02) × 10−5 

PA-dedoped (1.25 ± 0.17) × 10−3 (1.20 ± 0.34) × 10−4 

CH-dipped (1.23 ± 0.13) × 10−3 (1.18 ± 0.18) × 10−4 

 

3.3 Organic Photodiode Performances 

Such synergetic contributions of PA dedoping on P3HT in terms of (i) wide enough DW to fully 

cover all of the penetration depths of the P3HT absorption band, (ii) enhanced charge carrier mobility, 

and (iii) the resulting possibility of non-power operation were fully reflected to the various OPD 

performances, as summarized in Figure 2.4. As described in Figure 2.4a, while dark current density 

remained essentially the same, a photocurrent illuminated by photons of 520 nm wavelength and 7.89 

× 10−5 W cm−2 intensity showed remarkable enhancement in the case of PA-dedoped OPD by 2.56 times 

at 0 V. To cross-check the reliability of such PA-dedoping method on photocurrent enhancement, 32 

independently fabricated OPDs were simultaneously tested, and the results are depicted in Figure 2.4b. 

Notably, all of the PA-dedoped OPDs rendered an apparently higher photocurrent than as-cast OPDs, 

with average enhancement of 130% at 0 V, showing the possibility of universal application of the PA- 
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Figure 2.4 (a) Dark and illuminated J–V characteristics of P3HT (as-cast or PA-dedoped) film-based 

Schottky diodes. (b) Statistical results of photocurrent density to show the excellent reliability of the 

PA-dedoping methods. dV dJd
−1 vs Jd

−1 plot to calculate ideality factors for each (c) as-cast and (d) PA-

dedoped Schottky diode. Ideality factors were obtained as 1.20 and 1.07, respectively. 

dedoping method on polymer electronics. Typically, the dark current density of an ideal diode is defined 

as: 

𝐽d = 𝐽s (exp (
𝑞(𝑉−𝐽𝑑𝑅𝑠)

𝜂𝑘𝑇
) − 1) ,         (2.3) 

where Js is the dark saturation current density, V is the applied voltage, Rs is the series resistance, η is 

the ideality factor, k is the Boltzmann constant, and T is the temperature. Therefore, by rearranging 

Equation 2.3, we can fit the experimental data to obtain the ideality factor. Figure 2.4c–d shows the 

relationship between dV dJd
−1 and Jd

−1 for both as-cast and PA-dedoped OPDs. An apparently lower 

ideality factor of 1.07 was obtained from the PA-dedoped OPD compared to 1.20, extracted from the 

as-cast one. Considering that the non-ideality of OPD can be mainly ascribed to bimolecular 

recombination, we may argue that decreased intrinsic defect states of PA-dedoped OPD enabled such a 

near-ideal diode operation. Based on the measured noise current spectra of both as-cast and PA-dedoped 
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Figure 2.5 (a) Noise current, (b) specific detectivity, and (c) EQE spectra of as-cast and PA-dedoped 

samples measured at zero bias. 

OPDs, as in Figure 2.5a, specific detectivity spectra were extracted under zero bias with the Equation 

1.12: 

𝐷∗ =
𝑞𝜆√𝐴𝐵EQE

ℎ𝑐𝑖noise
 ,           (1.12) 

where q is the elementary charge, λ is the wavelength of the incident light, A is the active area, B is the 

bandwidth, EQE is the external quantum efficiency, h is Planck constant, c is the speed of light, and 

inoise is the noise current (Figure 2.5b).[3,41,84] Thanks to the overall enhanced photocurrent as a result of 

PA dedoping, the whole absorption band of P3HT could be fully reflected to the detectivity spectrum 

with a significantly higher value of up to 6.03 × 1012 Jones at 520 nm, even under zero bias. The 

corresponding EQE spectrum also showed overall enhanced values of as high as 6.60% in the case of 

PA-dedoped OPD, whereas the maximum EQE of as-cast OPD was only 2.45% (Figure 2.5c). The 

relatively lower EQE of this work compared to other BHJ OPDs can be ascribed to less efficient charge 

 
Figure 2.6 Specific detectivity and EQE spectra of as-cast and PA-dedoped Schottky diodes measured 

at various reverse biases (−1 V, −2 V, and −3 V). 
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separation within the Schottky depletion region compared to the cases of BHJ where large areal 

donor/acceptor heterointerface with high energy offset is responsible for charge separation. Nonetheless, 

due to significantly suppressed noise current with low NEP of 5.05 × 10−14 W Hz−0.5, a high enough 

specific detectivity of over 6 × 1012 Jones was obtained, which is comparable to or higher than recently 

reported BHJ OPDs with high detectivity.[43,93–96] The specific detectivity and EQE spectra measured 

under higher reverse bias (−1, −2, and −3 V) are also summarized in Figure 2.6. 

Since the OPD is used as the unit pixel of the image sensor, dynamic behavior against external 

light signal is also important. How quickly the PA-dedoped P3HT Schottky OPD can respond to the 

pulsed external light signal was investigated by increasing the frequency of the external optical signal, 

and the results are summarized in Figure 2.7a. Fully reflecting the enhanced mobility of PA-dedoped 

P3HT, a fast enough −3 dB frequency limit was observed up to 13 kHz, which can be translated into 

26.9 μs of temporal response speed.[97] The LDR of the OPD, a measure of the range where the power 

of the incident light and the intensity of the signal maintain a linear relationship, is another essential 

parameter that should be enhanced from the current state of the art. This is particularly important for 

outdoor application of OPDs where the image sensors can be exposed to dramatically different 

intensities of light. LDR can be calculated using Equation 1.19: 

LDR = 20 log
𝑃max

𝑃min
 ,          (1.19) 

 
Figure 2.7 (a) Bode plot for various illumination frequencies of a green (λ = 520 nm) source with an 

intensity of 6.81 mW cm−2. The −3 dB point and −3 dB cutoff frequency point are indicated by the 

dashed lines. (b) LDR for the optimized Schottky diode. Both measurements were performed without 

the assistance of external electrical fields. 
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where Pmax and Pmin are the maximum and minimum values of the detectable power densities, 

respectively.[3,41] In OPDs, the relatively low LDR can be attributed to charge saturation at high light 

intensity, and, therefore, decreased free carriers, enlarged DW, and enhanced charge carrier mobility as 

a result of PA dedoping can enhance such an LDR response. In Figure 2.7b, the LDR of the PA-dedoped 

P3HT Schottky OPD is plotted as a function of light intensity. With the assumption that the NEP of 

fabricated OPDs can be regarded as the lower limit of LDR,[43–46,98] a high LDR value of 201 dB was 

obtained, which is among the highest of the recently reported high-performance OPDs.[20,44,98] 
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IV. Conclusion 

Like other organic electronic devices, an OPD cannot be free from defects inherent in organic 

semiconductors. In particular, OPDs whose overall characteristics are determined by several organic 

junctions can be more severely affected by such defects. In this study, it was shown that reactive PA-

dedoping method can significantly suppress the acceptor-defect density of P3HT, thus leading to not 

only significantly enlarged DW of the Schottky junction but also apparently enhanced charge carrier 

mobility. Thanks to such synergetic contributions of PA-dedoping P3HT, a non-power-driven Schottky 

OPD with green selectivity, capable of converting the absorbed excitons into photocurrent without the 

aid of external voltage, was demonstrated with a high specific detectivity of over 6 × 1012 Jones, a fast 

temporal response of 26.9 μs, and a wide LDR of 201 dB. The reproducibility of such PA-dedoping 

method was also proved by fabricating and analyzing independently fabricated OPDs. The findings of 

this work can be further applied to all other organic electronics fields, where suppressing intrinsic defect 

states is highly necessary. 

  



- 40 - 

Part 3. Junction Engineering: Improved Color Selectivity 
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I. Introduction 

In the organic electronics field, ‘doping’ is traditionally accepted as an efficient tool to increase 

the electrical conductivity, enhance the microcrystalline structure, or fill the trap states of organic 

semiconductors, as seen in organic thermoelectric generators,[99,100] OFETs,[101,102] or even in organic 

photovoltaics.[103–105] Recently, research studies regarding the efficiency enhancement of doping 

methods with conventional dopants were studied: C. J. Boyle et al. reported an increase in the doping 

efficiency and stability of iodine vapor by the precise control of dopant clustering;[106] Y. Yamashita et 

al. suggested the breakthrough of conventional 2,3,5,6-difluoro-7,7,8,8-tetracyanoquinodimethane 

(F4TCNQ) doping, which resulted in significantly high thermal stability over 100 °C as well as a doping 

efficiency near unity, by the one-pot process of F4TCNQ doping and ion exchange from [F4TCNQ]− 

anions to other optimal anions.[107] Such a ‘doping effect’ in organic electronics is based on the formation 

of strong localized charge-transfer complexes or ionic pairs between the electron-deficient impurity (n-

dopant) and electron-rich host (acceptor semiconductor) units or between the electron-rich impurity (p-

dopant) and electron-deficient host (donor semiconductor) units.[108,109] As a result, free charge carriers 

of dopant molecules can be incorporated into the molecular orbitals of organic semiconductors, thus 

increasing the charge carrier density of the active layer. In this regard, different from previous 

approaches, the doping effect can be also utilized to tune the semiconductor junction properties; if we 

introduce doping into the donor or acceptor semiconductor layer of a donor–acceptor planar 

heterojunction (PHJ) diode, we can finely engineer the location and width of the depletion region of the 

junction. This is because the DWs in the donor and acceptor layers under a reverse bias V are determined 

as 

𝑊D = (
2𝜀(𝑉bi+𝑉)

𝑞

𝑛

𝑝(𝑝+𝑛)
)

0.5
 , 𝑊A = (

2𝜀(𝑉bi+𝑉)

𝑞

𝑝

𝑛(𝑛+𝑝)
)

0.5
 ,     (3.1) 

where WD and WA are the DWs of the donor and acceptor layers, respectively, ε is the permittivity of 

the semiconductor, Vbi is the built-in potential, q is the elementary charge, and p and n are the hole and 

electron densities, respectively.[83,84,110] For example, in a donor–acceptor junction, if the doping level 

of the donor semiconductor (hole density) is selectively increased while the electron density of the 
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acceptor semiconductor is fixed, the DW in the donor layer (WD) shrinks rapidly, and thus the overall 

DW would take position mostly in the acceptor layer. 

