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SUMMARY 

There is an ever-growing interest in extending the application of optoelectronic 

devices to biomedical applications. The seamless integration of these applications with soft 

materials, such as human skin, could be enabled by stretchable optoelectronics. Stretchable 

optoelectronics has been demonstrated either by engineering device architectures with 

strain-relief features or by using intrinsically stretchable semiconductors. An intrinsic 

stretchability of an optoelectronic device is more desirable because it could ease device 

fabrication and improve scalability. Organic photodiodes provide an attractive route to 

achieve intrinsic stretchability since optoelectrical and mechanical properties can be 

chemically engineered. However, the reports on stretchable organic photodiodes remain 

scarce. 

In this work, we develop a way to accommodate stretchability on organic bulk 

heterojunction by blending elastomer. This work reports on the elastomeric bulk 

heterojunction having marginal mechanical property mismatch to human skin as well as 

tens of pico-watt noise equivalent power under different tensile strains. 

Our approach and results demonstrate that: (1) the detailed study on photodetector 

characteristics allows the photodiode using the elastomeric bulk heterojunction on a rigid 

substrate to yield a noise equivalent power 39 pW at 653 nm. (2) With pre-strained 

PEDOT:PSS/PDMS as bottom electrode and substrate, the fully stretchable organic 

photodiode achieves noise equivalent power values in the tens of pico-watt range and an 

estimated average specific detectivity value of 2.3 × 1010 Jones at 653 nm up to at least 

60% strain (stretchable up to possibly 100%). (3) The freestanding film of elastomeric bulk 



 xv 

heterojunction sustains up to 189% of tensile strain and yields Young’s modulus of tens of 

MPa, which is comparable to human skin. These results provide a proof-of-principle that 

stretchable organic photodiodes can combine the unique mechanical properties of 

elastomers while maintaining the remarkable performance of rigid photodetectors. 
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CHAPTER 1. INTRODUCTION 

1.1 Wearable and Biomedical Optoelectronics 

For chronic illnesses such as neurological disorders, and cardiovascular disorders, 

the body conditions should be constantly monitored. However, these medical 

measurements are typically taken by visiting a hospital. This inconvenience places 

numerous demands on wearable electronics that can easily monitor body condition even at 

home, with the following properties: unobtrusive, compact, non-invasive, lightweight, 

simple to fabricate, and mechanically flexible. As technology evolves, the demand for 

interfaces that connect the digital and physical worlds continues to increase. Wearables, 

the internet-of-things (IoT), soft robotics, and many other emerging technologies use 

flexible optoelectronics to develop intelligent surfaces that combine sensors, computation, 

and communication. However, when objects are soft their surface deforms under stress, 

i.e., when they experience strain, and flexibility is no longer sufficient to ensure mechanical 

compliance or ergonomics. Photodetectors are an important class of sensors that generally 

benefit from having large photoactive areas which are sensitive to strain. Since the surface 

of soft objects experiences strain under normal conditions, stretchable photodetectors are 

expected to provide a roughed sensor platform that could find multiple applications for 

skin-mounted health monitors such as photoplethysmogram (PPG) sensors,1,2 sensors 

mounted on the surface of living organisms such as plants for smart agriculture, sensors 

for artificial skin,3,4 soft robotics,5-7 electronic eyes on curvilinear surfaces,8 gesture and 

motion recognition,9 among many others.  
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1.2 Early Development in Flexible Optoelectronics 

Optoelectronic devices comprising thin films of rigid or semi-rigid materials can be 

engineered to be flexible and even stretchable if small rigid devices are connected through 

stretchable wires such as serpentine structure 10-12 or if thin-film devices are fabricated in 

pre-stretched elastomer substrates.13-16 Using these approaches, demonstrations of 

lightweight ultra-flexible and stretchable devices based on inorganic or organic 

semiconductors have been made, including thin-film transistors, photovoltaics, imaging 

arrays, and light-emitting diodes among many others.16-18 However, these strain relief 

features cause the complexity of the device fabrication process. 
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1.3 Imparting Stretchability to Organic Semiconductors 

These problems can be eased by the use of organic semiconductors imparting 

intrinsic stretchability without heterogeneous integration. As shown in Figure 1, organic 

semiconductors are particularly attractive to develop soft and stretchable devices because 

their thermomechanical properties (e.g. a low density and tensile modulus in the range 0.1 

to 1 GPa19) can be engineered through synthetic chemistry or material science approaches 

to mimic the properties of biological materials.  