Such doping-induced fine engineering of WD/WA can be especially advantageous for the precise 

spectral refining of OPDs, where color selectivity is of great importance for either noise cancellation in 

optical sensors or color-filter-free image sensors. Though it is known that exciton separation is likely to 

happen at the narrow donor–acceptor interface region due to the short exciton diffusion length of 

organics, there are many proofs that show that the depletion region is also partially responsible for 

exciton separation based on the strong built-in electric field in PHJ OPDs.[56,111–114] Therefore, a finely 

engineered width and location of the depletion region can strongly affect the aspect of exciton separation 

and thus photocurrent generation, which opens the possibility of realizing genuine color-selective OPDs 

without sacrificing their thin thicknesses. Thus far, color-selective OPDs could be achieved by two 

methods: fully reflecting the intrinsic absorption feature of a color-selective semiconductor in the 

spectral response of the OPD and artificially reconstructing the spectral response by introducing a 

strategically designed device architecture with thick photoactive layer thicknesses. In the former 

method, a Schottky junction is employed instead of a donor–acceptor junction so that the absorption 

spectrum of a single semiconductor component can be fully reflected in the detection spectrum of the 

OPD. In this case, a key to the success of color selectivity is the synthesis of a color-selective organic 

semiconductor. Previous research studies seem to have been successful in designing/synthesizing such 

color-selective organic semiconductors and thus in realizing color-selective Schottky OPDs.[37,56–58] 

However, in the case of red- or NIR-selective Schottky OPDs, because of the limitation of the donor–

acceptor charge transfer structure, which is required to expand the absorption spectra of organic 

semiconductors above 600 nm, dual-band absorption is always unavoidable, which means that non-

negligible absorption is observed in the high-energy region (300–500 nm).[57,58] In the latter method, 

only photons with targeted wavelengths are extracted by the strategically designed diode structure, 

which typically correspond to the low-energy tail of the absorption spectrum of the active layer.[21,52–55] 

In this manner, successful narrowband red- and NIR-selective OPDs were demonstrated. One drawback 

of these methods is the significant increase of the active layer thickness far over 1 μm. Any thickness 
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of the photoactive layer over 1 μm seriously offsets the ultimate advantage of OPDs; according to an 

article reported in Panasonic Newsroom Global on February 3rd (2016), OPDs are advantageous as 

compared to Si-PDs, mainly due to their thin film thicknesses, which not only minimize optical cross-

talk between adjacent pixels but also maximize the degree-of-integration for additional functional 

circuits, given that the pitch size of commercial CMOS image sensors is less than 1 μm.[41] Another 

article reported in Sony Reconsidered on September 13th (2017) suggests that OPD technology is 

expected to pave the way for reducing component sizes by virtue of the OPD's thin-film nature. 

Therefore, a totally new approach to realize color-selective OPDs without sacrificing their thin-film 

characteristics is required. 

In this work, we demonstrate that genuine red-/NIR-selective thin-film OPDs can be realized by 

means of doping-induced junction engineering of a donor–acceptor PHJ. In a strategically designed 

donor–acceptor PHJ, chemical doping is introduced into either the donor or acceptor semiconductor 

layer so that WD/WA can efficiently shrink or expand. Because the optical pathway of various photons 

can be finely tuned by the systematic composition of the constituting donor or acceptor semiconductor, 

in conjunction with doping-induced junction engineering, we can selectively separate excitons with 

only target wavelengths. Red-/NIR-selective thin-film (~500 nm) OPDs are realized with various donor 

blends and acceptor semiconductor candidates: P3HT:PCE10 and ITIC for the NIR I (~780 nm)-

selective, F8T2:PPDT2FBT and ITIC for the NIR II (~730 nm)-selective, and F8T2:P3HT and PC61BM 

for the red (~640 nm)-selective. Detailed mechanisms are fully explained by optical propagation and 

theoretical simulation of the junction properties, in separate sections. We show that the resulting 

spectrally refined, narrowband-selective and thin film OPDs can be employed as a signal receiver of 

optical communication with ambient light tolerance and also as a color-filter-free receiver of ambient 

light pulse oximetry. 
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II. Experimental Section 

2.1 Materials 

F8T2, PPDT2FBT, PCE10, PC61BM, and ITIC were purchased from 1-Material and P3HT was 

obtained from RIEKE METALS. 2,5-Difluoro-7,7,8,8-tetracyanoquinodimethane (F2TCNQ) was 

bought from TCI Chemicals and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS; Clevious P VP.Al 4083) aqueous solution was supplied by Heraeus Holding GmbH. 

Mucasol, acetone, isopropanol, CF, dichloromethane (DCM), and 1,8-diazabicyclo[5.4.0]undec-7-ene 

(DBU) were purchased from Sigma-Aldrich. All chemicals were used as received without further 

purification processes. 

 

2.2 Photodiode Fabrication 

For the fabrication of the red(~640 nm)-/NIR(~730 and ~780 nm)-selective PN PHJ OPDs, ITO-

patterned glass substrates were cleaned with a series of sequential sonication in Mucasol aqueous 

solution, distilled water, acetone, and isopropanol. After cleansing processes, the substrates were treated 

with oxygen plasma to assign hydrophilic properties to the prepared ITO substrate surfaces. The 

PEDOT:PSS aqueous solution was deposited onto the oxygen-plasma-treated ITO thin films in ambient 

atmospheric conditions by spin-coating at 4000 rpm, followed by the thermal treatment at 140 ℃ for 

evaporating the residual solvent, resulting in the film thickness of ~30 nm. Donor blends, which are the 

polymer blends of F8T2:P3HT (1:9, w/w), F8T2:PPDT2FBT (1:4, w/w), and P3HT:PCE10 (8:5, w/w), 

were dissolved in anhydrous CF for the red-, NIR II-, and NIR I-selective, respectively. In p-doping of 

donor blends for realizing the NIR selectivity, F2TCNQ was additionally dissolved in their CF solutions 

(donor blend:F2TCNQ = 1:0 (pristine), 1:10−5, and 1:10−4; w/w). The CF solutions were stirred at 50 ℃ 

overnight for homogeneity and spin-coated onto the PEDOT:PSS thin films with the film thickness of 

~400 nm. PC61BM and ITIC were dissolved in anhydrous DCM which is selected as an orthogonal 

solvent for sequential deposition on donor blend thin films. In n-doping of PC61BM for realizing the red 
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selectivity, DBU was added to its DCM solution (PC61BM:DBU = 1:0 (pristine), 1:10−5, and 1:10−4; 

w/w). The DCM solutions were stirred at room temperature overnight for homogeneity and spin-coated 

onto the donor blend thin films with the film thickness of ~100 nm. After the photoactive layer 

preparation, 100-nm aluminum electrodes were deposited on top of the n-type semiconductor (PC61BM 

for the red-selective and ITIC for the NIR-selective) thin films with thermal evaporation to complete 

the PN PHJ photodiode architectures. 

 

2.3 Thin Film Preparation and Characterization 

The samples of semiconductor thin films for UV–Vis–NIR spectroscopy were prepared on bare 

quartz substrates, where the solutions of F8T2 (CF), P3HT (CF), PPDT2FBT (CF), PCE10 (CF), 

PC61BM (DCM), ITIC (DCM) and the diluted solutions of donor blends (CF) used for device fabrication 

were deposited. Optical properties of the donor polymer and acceptor small molecule semiconductors, 

including thin-film absorbance and reflectance, were obtained using an Agilent Technologies Cary 5000 

spectrophotometer with its integrating sphere. Thicknesses of thin films were obtained from a BRUKER 

Dektak XT surface profiler. 

 

2.4 Device Characterization 

C–V characteristics of the PN PHJ OPDs were measured employing a Keithley 4200A-SCS 

parameter analyzer in connection with a Hewlett-Packard 4284A precision LCR meter. Dark and 

illuminated J–V characteristics, and specific detectivity spectra were obtained from the combination of 

an Oriel Cornerstone 130 1/8 m monochromator and Keithley 2450 SourceMeter, in control of home-

made LabView programs. For measuring noise current spectra, a Stanford Research SR830 DSP lock-

in amplifier was used in connection with the Keithley 2450 SourceMeter and a Newport 75160 MHz–

kHz Chopper Controller. Bode plot for extracting a −3 dB frequency limit displays how quickly the 

OPD can response to the pulsed external light signal, which was investigated with various frequencies 
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of the light source using a Tektronix TDS5052 digital phosphor oscilloscope and the laser diode in 

connection with a Tektronix AFG310 arbitrary function generator. The LDR of the OPD, a measure of 

the range in which the power of the incident light and the intensity of the converted electrical signal 

maintain a linear relationship, can be calculated using Equation 1.20 with the assumption that the NEP 

of fabricated OPDs is regarded as the lower limit of LDR: 

LDR = 20 log
𝑃max

𝑃NEP
 ,          (1.20) 

where Pmax is the maximum value of the detectable power density and PNEP is the power density 

extracted from NEP.[3,41] Two different sources were used to perform linear dynamic range 

measurements: a monochromatic light (810 nm) from 150 W Xe arc lamp of the above-mentioned 

monochromator for light intensities below 45.1 μW cm−2 and a NIR laser diode (808 nm) was used for 

light intensities up to 38.9 mW cm−2. These light sources were calibrated with commercial Si 

photodetector and performed at a light modulation frequency of 35 Hz. All the measurements were 

performed in a nitrogen glovebox. 

 

2.5 Oximetry Calculation 

The intensity of the transmitted light through fingers can be expressed theoretically by 

Beer−Lambert law: 

𝐼t = 𝐼O𝑒−𝛼𝑑𝑐 ,           (3.2) 

where It is the intensity of the transmitted light, IO is the initial light intensity, α is the absorption 

coefficient of the material, d is the length of the optical pathway, and c is the concentration of absorbing 

material, respectively. Since the volume of blood vessels changes every beat, the transmitted light 

intensities under systolic and diastolic behaviors are expressed differently. 

𝐼t, max(𝜆1) = 𝐼O1(𝜆1) ∙ 𝑒− (𝛼Hb, 𝜆1∙ 𝐶Hb ∙𝑑min +𝛼HbO2, 𝜆1∙ 𝐶HbO2 ∙𝑑min)    (3.3) 

𝐼t, min(𝜆1) = 𝐼O1(𝜆1) ∙ 𝑒− (𝛼Hb, 𝜆1∙ 𝐶Hb ∙𝑑max +𝛼HbO2, 𝜆1∙ 𝐶HbO2 ∙𝑑max)    (3.4) 

Equation 3.3 and Equation 3.4 corresponds to the systolic and diastolic conditions of a specific beat, 
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respectively, under illumination of λ1-nm light source. By combining Equation 3.3 and Equation 3.4, 

the simple equation is obtained as: 

ln (
𝐼t, max(𝜆1)

𝐼t, min(𝜆1)
) = ∆𝑑 (𝛼Hb, 𝜆1

∙  𝐶Hb  + 𝛼HbO2, 𝜆1
∙  𝐶HbO2

), ∆𝑑 = 𝑑max − 𝑑min  (3.5) 

In the same context, another equation can also be induced under illumination of λ2-nm light source: 

ln (
𝐼t, max(𝜆2)

𝐼t, min(𝜆2)
) = ∆𝑑 (𝛼Hb, 𝜆2

∙  𝐶Hb  + 𝛼HbO2, 𝜆2
∙  𝐶HbO2

)     (3.6) 

By dividing Equation 3.5 by Equation 3.6: 

ln(
𝐼t, max(𝜆1)

𝐼t, min(𝜆1)
)

ln(
𝐼t, max(𝜆2)

𝐼t, min(𝜆2)
)

=  
𝛼Hb, 𝜆1

∙ 𝐶Hb  +𝛼HbO2, 𝜆1
∙ 𝐶HbO2

𝛼Hb, 𝜆2∙ 𝐶Hb  +𝛼HbO2, 𝜆2 ∙ 𝐶HbO2

=
𝛼Hb, 𝜆1

∙(1−SpO2)+𝛼HbO2, 𝜆1
∙SpO2

𝛼Hb, 𝜆2∙(1−SpO2)+𝛼HbO2, 𝜆2∙SpO2
 ,  (3.7) 

the equation can be independent from the volume change of blood vessels. By assuming that 

ℛ =
ln(

𝐼t, max(𝜆1)

𝐼t, min(𝜆1)
)

ln(
𝐼t, max(𝜆2)

𝐼t, min(𝜆2)
)
 ,           (3.8) 

SpO2 can be expressed as: 

SpO2 =
ℛ∙𝛼Hb, 𝜆2−𝛼Hb, 𝜆1

ℛ∙(𝛼Hb, 𝜆2
−𝛼HbO2, 𝜆2)+𝛼HbO2, 𝜆1

−𝛼Hb, 𝜆1

       (3.9) 

𝐼t, max(𝜆)

𝐼t, min(𝜆)
 values can simply be extracted from PPG signal spectra of NIR-selective OPDs by calculating 

the ratio of maximum to minimum voltage values for the corresponding interbeat interval. 
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III. Results and Discussions 

3.1 Spectral Refining to NIR I (~780 nm) 

 
Figure 3.1 (a) Photodiode architecture introduced in this work. (b) Thin-film absorption coefficient 

spectra of P3HT, PCE10, and donor blend NIR I. (c) Simulation result of optical propagation in the 

structure ITO/PEDOT:PSS/donor blend NIR I (pristine or p-doped)/ITIC/Al, for the incident photons 

with various wavelengths (450, 550, 650, and 800 nm). 

The device architecture introduced for NIR selectivity was ITO/ PEDOT:PSS/donor 

blend/ITIC/Al as shown in Figure 3.1a. An ITIC solution in DCM was spin-coated onto the donor layer 

deposited from CF solution to realize the PHJ based on an orthogonal solvent combination, which is 

essential to construct a metallurgical junction between organics.[114–117] In order to realize NIR 

selectivity in this donor–acceptor PHJ structure, we first need to strategically design the chemical 

compositions of the donor blend to have panchromatic absorption in the unwanted visible region; as a 

result, the donor blend layer absorbs all the undesired visible photons prior to reaching the depletion 

region, so that the visible photons cannot generate separated charge carriers. For NIR I (~780 nm)-

selective OPDs, the donor blend layer consists of P3HT with green (~510 nm) absorption and PCE10 

with dual-band (~320 and ~690 nm) absorption in blended form. The thin-film absorption coefficient 

spectrum of the optimized donor blend NIR I consisting of P3HT:PCE10 (8:5, w/w) was measured 

using a UV-vis-NIR spectrophotometer with an integrating sphere, as well as that of each constituting 

donor semiconductor, as seen in Figure 3.1b. The resulting donor blend thin film exhibited a 

panchromatic absorption feature throughout the entire visible region with an average absorption 

coefficient of ~105 cm−1 and an absorption tail located at ~800 nm. To analyze the absorption of photons 

with specific wavelengths quantitatively in the PHJ OPD structure suggested in this work, an optical 
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simulation based on the GTTM was conducted with the experimentally obtained refractive index n and 

extinction coefficient k of the donor blend NIR I.[86–88] Figure 3.1c describes the theoretically calculated 

number of photons with specific wavelengths (450, 550, 650, and 800 nm representing blue, green, red, 

and the target NIR photons, respectively) absorbed within the photodiode architecture, depicted in 

Figure 3.1a. One can clearly observe that G/R photons undergo Beer–Lambert-type surface absorption 

predominantly within the front portion of the donor blend layer, rarely reaching the depletion region 

that forms at the interface of the donor blend and ITIC layers, while NIR (800 nm) photons exhibit 

cavity-type absorption throughout the entire donor blend layer. Note that blue photons do not 

completely follow Beer–Lambert-type absorption behavior because their absorption coefficient is 

smaller than that of G/R photons. 

 
Figure 3.2 Thin-film absorption coefficient spectra of acceptor semiconductor materials, ITIC and 

PC61BM. 

In order to effectively enhance the NIR I selectivity without sacrificing the thinness of the active 

layer (~500 nm), not only should the number of visible photons absorbed in the depletion region be 

minimized by intentionally narrowing WD of the junction, but also the number of NIR photons absorbed 

in the depletion region should be maximized by deliberately enlarging WA, where NIR photons are 

effectively absorbed due to the intrinsic NIR absorption feature of ITIC (Figure 3.2). Considering that 

WD and WA are determined by the hole and electron concentrations of the donor and acceptor 
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semiconductors, respectively, as well as by the built-in potential of the junction, as described in 

Equation 3.1, chemical doping is expected to be the most effective method to tune the charge densities, 

and thus to control the distribution and width of the depletion region. The solution doping method was 

chosen from among various chemical doping methods, such as the sequential deposition of dopant 

solution and the thermal evaporation of dopant molecules,[100,118,119] because it is the most suitable 

method to precisely increase the hole density of the donor blend layer, and the dopant was blended with 

a donor blend solution under several different conditions (donor blend:F2TCNQ = 1:0, 1:10−5, and 

1:10−4; w/w). Such changes in the location and width of the depletion region resulting from the chemical 

doping of the donor blend layer can control the doping density in the range of the target charge 

concentration, which is ~1017 cm−3. F2TCNQ was used as a p-dopant, to be confirmed by junction 

analyses. In this case, Mott–Schottky analysis is employed to determine the DWs as in Equation 3.1 

by extracting the built-in potential (Vbi) applied to the junction depletion region as well as the hole and 

electron concentrations of the donor and acceptor semiconductors, respectively, from the C–V 

characteristics measured using an inductance, capacitance, and resistance meter connected to a 

parameter analyzer.[85,110] The C−2–V graph yields a temporal straight line in the region of −1 to 1 V, the 

slope of which returns (p + n)/pn and whose extrapolated intersection with the x-axis returns Vbi. 

Because p of the donor blend layer and n of the ITIC layer are comparable, one of them must be 

determined in advance by deliberately doping the corresponding semiconductor layer heavily, so that 

the term (p + n)/pn becomes p or n. In this case, the donor blend layer was heavily doped with F2TCNQ 

(donor blend:F2TCNQ = 1:0.1; w/w) to determine n of the ITIC layer (Figure 3.3a). In this case, n can 

be extracted by the following equation with the assumption of p≫n. 

𝑝+𝑛

𝑝𝑛
≈

𝑝

𝑝𝑛
=

1

𝑛
           (3.10) 

With the obtained n value, p values can be calculated as demonstrated in Figure 3.3b. The p 

values extracted from the temporal straight lines dramatically increased as the F2TCNQ concentration 

increased (1.58 × 1016 cm−3 for 1:0, 3.24 × 1016 cm−3 for 1:10−5, and 1.84 × 1017 cm−3 for 1:10−4), 

implying that doping with F2TCNQ effectively increased the hole density of the donor blend layer, 
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Figure 3.3 (a–b) Mott–Schottky plot of the device architecture ITO/PEDOT:PSS/donor blend NIR 

I/ITIC/Al, for the specification of the effective built-in potential (Vbi), hole density (p), and electron 

density (n) (scale bars are distinguished by colors). (c) Scheme of the operation mechanism of the NIR 

I-selective OPDs. (d) Simulated spectra of photocurrents generated in the depletion region of the PHJ 

OPD structure with and without the F2TCNQ-doping of the donor blend NIR I layer. 

while the Vbi values obtained from the intersection of the extrapolated straight line and the x-axis 

remained mostly unchanged (0.696 V for 1:0, 0.699 V for 1:10−5, and 0.701 V for 1:10−4), indicating 

an abrupt donor–acceptor junction between the donor blend NIR I and the ITIC layer. Based on the Vbi, 

p, and n values gained from the Mott–Schottky plot, together with the typical assumption of ε = 3 for 

polymers, WD and WA could be calculated respectively for different doping ratios of F2TCNQ, and are 

summarized in Table 3.1. Figure 3.3c schematically displays the operation mechanism of the doping-

induced spectral refining, which minimizes the undesired charge generation from the visible photons 

as a result of the narrowed WD, and maximizes the charge generation from the NIR photons due to the 

widened WA, while maintaining a thin photoactive layer of ~500 nm. Another simulation based on the 

GTTM was conducted to predict the detection spectra of OPDs with the carefully designed PHJ  
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Table 3.1 Summary of DWs in the donor and acceptor layers of the NIR I-selective OPDs. 