 

Figure 1 Young’s modulus scales 

 

Two important approaches toward intrinsic stretchability have been demonstrated. In 

one approach, akin to the connection of devices with stretchable wirings, molecular 

stretchability is engineered into conjugated polymers by adding chemical moieties to the 

backbone so that strain energy is easily dissipated through the amorphous regions while 

preserving the integrity of charge transport through more ordered regions.20,21 Following 

this approach, semiconductor polymer films and Organic field-effect transistors (OFETs) 
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can be stretched up to 100% strain while displaying charge mobility values ca. 0.1 

cm2/Vs.20 In another approach, Xu, et al. showed polymer semiconductor nanofibers of 

high-mobility semiconducting polymers were formed through phase separation inside a 

soft elastomer (polystyrene-block-poly(ethylene-ranbutylene)-block-polystyrene (SEBS)) 

leading to the realization of highly stretchable polymer semiconductor films and stretchable 

OFETs that display charge mobility values in the range between 0.5 to 1 cm2/Vs when 

subjected to a strain of 100%.22 
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1.4 Development of Organic Photodiodes (OPD) 

Due to these advantages of imparting stretchability to solution-processable organic 

semiconductors in a relatively simple manner, OPDs that can be used in biomedical 

applications are attracting attention. OPDs generating photocurrent or photovoltage in 

response to incident light, are applicable in organic photodetectors and OPV. In 1993, 

Sariciftci et al. reported a diode composed of a solution-processed conjugated polymer as 

a donor, poly(phenylene-vinylene) (MEH-PPV), and an evaporated fullerene (C60).
23 

However, this bilayer structure has severe shortcomings of a short diffusion length of 

excitons, resulting in recombination of the excitons before reaching respective electrodes. 

In 1994, Heeger, et al. proposed the new concept of bulk heterojunctions (BHJ), a blend of 

donor and acceptor layer where consists of the interpenetration of two domains in bulk, 

mixed with MEH-PPV (as donors) and C60 (as acceptors).24 The interpenetration of donor 

and acceptor shortens the distance excitons travel to the D/A interface while creating more 

donor and acceptor interfaces that promote exciton dissociation, leading to more 

photocurrent. Using the BHJ structure, his group reported polymeric OPDs made from 

poly(3-octyl thiophene) (P3OT) and MEH-PPV mixed with C60, which is the first solution-

processed BHJ-based OPD.25 In this work, the OPDs biased at -15 V show responsivity 

values larger than 0.3 A/W in the visible range, which outperform commercial Si 

photodiodes. After that, OPDs using the BHJ structure have received numerous attention 

in the literature to improve their performance. Recently, the performance of optimized 

OPDs was found to rival that of low-noise Si photodiodes.26  
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1.5 Recent Advances in Stretchable OPDs 

Despite recent progress in the development of elastomeric semiconductors, organic 

photodiodes with elastomeric BHJ photoactive layers showing a small electronic noise 

have not been demonstrated yet. BHJ photoactive layers require a blend of -donor- and  

acceptor-like molecules forming a bulk heterojunction morphology to facilitate exciton 

dissociation, enable efficient photogeneration of charge carriers, and efficient carrier 

extraction. To date, most BHJs cannot be considered skin-like elastomers because even if 

some are somewhat stretchable, they have large Young’s modulus (E) values in the range 

between ca. 200 MPa to 1 GPa,19,27,28 which are at least one order of magnitude larger than 

typical values for human tissues (< 30 MPa 29-31) and, with a few exceptions,32,33 strain at 

break values smaller than 10%.19 

Despite showing limited mechanical properties, stretchable organic photodiodes 

based on these BHJs have been demonstrated in the context of photovoltaics 28 by using 