Donor blend NIR I: 

F2TCNQ, w/w WD (nm) WA (nm) W (nm) 

1:0 (pristine) 138.9 41.7 180.6 

1:10−5 87.2 53.6 140.8 

1:10−4 22.0 76.7 98.7 

architectures and their junction properties. The total number of photons with a specific wavelength 

absorbed within the depletion region can be calculated by integrating the number of absorbed photons 

over the depletion region, and according to the local carrier generation model, which describes that only 

the excitons generated in the depletion region fully contribute to charge carrier generation and thus the 

photocurrent, the calculated number of photons can be interpreted as a resulting photocurrent.[111–113] 

For example, the photocurrent generated by NIR (800 nm) photons of the pristine NIR I-selective OPD 

structure can be roughly simulated by integrating the corresponding absorbed photon profile (Figure 

3.1c, red line with star-shaped symbols) over the range of the depletion region (441.1–621.7 nm, 

position in the device). By repeating the above process with photons in the wavelength range of 300–

900 nm for the pristine and p-doped OPDs, the normalized photocurrent spectra could be estimated, as 

summarized in Figure 3.3d. As expected, because of the shrinking WD and expanding WA, not only are 

the photocurrents originating from the visible photons reduced, but also the contribution of the ITIC 

layer to the photocurrent generation is increased, which is believed to result in the significant 

enhancement of the NIR selectivity. 

Figure 3.4a shows the J–V characteristics of OPDs doped with different concentrations of 

F2TCNQ (donor blend NIR I:F2TCNQ = 1:0, 1:10−5, and 1:10−4; w/w) under dark and illuminated 

conditions (780 nm wavelength and 46.8 μW cm−2 intensity). The photocurrent and dark current 

densities at −0.5 V each decreased and increased as the F2TCNQ doping level increased (3.02 μA cm−2 

and 1.29 nA cm−2 for 1:0, 2.44 μA cm−2 and 1.44 nA cm−2 for 1:10−5, and 1.82 μA cm−2 and 1.69 nA 

cm−2 for 1:10−4), mainly due to the decrease of the charge-separating DW and the increase in the free 

charge carrier density, respectively. Relatively low photocurrent and high dark current densities may 
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Figure 3.4 (a) Dark and illuminated J–V characteristics of the NIR I-selective photodiodes with and 

without p-doping. (b) Noise current and (c) specific detectivity spectra of the pristine and p-doped 

samples measured at −0.5 V (scale bars are distinguished by colors). (d) Statistical results of the 

selectivity ratios (ratios of Band I (~780 nm) to Band II (~410 nm) of specific detectivity spectra) 

calculated under a reverse bias of 0.5 V. 

lead to a loss in specific detectivity; however, it is definitely worth enhancing the color selectivity by 

suppressing the photocurrent generation from visible photons. Consistent with the increasing dark 

current density, increasing values of noise currents were obtained as shown in Figure 3.4b. Based on 

the noise current values (6.42 × 10−15 A Hz−0.5 for 1:0, 6.94 × 10−15 A Hz−0.5 for 1:10−5, and 7.43 × 10−15 

A Hz−0.5 for 1:10−4) extracted from Figure 3.4b, specific detectivity spectra under a reverse bias of 0.5 

V were calculated with the Equation 1.12: 

𝐷∗ =
𝑞𝜆√𝐴𝐵EQE

ℎ𝑐𝑖noise
 ,           (1.12) 

where q is the elementary charge, λ is the wavelength of incident light, A is the active area, B is the 

bandwidth, EQE is the external quantum efficiency, h is the Planck constant, c is the speed of light, and 

inoise is the noise current (Figure 3.4c).[3,41,84] Apparently, non-doped OPDs rendered significant 
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detection over the entire visible range. If we assume that only the narrow donor–acceptor interface (~10 

nm considering the exciton diffusion length of organic semiconductors) can separate excitons, the 

observed detection spectrum of the non-doped OPD cannot be explained because most of the visible 

photons are absorbed within the donor blend prior to reaching the donor–acceptor interface (Figure 

3.1c). Therefore, it is more plausible to assume that not only the narrow donor–acceptor interface, but 

also the depletion region, is responsible for exciton separation. The trend in the change of the specific 

detectivity spectrum with increasing doping level mostly coincided with the optical simulation result in 

Figure 3.3d, which implies that the shrinking DW in the donor blend layer suppressed the undesired 

charge generation from visible photons (350–700 nm) and the expanding DW in the ITIC layer 

maximized the charge generation from target NIR photons (750–850 nm). Dramatic changes in the 

specific detectivity spectrum were mostly observed in the wavelength range of 350–450 nm because 

the relatively low absorption coefficients of the donor blend are located in that region. The selectivity 

ratios of Band I (NIR peak; ~780 nm) to Band II (visible peak; ~410 nm) of the specific detectivity 

spectra, which can be an indicator of red/NIR selectivity for OPDs with dual-band detection, were 

obtained as 2.55, 3.75, and 6.00 for doping ratios of 1:0 (pristine), 1:10−5, and 1:10−4, respectively. 

However, because of the shrunk DW that resulted in the reduced photocurrent density, it was inevitable 

for the peak specific detectivity value to drop with increasing F2TCNQ content (3.10 × 1012 Jones for 

1:0, 2.25 × 1012 Jones for 1:10−5, and 1.67 × 1012 Jones for 1:10−4). Nonetheless, the peak (790 nm) 

specific detectivity of the optimized NIR I-selective OPD was obtained as being over 1012 Jones with a 

high selectivity ratio, and a narrow FWHM of 48 nm. Discrepancies between the spectra from optical 

simulation and those obtained experimentally can be explained by the electric field profile in the 

depletion regions, wherein the absolute value of the electric field decreases linearly as the distance from 

the interface increases, and finally converges to zero.[83,84,114] Because of this electric field profile, the 

photons absorbed close to the donor–acceptor interface (in this case, NIR photons) can easily be 

dissociated into free charge carriers, while those absorbed far from the interface rarely contribute to 

charge generation (in this case, visible photons). Because we assumed a constant exciton separation 

yield (unity) for all the photons within the depletion region in the suggested theoretical simulation in 
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Figure 3.3d, the quenching effect of the visible detection must be more dramatic in the actual specific 

detectivity spectra in Figure 3.4c. To confirm the reproducibility and the reliability of the suggested 

DW control in the strategically designed donor–acceptor PHJ structure, thirty-two OPDs that were 

fabricated independently were tested simultaneously, and the results of the selectivity ratios are 

summarized in Figure 3.4d. All the F2TCNQ-doped (1:10−4) OPDs rendered remarkably higher 

selectivity ratios than that of the pristine OPD, with an average enhancement of 108% under a bias of 

−0.5 V, which demonstrates the possibility of the widespread application of DW control to general 

organic electronics as well as polymer electronics. 

 
Figure 3.5 (a) Bode plot of the pristine and optimized NIR I-selective photodiodes under NIR (808 nm) 

laser illumination frequencies with a power intensity of 3.89 mW cm−2. The −3 dB point and −3 dB cut-

off frequency point are indicated with the dashed lines. (b) LDR of the pristine and optimized NIR I-

selective photodiodes. Both measurements were performed at a reverse bias of 0.5 V. 

Other photodiode performances were also tested to verify the degree of influence of the doping-

induced spectral refining method: −3 dB frequency limit measurements to analyze the dynamic 

behaviors of the fabricated OPDs against an external light signal, and linear dynamic range LDR 

measurements for the analysis of the response range against various intensities of the light source 

(Figure 3.5). The measurements were carried out with the non-doped and optimally p-doped OPDs 

under a reverse bias of 0.5 V. Both the −3 dB frequency limit and LDR values of the pristine OPD (4.0 

kHz and 177 dB, respectively) remained virtually unchanged after F2TCNQ doping (3.8 kHz and 172 

dB, respectively), implying that doping-induced junction engineering does not in the least affect either 

the dynamic behavior or the LDR of OPDs. Note that the upper limits of the LDRs are essentially the 

same, and the only difference between the lower limits is attributed to the different NEP, which is 
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proportional to the noise current density. 

 

3.2 Spectral Refining to NIR II (~730 nm) 

 
Figure 3.6 (a) Thin-film absorption coefficient spectra of F8T2, PPDT2FBT, and donor blend NIR II. 

(b) Simulation result of the optical propagation in the device structure ITO/PEDOT:PSS/donor blend 

NIR II/ITIC/Al, for the incident photons with various wavelengths (450, 550, 650, and 730 nm). 

In the same context as the realization of the NIR I selectivity, NIR II (~730 nm) selectivity can 

also be achieved by F2TCNQ solution doping (donor blend:F2TCNQ = 1:0, 1:10−5, and 1:10−4; w/w) of 

an appropriate donor blend, F8T2:PPDT2FBT (1:4, w/w), with exactly the same device architecture as 

described in Figure 3.1a. The donor blend for NIR II consists of F8T2 with blue (~450 nm) absorption 

and PPDT2FBT with dual-band absorption (~420 and ~650 nm) in the form of a simple mixture. Figure 

3.6a depicts the thin-film absorption coefficient spectra of the donor blend and its constituting polymer 

components, F8T2 and PPDT2FBT. The resulting donor blend thin film showed near-panchromatic 

absorption within the undesired visible region of 400–700 nm with an absorption tail of ~730 nm, and 

an average absorption coefficient of over 105 cm−1. All the processes related to optical simulations and 

junction analyses were also conducted with the proposed structure of ITO/PEDOT:PSS/donor 

blend/ITIC/Al as explained in detail in the first section. The optical propagation profile along the device 

architecture shows that the dominant surface absorption in the donor blend layer was observed for 

B/G/R photons, while a cavity-type absorption decay of NIR (730 nm) photons occurred throughout 

the entire donor blend layer (Figure 3.6b). Based on the n value extracted from the previous section 

(Figure 3.3a), and Vbi and p values obtained from the Mott–Schottky analysis of pristine and F2TCNQ- 
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Figure 3.7 (a) Mott–Schottky plot of the fabricated NIR II-selective photodiodes, of which the donor 

blend NIR II layer is pristine or p-doped (scale bars are distinguished by color). (b) Scheme of the 

operation mechanism of the NIR II-selective OPDs. (c) Simulated spectra of photocurrents generated 

in the depletion region of the NIR II-selective device structure, with or without the F2TCNQ-doping of 

the donor blend NIR II layer. 

Table 3.2 Summary of DWs in the donor and acceptor layers of the NIR II-selective OPDs. 

Donor blend NIR II: 

F2TCNQ, w/w WD (nm) WA (nm) W (nm) 

1:0 (pristine) 168.8 37 205.8 

1:10−5 95.9 51.8 147.7 

1:10−4 22.7 76.9 99.6 

doped NIR II-selective OPDs (Figure 3.7a), WD and WA were calculated (Table 3.2), and are described 

schematically to visualize the changes in the distribution and width of the total depletion region with 

varying doping concentration (Figure 3.7b). To predict the aspect of photocurrent generation, the same 

assumptions and mathematical procedures as in the previous section were introduced, and the resulting 

simulated photocurrent spectra are displayed in Figure 3.7c, clearly indicating that the photocurrents 

from the undesired visible photons and photocurrents from the NIR photons each decreased and 

increased with an F2TCNQ concentration increase in the donor blend, because of the shrinking WD and 

the expanding WA, respectively. As predicted in the simulated spectra, the results obtained from the 

optical propagation simulation and junction analyses were successfully reflected in the OPD 

performances (Figure 3.8), especially in the actual detection spectra of the NIR II-selective OPDs as 

demonstrated in Figure 3.8c. The more dramatic quenching of the visible detection in Figure 3.8c, in 

comparison to the corresponding theoretical estimation suggested in Figure 3.7c, can be also explained 

by the exciton separation yield, which gradually changes within the depletion region, as discussed in 
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Figure 3.8 (a) Dark and illuminated J–V characteristics of the NIR II-selective photodiodes with and 

without the p-doping. (b) Noise current and (c) specific detectivity spectra of the pristine and p-doped 

NIR II-selective OPDs measured at −0.5 V (scale bars are distinguished by colors). 

the earlier section. Significant drops of specific detectivity in the visible region were mainly observed 

in the wavelength region of 500–600 nm, where the relatively low absorption coefficients of the donor 

blend NIR II were located. The peak (730 nm) specific detectivity of the optimized NIR II-selective 

OPD was obtained as 1.12 × 1012 Jones with an FWHM of 55 nm and a selectivity ratio of 20.14, which 

is extremely high compared to that of the pristine OPD (3.59). 

 

3.3 Spectral Refining to Red (~640 nm) 

Another new donor blend for red selectivity must be designed to absorb most of the visible photons 

except for those with the target wavelengths in the red region. Donor blend R consists of blue-absorbing 

and green-absorbing polymers, F8T2 and P3HT, in a blended state with a weight ratio of 1:9. As shown 

in Figure 3.9a, the thin-film absorption coefficient spectrum of donor blend R exhibits strong absorption 

in the wavelength range of 400–600 nm with an average absorption coefficient of ~1.8 × 105 cm−1, 

which is relatively higher than those of the donor blends for NIR selectivities and possibly results in 

more effective and stronger surface absorption of the undesired visible photons in the donor blend R 

layer. PC61BM was introduced into the PHJ device architecture instead of ITIC, because unwanted NIR 

absorption of ITIC can be fully reflected in the final detection spectrum, while UV absorption of 

PC61BM can induce the desired charge generation mechanism for red selectivity (Figure 3.2). Based 

on the GTTM, the optical propagation of photons with various wavelengths (300, 450, 550, and 650 nm 
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Figure 3.9 (a) Thin-film absorption coefficient spectra of F8T2, P3HT, and donor blend R. (b) 

Simulation result of the optical propagation in the device structure ITO/PEDOT:PSS/donor blend 

R/PC61BM (pristine or n-doped)/Al, for the incident photons with various wavelengths (300, 450, 550, 

and 650 nm). 

representing UV, blue, green, and red photons, respectively) was simulated within the donor–acceptor 

PHJ structure ITO/PEDOT:PSS/donor blend R/PC61BM/Al, and is demonstrated in Figure 3.9b. 

Consistent with the thin-film absorption coefficient spectra, the optical propagation profile showed such 

strong surface absorption that 90% of the visible photons (400–600 nm) were absorbed within ~100 nm 

of the donor blend R layer, indicating that in this case the suppression of visible photons occurs 

relatively more easily than in the previous NIR cases, and the previous method of narrowing WD and 

enlarging WA is no longer an effective method for enhancing the red selectivity. That is, because of the 

intrinsic absorption feature of PC61BM, narrowing WD can rather suppress the charge generation from 

target red photons within the donor blend R layer and enlarging WA can encourage the contribution of 

the undesired visible photons to the charge generation within the PC61BM layer. In this case, the solution 

doping of the n-type organic semiconductor with DBU, one of the most well-known n-dopants,[120,121] 

was introduced to induce the occurrence of the opposite junction modification: expanding WD and 

shrinking WA. To determine the varying WD and WA with increasing DBU concentration (PC61BM:DBU 

= 1:0, 1:10−5, and 1:10−4; w/w), Mott–Schottky analysis was conducted with the suggested red-selective 

OPD architecture (Figure 3.10a–b), and the results are summarized in Table 3.3. The n of the pristine 

PC61BM layer and p of the donor blend R layer were determined with the heavily p-doped and pristine 

samples, respectively, prior to calculating the n values of PC61BM layers with varying DBU contents. 

Figure 3.10c displays the schematic description of varying DWs as a result of doping-induced junction 
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Figure 3.10 (a–b) Mott–Schottky plot of the device architecture ITO/PEDOT:PSS/donor blend NIR 

I/ITIC/Al, for the specification of the effective built-in potential (Vbi), hole density (p), and electron 

density (n) (scale bars are distinguished by colors). (c) Scheme of the operation mechanism of the red-

selective OPDs. (d) Simulated spectra of photocurrents generated in the depletion region of the PHJ 

OPD structure with and without the DBU-doping of the PC61BM layer. 

Table 3.3 Summary of DWs in the donor and acceptor layers of the red-selective OPDs. 

PC61BM:DBU, w/w WD (nm) WA (nm) W (nm) 

1:0 (pristine) 155.2 99.6 254.8 

1:10−5 177.8 45.6 223.4 

1:10−4 195.9 7.1 203.0 

engineering, where the expanding WD promotes a greater number of target photons to be dissociated 

into charge carriers without influencing the charge generation from the undesired visible photons, and 

the shrinking WA prevents the unwanted UV photons from contributing to charge dissociation. Based 

on the above description, the photocurrent generation simulation was performed following the 

previously suggested methods for the red-selective OPD structure with increasing n-doping level, as 
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shown in Figure 3.10d, and it is discovered that the contribution of expanding WD and shrinking WA to 

the suppression of the photocurrents from the undesired visible and UV photons is substantial enough 

to enhance the red selectivity. As confirmed from the junction analysis and photocurrent simulation 

results, doping-induced junction engineering significantly affects the performances of the fabricated 

thin-film red-selective OPDs as summarized in Figure 3.11. Figure 3.11a shows the dark and 

illuminated (640 nm wavelength and 94.2 μW cm−2 intensity) J–V characteristics of the pristine and n-

doped red-selective OPDs. It is clearly observed that the rising DBU density in PC61BM increases not 

only the dark current density (0.91 nA cm−2 for 1:0, 1.02 nA cm−2 for 1:10−5, and 1.28 nA cm−2 for 1:10−4; 

at −0.5 V) but also the photocurrent density (1.83 μA cm−2 for 1:0, 3.45 μA cm−2 for 1:10−5, and 5.69 

μA cm−2 for 1:10−4; at −0.5 V). Unlike the previous method for the NIR selectivities, the current method 

of expanding WD contributes to a considerable increase in the number of target red photons absorbed in 

the depletion region, resulting in an enhancement of the peak specific detectivity as well as that of the 

color selectivity, as displayed in Figure 3.11c. The peak (635 nm) specific detectivity of the optimized 

red-selective OPD was obtained as 2.79 × 1012 Jones with an FWHM of 45 nm and selectivity ratio of 

5.93, which is relatively high compared to that of the pristine OPD (2.96). 

 

Figure 3.11 (a) Dark and illuminated J–V characteristics of the red-selective photodiodes with or 

without n-doping. (b) Noise current and (c) specific detectivity spectra of the pristine and n-doped red-

selective OPDs measured under a bias of −0.5 V (scale bars are distinguished by colors). 
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3.4 Noise-Tolerant Optical Sensors 

3.4.1 Optical Communication 

 
Figure 3.12 (a) Test setup for the optical communication experiment. (b) Measured BER at 5 

kbps versus an ambient light intensity ranging from 5 × 10−5 W to 3 × 10−3 W. 

A key to energy-autonomous wireless sensor nodes (WSNs) is the development of a small/low 

power wake-up receiver for adaptive duty cycling of WSNs.[122,123] Traditionally, RF-based wake-up 

receivers have been widely used, but RF-based circuits generally require high standby power, limiting 

the overall low-power performance of WSNs. Therefore, an optical communication method with a 

photodiode and low power interface circuit is emerging, especially for wake-up receivers of ultra-low 

power WSNs. One disadvantage of using photodiode-based optical communication is that typical 

panchromatic photodiodes are not tolerant to external ambient light and thus an additional circuit for 

ambient light cancellation is required. In this regard, the optical communication with narrowband-

selective OPDs developed in this work could be pioneering work to realize a low power wake-up 

receiver. Figure 3.12a shows the test setup for the optical communication experiment, including a 630 

nm LED as a light source, a Si-PD (reference) or red-selective OPD for a light detector, a solar simulator 

for an ambient noise source, and a PD interface for a receiver circuit. For the transmitted data, a 27−1 

pseudo random bit sequence pattern was used. The logic analyzer captured both the transmitted and 

received data pattern, and a bit-error-ratio (BER), which shows how many errors exist in the total 

received bits, was calculated to quantify the transmission quality. Figure 3.12b summarizes the 

measured BER at a transmission data rate of 5 kbps. Though Si photodiode-based optical 

communication renders a slightly lower BER under negligible ambient light intensity due to its higher 

bandwidth, however, much stronger tolerance against ambient light is apparently observed with OPD-
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based optical communication when the intensity becomes higher than 10−4 W, originating from the 

intrinsic narrowband detection spectrum of the doping-induced red-selective OPD. This implies that 

noise cancelling of optical communication can be achieved without additional circuit and only with 

intrinsic junction engineering of OPDs. 

 

3.4.2 Ambient Light Pulse Oximetry 

 
Figure 3.13 PPG spectra measured with NIR (NIR I, NIR II)-selective OPDs and calculated values of 

the HR and SpO2 (a) before and (b) after harsh aerobic exercise. 

Another practical application of these narrowband-selective OPDs is pulse oximetry, or advanced 

photoplethysmography (PPG) analysis. Conventional pulse oximeters consist of one panchromatic 

photodiode and two light-emitting diodes (LEDs), to measure the relative absorption of deoxy-

hemoglobin (Hb) and oxy-hemoglobin (HbO2) in blood vessels at two different wavelengths. In this 

case, two LEDs should operate sequentially and an additional driving circuit is required to make the 

photodiode read the incident optical signal independently. Therefore, a more efficient device geometry 

for pulse oximetry is desired and the representative example is one-LED and two-photodiodes with 

color filters because this system does not require precisely controlled LED lighting.[124] Though 

previous studies well-demonstrated the effectiveness of such a one-LED and two-photodiode setup to 

monitor tissue oxygenation, however, the use of independent color filters not only raises the fabrication 
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cost of pulse oximetry measurements, but the degree-of-spectral-narrowing by the color filter is also 

less efficient compared to the suggested junction engineering method of this work. 

Here, it is shown that two doping-induced narrowband NIR-selective OPDs and an ambient light 

source are enough to measure both the heart rate (HR) and oxygen saturation (SpO2) level of the human 

body. PPG measurements of one of the authors before and after harsh exercise were carried out with 

two OPDs (NIR I and NIR II) and an ambient light source of 0.1 W cm−2 (Figure 3.13). In all PPG 

profiles, typical systolic and diastolic behaviors were well observed. HRs were calculated for every beat 

except for the first beat. The average HR before exercise was obtained as 65.9 b.p.m., which is within 

the HR range of normal people (60–80 b.p.m.). Right after harsh aerobic exercise the average HR was 

obtained as 106.6 b.p.m., which implies that the designed PPG system can precisely monitor the volume 

change of blood vessels. SpO2 values were also calculated for every beat by extracting minimum and 

maximum intensities of both NIR-selective OPDs in the corresponding interbeat interval. The 

calculation methods for oximetry are described in detail in the Experimental section. Regardless of 

harsh aerobic exercise, the SpO2 values were maintained as 96%, which corresponds to the SpO2 range 

of normal people (95–98%), and it confirms that both NIR-selective OPDs respond accurately to the 

ambient light signal that was transmitted through the fingers. 
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IV. Conclusion 

As depicted in several methods of realizing color selectivity, such as the charge collection 

narrowing,[21,55] selective charge extraction in a photomultiplication-type photodetector,[52–54] and 

Schottky junction methods,[37,56–58] the thin-film (~500 nm) characteristic and color selectivity of OPDs, 

especially red or NIR selectivity, were considered to be in a trade-off relationship; realizing both thin-

film and color-selective OPDs was not successful enough. In this study,[125] however, it was 

demonstrated that the strategical design of a chemically doped donor–acceptor PHJ facilitated the 

dissociation of target red or NIR photons selectively without the charge generation of unwanted photons 

and thus enhanced the color selectivity without sacrificing the thinness of the photoactive layer. As a 

result of doping-induced spectral refining, red (635 nm)- and NIR (730 and 790 nm)-selective thin-film 

(~500 nm) OPDs with high specific detectivities (2.79 × 1012, 1.12 × 1012, and 1.67 × 1012 Jones, 

respectively), high selectivity ratios (5.93, 20.14, and 6.00, respectively), and narrow FWHMs (45, 55, 

and 48 nm, respectively) were successfully demonstrated. Both the lack of effect on the other 

photodiode performances and the reproducibility of the suggested doping-induced spectral refining 

method were also proved. We show that the findings of this work can be applied in image sensor 

applications other than color imaging, such as optical communication and digital healthcare, where the 

narrowband detection of a target light source is mandatory for noise cancellation. 
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Part 4. Junction Engineering: Self-Amplification 
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I. Introduction 

As pixelation technologies are rapidly being developed via various patterning methods, CMOS 

image sensors now utilize sub-micron pixels, which allow ultrahigh-resolution imaging.[27,126] However, 

such technological advance causes another technical problem: as the pixel size decreases, the effective 

light-receiving area decreases dramatically. This phenomenon is more pronounced in Si CMOS image 

sensors because a light shield film is installed at the edge of the pixel to prevent optical cross-talk 

between adjacent Si photodiodes.[3,27,41] In this case, as the pixel size decreases, the space occupied by 

the light shield film obviously increases, and thus the effective light-receiving area is inevitably reduced. 

The introduction of OPDs can overcome this problem. OPDs exhibit photosensitive properties similar 

to those of Si photodiodes even at a much lower thickness of several hundred nanometers, and thus do 

not require a light shield film.[37,41,56–58] Therefore, organic image sensors based on OPDs are more 

advantageous for the implementation of sub-micron-sized pixels. Nevertheless, the pixel size is bound 

to gradually decrease, and the corresponding reduction of the effective light-receiving area thus requires 

another way to amplifying the photocurrent detected by the pixel. In this regard, photomultiplication-

type OPDs (PM-OPDs), which operate via a trap-assisted photoconductive gain generation mechanism, 

can be a good option because they allow EQE values much higher than 100%, corresponding to a self-

current amplification behavior.[52,127–134] 

Most of the PM-OPDs studied to date are based on an asymmetric electrode composition which is 

beneficial for suppressing dark current injection under reverse bias.[52,129–134] For example, the most 

widely studied structure is ITO/PEDOT:PSS/donor:acceptor/Al, where the donor is typically a p-type 

polymer semiconductor and the acceptor is an n-type molecular semiconductor. In particular, the 

acceptor content is set to be very low, in such a way that no percolation pathway for electrons is formed. 

Therefore, unlike conventional photovoltaic devices, the role of acceptors in PM-OPDs does not involve 

electron transport. Instead, acceptor molecules are in charge of exciton separation and also become 

trapping centers, so that the lifetime of free holes is mainly determined by the acceptors.[127,130–133] 

Moreover, because PM-OPDs with an asymmetric electrode composition form a Schottky junction at 
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the photoactive layer/Al interface under reverse bias, the Schottky barrier needs to be overcome in order 

to ensure a photoconductive gain generation mechanism. Trapped electrons near the Schottky interface 

are known to induce band-bending, so that carrier injection can take place via a thinned Schottky barrier, 

allowing a photoconductive gain generation mechanism based on circulation of hole carriers while 

electrons are trapped.[52,129–134] As such, acceptor molecules determine not only the lifetime but also the 

transit time of carriers; therefore, the development of strategically designed acceptor molecules is 

essential for obtaining high-performance PM-OPDs. 

In this study, we designed and synthesized a new non-fullerene acceptor by introducing a 

thienylenevinylene group into the conventional ITIC structure. The expanded conjugation structure of 

the resulting TV–ITIC induced a deeper-lying LUMO level which is beneficial to achieve a more 

efficient exciton separation and longer carrier lifetime. In addition, the incorporation of vinylene bonds 

between heterocycles led to an increased degree of coplanarity.[135] Furthermore, the increased 

volumetric portion of the hydrophobic aliphatic chain of TV–ITIC induced a lower surface energy 

compared to that of ITIC, resulting in a better intermolecular miscibility with P3HT. This better 

miscibility contributes to promote a more efficient band-bending under illumination, which facilitates 

the Schottky to Ohmic tunable junction. As a result, the TV–ITIC acceptor enabled an improvement of 

the corresponding PM-OPD performances, with an EQE higher than 74,000% and a specific detectivity 

of 2.35 × 1012 Jones. 
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II. Experimental Section 

2.1 Materials 

P3HT and ITIC were purchased form Rieke Metals and 1-Material, respectively. PEDOT:PSS 

(Clevious P VP.Al 4083) aqueous solution was purchased from Heraeus Holding GmbH. All chemicals 

were used as received without further purification processes. 

 

2.2 Device Fabrication 

ITO-patterned glasses (sheet resistance of ≈ 15Ω sq−1) were sequentially sonicated in Mucasol 

solution, deionized water, acetone, and isopropyl alcohol, each of which were treated for 1 h in Mucasol 

and 20 min in the others. The cleaned substrates were then dried using nitrogen flow and treated by 

oxygen plasma for 30 min for further cleaning. PEDOT:PSS aqueous solution was spin-coated on top 

of cleaned ITO substrates at 4000 rpm and annealed at 140 ℃ for 30 min to evaporate the remaining 

solvents. The P3HT and TV–ITIC solutions were prepared separately for sequential deposition. The 

P3HT and TV–ITIC solutions with a concentration of 50 mg mL−1 and 0.5 mg mL−1 (0.25 mg mL−1 in 

the case of ITIC) were formed by dissolving them into 1,2-dichlorobenzene and DCM, respectively. 

Different solute concentrations were used for TV–ITIC and ITIC solutions considering optimized 

device performances for each corresponding PM-OPDs. The prepared P3HT solution were spin-coated 

on top of the PEDOT:PSS-coated substrates at 1800 rpm for 120 s and annealed at 150 ℃ for 30 min 

inside a nitrogen-filled glove box. The prepared TV–ITIC (or ITIC) solution were spin-coated on top 

of the P3HT layer at 500 rpm for 60 s and annealed at 100 ℃ for 10 min in a nitrogen-filled glove box. 

After forming the photoactive layers, 100-nm-thick Al electrodes were deposited onto the active layer 

using thermal evaporation under high vacuum (< 5 × 10−6 Torr). The resulting active area of the 

fabricated devices was 0.09 cm−2. 
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2.3 Thin Film Preparation and Characterization 

TV–ITIC and ITIC thin films were fabricated with DCM solutions of 1.0 mg mL−1. Thin films 

deposited onto glass substrates and silicon wafers are for measurements of the UV–Vis–NIR absorption 

spectra and 2D-GIXD, respectively. UV–Vis–NIR absorption spectra were measured using Agilent 

Technologies Cary 5000 Spectrophotometer and 2D-GIXD measurements were performed at the 3C, 

3D, and 9A beamlines of the Pohang Accelerator Laboratory (Republic of Korea). Cyclic voltammetry 

(CV) was conducted using an IviumStat instrument and conducted at a scan rate of 50 mV s−1 at room 

temperature under nitrogen, with 0.1 M tetrabutylammonium hexafluorophosphate in acetonitrile as the 

electrolyte; each material (ITIC and TV–ITIC) was deposited onto the working electrode from a DCM 

solution. A ferrocene solution in DCM was used for calibration of CV measurements (Figure 4.1). All 

CV measurements were carried out with a conventional three-electrode configuration employing a 

glassy carbon electrode as the working electrode, saturated calomel electrode as the reference electrode, 

and Pt wire as the counter electrode. Thin films for PL analyses were fabricated with P3HT:TV–ITIC 

or ITIC (100:1, w/w) solutions of 5 mg mL−1 concentration dissolved in 1,2-dichlorobenzene, which 

were spin-coated onto glass substrates at 1800 rpm and annealed at 150 ℃ for 10 min. PL analyses were 

conducted using FluoroMax Spectrofluorometer. 

 
Figure 4.1. CV analysis of ferrocene solution in DCM for calibration. 
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2.4 Device Characterization 

Dark current was measured using Keithley 2450 SourceMeter. Photocurrent, EQE, and specific 

detectivity measurements were measured using LabView-controlled monochromator with 300 W Xe 

arc lamp. Two types of 520-nm light sources were used to measure the LDR: a monochromatic light for 

a light intensity below 1.17 × 10−3 W cm−2 and a green laser for a light intensity up to 1.17 × 10−1 W 

cm−2. With the assumption that the NEP of fabricated OPDs is regarded as the lower limit, the LDR 

value can be calculated using the following equation: 

LDR = 20log
𝑃max

𝑃NEP
 ,          (1.20) 

where Pmax is the maximum value of the detectable power density and PNEP is the power density 

extracted from the noise current spectrum. The −3 dB measurement was performed with 520-nm laser 

(1.17 × 10−1 W cm−2). For measuring noise currents, the Stanford Research SR830 DSP lock-in amplifier 

was used. All the measurements were conducted in a nitrogen-filled glove box. 
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III. Results and Discussions 

3.1 Optical and Electrochemical Analyses 

 
Figure 4.2. (a) Thin-film absorption spectra of TV–ITIC and ITIC. (b) CV analyses of TV–ITIC and 

ITIC solutions in DCM. (c) PL spectra of TV–ITIC and ITIC thin films. (d) Energy band diagram of 

the suggested PM-OPD and its operating mechanism. (e) Optical images obtained from water contact 

angle measurements on P3HT, ITIC and TV–ITIC thin films. 

Figure 4.2a shows the solution and thin-film UV–Vis–NIR absorption spectra of TV–ITIC. The 

TV–ITIC film exhibits a typical dual-band absorption in the low-energy (600–850 nm, band I) and high-

energy (~500 nm, band II) wavelength regions. Each band absorption originates from the intramolecular 

charge transfer between donor and acceptor moieties and the localized π–π* transition, 

respectively.[136,137] The relatively longer π-conjugation length of TV–ITIC, due to the introduction of 

thienylenevinylene groups in ITIC, induced a bathochromic shift of the absorption peak of band I, 

corresponding to a narrower energy bandgap compared to that of ITIC. To determine the LUMO and 
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HOMO levels, CV analyses were conducted with both TV–ITIC and ITIC thin films. The 

electrochemical bandgaps of TV–ITIC and ITIC could be calculated as 1.1 and 1.48 eV, respectively, 

from the onset potentials in the positive and negative CV scans (Figure 4.2b). The electrochemical 

HOMO and LUMO levels, together with the photophysical properties obtained from the UV–Vis–NIR 

absorption spectra, are summarized in Table 4.1. The relatively deeper LUMO level and smaller 

bandgap of TV–ITIC compared to those of ITIC can be ascribed to its extended π-conjugation; the 

resulting larger LUMO level offset in conjunction with P3HT is expected to increase the electron-

trapping ability, which will increase the electron trap (or hole carrier) lifetime by creating a higher 

energy barrier for trapped electrons to escape. In order to study the effect of a larger LUMO offset on 

the exciton separation yield, the PL quenching efficiency of P3HT:TV–ITIC was measured and 

compared to that of P3HT:ITIC, as summarized in Figure 4.2c. P3HT was blended with TV–ITIC or 

ITIC in a 100:1 (w/w) ratio. Upon excitation with a 520-nm energy source, the P3HT:TV–ITIC film 

exhibited a more efficient quenching efficiency compared to P3HT:ITIC, presumably due to its deeper 

LUMO levels or better miscibility as described below. The energy levels of TV–ITIC are illustrated in 

Figure 4.2d, along with other constituting layers of the PM-OPD, in comparison to ITIC levels. Another 

advantage of the introduction of thienylenevinylene groups is that the miscibility with the P3HT donor 

can be improved, due to the increased portion of hydrophobic aliphatic chains. To analyze the donor–

acceptor intermolecular miscibility, we measured the water contact angles on P3HT, TV–ITIC, and ITIC 

thin films were measured (Figure 4.2e). One can clearly see that the hydrophobic nature of the TV–

ITIC film surface is enhanced compared to that of ITIC, and its surface energy thus closer to that of 

P3HT. Therefore, it is expected that TV–ITIC can be dispersed more effectively in the P3HT matrix, 

maximizing the donor–acceptor interfacial area. 

Table 4.1 Optical and electrochemical properties of the TV–ITIC and ITIC acceptors. 

 

λmax 

(Band I, nm) 

λmax 

(Band II, nm) 

Eg,opt 

(eV) 

Eg,CV 

(eV) 

EHOMO 

(eV) 

ELUMO 

(eV) 

TV–ITIC 750 504 1.37 1.10 −5.19 −4.09 

ITIC 704 - 1.59 1.48 −5.37 −3.89 
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3.2 Microstructure Analyses 

 
Figure 4.3. (a,d) 2D-GIXD pattern images of TV–ITIC and ITIC neat films and their corresponding 

line-cut profiles in the (b,e) in-plane and (c,f) out-of-plane directions. 

In previous researches, it is reported that PM-OPDs based on two-dimensional, planar-backbone, 

non-fullerene 2,2ʹ‐((2Z,2ʹZ)‐((4,4,9,9‐tetrahexyl‐4,9‐dihydro‐s‐indaceno[1,2‐b:5,6‐bʹ]dithiophene‐2,7‐

diyl)bis(methanylylidene))bis(3‐oxo‐2,3‐dihydro‐1H‐indene‐2,1‐diylidene))dimalononitrile (IDIC) 

molecules improved the photoconductive gain compared to that of conventional PM-OPDs based on 

PC71BM. This was mainly attributed to their intrinsic anisotropic crystal structure, which hinders the 

formation of a percolation pathway for efficient electron transport.[127] In this regard, the TV–ITIC 

acceptor with extended π-conjugation is also expected to exhibit a anisotropic crystalline orientation 

favorable for effective gain generation. To investigate the molecular packing behavior of TV–ITIC, 2D-

GIXD analysis was conducted using the 3C, 3D, and 9A beamlines of the Pohang Accelerator 

Laboratory (Republic of Korea). 2D-GIXD images of TV–ITIC and ITIC thin films without any thermal 

treatment and the corresponding line-cuts in the in-plane and out-of-plane directions are shown in 

Figure 4.3a–f. The pristine ITIC film exhibited approximately featureless diffraction patterns, with only 

minor diffraction peaks near qxy=1.0 Å−1 and qxy=1.5 Å−1; on the other hand, the pristine TV–ITIC 

sample displayed well-developed (h00) lamellar stacking along the out-of-plane direction, as well as a 
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clear (010) π-π stacking peak in the in-plane direction, indicative of well-developed edge-on 

orientations with lamellar stacking and π-π stacking distances of 22.09 Å and 3.45 Å, respectively. 

Therefore, TV–ITIC can be a more suitable acceptor molecule for application in PM-OPDs, because of 

its intrinsic anisotropic crystal structure, which not only complicates the percolation pathway for 

electrons, but also hinders the efficient extraction of electrons from the photoactive layer, even without 

high-temperature annealing. Overall, we can expect two favorable contributions of the present non-

fullerene acceptor to PM-OPDs: a deeper LUMO level and an improved donor–acceptor intermolecular 

miscibility; in addition, the intrinsic anisotropic crystal structure even without post-annealing treatment 

can 1) enhance the exciton separation yield, 2) efficiently prolong carrier lifetime, 3) effectively induce 

the Schottky-to-Ohmic transition at the P3HT/Al interface, allowing efficient charge injection for 

photomultiplication, all of which can contribute to a higher photoconductive gain. 

 

3.3 PM-OPD Performances 

In the conventional structure of bulk heterojunction PM-OPDs, such as 

ITO/PEDOT:PSS/donor:acceptor/Al, the light source is directed toward the ITO electrode. Because the 

photoconductive gain mechanism depends on the electrons are trapped near the Al cathode, the photons 

that successfully penetrate to the junction interface and are dissociated contribute to the formation of 

the pseudo-Ohmic junction. In other words, while photons in the high absorption coefficient region of 

the donor polymer semiconductor are mostly quenched without generating photocurrent at the very 

front part of the optical pathway, only photons in the low absorption coefficient region can reach the 

junction interface and contribute to the photocurrent. Therefore, acceptor molecules are required only 

at the interface between P3HT and Al. For this reason, in this study we attempted to locate TV–ITIC or 

ITIC at the narrow interface between P3HT and Al by using sequential deposition of both layers using 

DCM as an orthogonal solvent, which is already known practically not to dissolve P3HT.[116,127,128] It is 

also described in the Experimental Section. 

As shown in Figure 4.4a–b, PM-OPDs based on TV–ITIC and ITIC show the dark and illuminated 
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Figure 4.4. Dark and illuminated J-V characteristics of the optimized PM-OPDs based on the (a) TV–

ITIC and (b) ITIC acceptors. EQE spectra of the optimized (c) TV–ITIC- and (d) ITIC-based PM-OPDs 

measured at various reverse biases.  

J−V characteristics of typical trap-assisted PM-OPDs: a significantly high photocurrent density is 

achieved through the photoconductive gain mechanism under illumination, even though a high dark 

current density is observed, owing to the thin photoactive layer thickness (~150 nm). Accordingly, the 

EQE spectra of both TV–ITIC- and ITIC-based PM-OPDs were measured under various reverse biases 

and compared in Figure 4.4c–d, respectively. The fact that the EQE spectral shape does not match the 

absorption spectra of P3HT can be explained by the optical propagation behavior of various photons in 

the photoactive layer.[129] For this reason, in the suggested PM-OPD structure, the EQE values 

corresponding to the main absorption band of P3HT (~520 nm) are lower than those in the adjacent 

blue- or red-wavelength regions. The highest EQE values of both PM-OPDs were obtained in the 

spectra measured under a reverse bias of 20 V, with the peak values of > 74,000% at 600 nm and 61,000% 

at 565 nm for TV–ITIC and ITIC, respectively. As an essential factor for evaluating the device 

performance in the field of image sensors, the most important figure-of-merit for PM-OPDs is likely to 

be the specific detectivity 𝐷∗, which is defined as: 
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Figure 4.5. Noise current spectra of the optimized PM-OPDs based on the (a) TV–ITIC and (b) ITIC 

acceptors, measured under a reverse bias of 20 V. 

8  

Figure 4.6 Specific detectivity spectra of the optimized (a) TV–ITIC- and (b) ITIC-based PM-OPDs 

measured under −20 V. 

𝐷∗ =
𝑞𝜆√𝐴𝐵EQE

ℎ𝑐𝑖noise
 ,           (1.12) 

where q is the elementary charge,  is the wavelength of the incident light, A is the active area, B is the 

bandwidth, h is the Plancks constant, c is the speed of light, and inoise is the noise current.[3,41,84] Based 

on the measured noise spectra (Figure 4.5), the specific detectivity spectra measured at various reverse 

biases for PM-OPDs with TV–ITIC and ITIC are displayed in Figure 4.6a–b, respectively, which reveal 

the overall ascendency of TV–ITIC over ITIC, with the peak value measured at −20 V exceeding 2.3 × 

1012 Jones. As confirmed by the electrochemical and photophysical analyses, the TV–ITIC molecules, 

with deeper LUMO level as well as more hydrophobic surface property compared to ITIC, can enhance 

the exciton dissociation efficiency. In addition, the more anisotropic and oriented crystalline nature of 

TV–ITIC compared to ITIC (as confirmed by the 2D-GIXD analyses), combined with its deeper LUMO 

level, can effectively extend the carrier lifetime for photomultiplication by increasing the trapping time 
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of electrons. Furthermore, the better confined electrons near the interface can facilitate the Schottky 

barrier band bending, inducing a more efficient hole injection under reverse bias. These synergetic 

contributions of TV–ITIC are well reflected in the optimized PM-OPD, with higher EQE and 𝐷∗ 

compared to those of ITIC. To demonstrate the feasibility of the PM-OPD with TV–ITIC for image 

sensor applications, the −3 dB bandwidth and LDR were measured and are summarized in Figure 4.7 

in comparison to the cases of ITIC. The −3 dB bandwidth of 140 Hz measured for the optimized PM-

OPD based on TV–ITIC is lower than that of typical OPDs, which operate by a photovoltaic mechanism; 

however, it is still reasonably high for non-high speed applications such as photoplethysmography 

(PPG)[124,125] and much higher than that of the optimized ITIC-based PM-OPD (32 Hz). The LDR, with 

the lowest light intensity as a NEP of 3.11 × 10−11 W cm−2, was measured as 151 dB, which is among 

the best values reported for PM-OPDs including ITIC-based PM-OPD,[130,134] showing the outstanding 

contribution of the TV–ITIC acceptor for PM-OPD applications. 

 
Figure 4.7. Bode plot of the optimized PM-OPD based on the (a) TV–ITIC and (b) ITIC, with various 

Hz and 32 Hz, respectively. LDR plot of the optimized PM-OPD based on (c) TV–ITIC and (d) ITIC. 

Both the Bode and LDR plots were measured at −20 V. 
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IV. Conclusion 

A synthetic approach to obtain acceptor molecules able to enhance the trap-assisted 

photoconductive gain generation of PM-OPDs was presented.[138] By introducing thienylenevinylene 

groups into the conventional ITIC, the resulting TV–ITIC molecules exhibited the deeper LUMO level, 

better intermolecular miscibility with P3HT, and preferential anisotropic molecular packing compared 

to ITIC. These features were confirmed by photophysical and electrochemical analyses, contact angle 

measurements, and 2D-GIXD analysis, respectively, and contributed to more efficient 

photomultiplication mechanism by enabling improved exciton separation, longer carrier lifetime, and 

enhanced charge injection. As a result, when employed in PM-OPDs, the TV–ITIC molecules led to a 

high photoconductive gain of 740 as well as a large specific detectivity of 2.35×1012 Jones, which were 

higher than the values measured for ITIC-based PM-OPDs. 
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요 약 문 

색 선택성 유기 포토다이오드: 접합 공학 

본 논문은 색 선택성 유기 포토다이오드 (Organic Photodiodes; OPD)에 적용되는 다양한 접

합 공학 방법을 다루며, 각각의 접합 공학 방법은 (1) 검출능, (2) 색 선택성, 그리고 (3) 

외부 양자 효율을 향상시킨다. 

(1) 검출능 향상을 위한 접합 공학 방법으로 고분자 반도체에 반응성 디도핑 (dedoping ↔ 

doping) 기법을 적용하는 것을 제안한다. 프로필아민 (1-propylamine; PA) 용액으로 녹색 

선택성 고분자 반도체인 poly(3-hexylthiophene-2,5-diyl) (P3HT) 박막을 디도핑하면, 고분자

의 전자 수용체 결함 (acceptor-defect) 밀도뿐만 아니라 고유 도핑 수준도 크게 감소하여 

금속–고분자 접합의 공핍 영역 (depletion region) 폭이 크게 확대되는데, 이는 자외선 광

전자 분광법 (ultraviolet photoelectron spectroscopy; UPS)과 모트–쇼트키 (Mott–Schottky) 접합 

분석으로 확인된다. 결과적으로, P3HT의 흡수 대역에 해당하는 모든 광자의 침투 영역은 

외부 전기장의 도움 없이도 쇼트키 접합의 공핍 영역으로 완전히 덮일 수 있다. 또한, 프

로필아민 디도핑 방법의 비용매 (non-solvent) 노출 효과는 고분자 박막의 더 낮은 다결정 

무질서도를 유도하여 전하 수송자 이동도를 상승시키는데, 이는 이차원 그레이징 입사 X

선 회절 (two-dimensional grazing incidence X-ray diffraction; 2D-GIXD) 분석과 전계 효과 이동

도 (field-effect mobility) 및 공간 전하 제한 전류 (space-charge-limited current; SCLC) 분석을 

통해 확인된다. 프로필아민 디도핑 방법의 이러한 시너지 이점의 결과로, 6 × 1012 Jones를 

초과하는 검출능과 5.05 × 10−14 W Hz−0.5의 낮은 잡음 등가 전력 (noise-equivalent power; NEP)

을 보이는 비전력 구동, 녹색 선택성의 고성능 유기 포토다이오드가 구현된다. 더 나아가, 

26.9 μs의 빠른 응답 시간과 201 dB의 넓은 선형동적범위 (linear dynamic range; LDR)를 보

이는 유기 포토다이오드를 제시함으로써, 간편한 디도핑 방법을 사용하여 용액 공정 기

반 (solution-processed) 유기 포토다이오드의 비전력 구동을 실현할 수 있는 가능성을 입

증한다. 

(2) 색 선택성 향상을 위한 접합 공학 방법으로 화학적 도핑 기법을 제안한다. 이 방법은 

유기 포토다이오드의 광활성층을 전자를 수용하려는 경향이 강한 분자로 도핑하여 공핍 

영역 폭 (depletion region width; DW)을 조절하는데, 이를 통하여 원치 않는 파장의 광자 

(photon)는 공핍 영역에 도달하기 전에 소멸 (quenching)시키고 원하는 파장 범위의 광자

로 형성된 엑시톤 (exciton)만이 선택적으로 전하 수송자 (전자와 정공)로 분리된다. 이 방

법은 활성층의 전체 두께가 아닌 공핍 영역 폭만 제어하여 박막형, 협대역 (narrowband) 

선택성 유기 포토다이오드를 구현한다는 점에서 이전 협대역 감지 전략과 다르다. 유기 

포토다이오드의 각 구성 층에서 광 흡수 및 엑시톤 분리 거동을 이론 및 실험적으로 연

구하여 앞서 설명한 도핑 유도 스펙트럼 정제 메커니즘을 설명한다. 설계된 평면 이종 

접합 (planar heterojunction; PHJ) 구조 기반의 박막형 (~500 nm), 협대역 (FWHM < 60 nm), 

적색/적외선 선택성 유기 포토다이오드는 검출능 희생 없이 (> 1012 Jones) 구현된다. 제안

한 도핑 유도 스펙트럼 정제 방법으로 구현한 유기 포토다이오드의 실용성을 보여주기 

위하여 (ㄱ) 실리콘 반도체 기반 플랫폼에 비해 주변 광원에 대한 노이즈 내성이 우수한 
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유기 포토다이오드 기반 광통신 플랫폼과 (ㄴ) 두 개의 적외선 선택성 유기 포토다이오

드로 구성된 고성능 용존맥박산소측정기가 시연된다. 

(3) 외부 양자 효율 향상을 위한 접합 공학 방법으로 전자 트랩을 도입하여 쇼트키–유사

오믹 접합 변환 기법을 제안한다. 광전증폭 (photomultiplication; PM)형 유기 포토다이오드

의 전자 트랩으로 사용되는 단분자인 2,2ʹ-[[6,6,12,12-tetrakis(4-hexylphenyl)-6,12-

dihydrodithieno[2,3-d:2ʹ,3ʹ-dʹ]-s-indaceno[1,2-b:5,6-bʹ]dithiophene-2,8-diyl]bis[methylidyne(3-oxo-

1H-indene-2,1(3H)-diylidene)]]bis[propanedinitrile] (ITIC)에 thienylenevinylene (TV) 작용기를 

추가하여 새로운 단분자를 설계 및 합성한다. 추가된 TV 작용기는 공액 길이 

(conjugation length)를 증가시켜 최저준위 비점유 분자궤도 (lowest unoccupied molecular 

orbital; LUMO) 준위를 깊게 위치하게 할 뿐만 아니라, 증가된 소수성으로 전자 주개 고

분자 반도체인 P3HT와의 섞임성을 향상시킨다. 또한, TV–ITIC는 잘 정열된 비등방성 결

정 구조를 보인다. 이러한 광물리적 특성들은 광전증폭형 유기 포토다이오드의 전자 트

랩 효율, 전하 분리 능력, 그리고 전하 주입 능력을 모두 향상시키는데, 최적화된 광전증

폭형 유기 포토다이오드는 높은 외부 양자 효율 (> 74,000%)과 검출능 (> 1012 Jones)을 보

인다. 
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