pre-strained substrates,13 moderately-stretchable BHJ,33,34 or all-polymer BHJ.35,36 To date, 

stretchable OPDs used in photovoltaics do not retain their performance under illumination 

beyond strain values ca. 50%, with one notable exception sustaining 100% strain but 

having a high E of 5.5 GPa.33 Recently, a ternary blend of PDMS, a donor polymer, and a 

non-fullerene acceptor yielded a high E value of 990 MPa, maintaining a normalized power 

conversion efficiency (PCE) of 86.7% up to a strain of  20%.37 Because these devices were 

tested for photovoltaic applications, their characteristics in the dark or at low irradiance 

values were not reported. 
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In the context of photodetection, stretchable OPDs have been demonstrated using 

conventional BHJ materials by laminating complete devices onto a pre-strained substrate. 

These stretchable OPDs were tested under compressive strain in the context of pulse 

oximetry,2,3 but the characterization of their performance parameters was limited to 

measurements of their dark current density values (in the range of 0.1-10 µA/cm2 under 

reverse bias) and their responsivity (ℜmax = 0.144 A/W) under 100 mW/cm2 simulated 

solar illumination.2 
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1.6 Structure of the Dissertation  

In chapter 2, the basics of semiconductor physics and organic semiconductors will 

be briefly reviewed. Moreover, some of the important performance metrics for stretchable 

organic photodiodes including the mechanical properties of thin films will be covered. 

In chapter 3, the detailed experimental methods and equivalent circuit modeling will 

be discussed. In addition, the characterization methods for the fabricated devices will be 

provided. 

Chapter 4 will cover the rigid photodiode with e-BHJ in detail. Based on the 

appropriate selection of elastomer content, the optoelectrical characteristics of OPD with 

e-BHJ will be introduced in a detailed manner. 

Chapter 5 shows the characterization of fully stretchable OPD using e-BHJ. Using 

the freestanding film of e-BHJ, mechanical properties will be characterized, and it will be 

confirmed that e-BHJ has similar mechanical properties to those of human skin. Similar 

characterization methods are discussed as in chapter 4 but will be taken while stretching 

the device.  

Chapter 6 concludes the dissertation and describes the future direction of the work. 

Elastomeric BHJ can be universally used such as a stretchable OPV. As mentioned in the 

introduction, vital signal measurement using e-OPD will be the subject of future work. In 

addition, replacing EGaIn with a thin hole-collecting layer makes e-OPD structure even 

simpler. 
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CHAPTER 2. ORGANIC SEMICONDUCTORS AND 

STRETCHABLE ORGANIC PHOTODIODES 

2.1 Semiconductor Device Physics 

The energy of electrons in a solid is determined by the laws of Fermi-Dirac statistics. 

In thermal equilibrium, the result of these statistics is the Fermi-Dirac distribution function, 

which provides the probability that an allowable electronic state with energy E is occupied 

by an electron, 

 
𝑓(𝐸) =

1

1 + 𝑒(𝐸−𝐸𝐹)/𝑘𝑇
 (1) 

Where EF is the Fermi level energy, T is the absolute temperature, and k is the 

Boltzmann constant. 

The Fermi level energy is the energy for which the Fermi-Dirac occupation 

probability has a value of 0.5. Under thermal equilibrium, without external perturbations, 

such as an applied external voltage or light illumination, the Fermi level energy is spatially 

uniform across the semiconductor. For non-degenerate condition (| E - EF | > 3kT), f(E) can 

be approximated to the following equation: 

 𝑓(𝐸) ≅ 𝑒−(𝐸−𝐸𝐹)/𝑘𝑇 (2) 
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The Fermi level energy is also be defined by the carrier concentrations of electrons 

(n0) and holes (p0) at equilibrium as: 

 𝐸𝐹 = 𝐸𝐶 + 𝑘𝑇 ln
𝑛0

𝑁𝐶
 (3) 

 𝐸𝐹 = 𝐸𝑉 + 𝑘𝑇 ln
𝑝0

𝑁𝑉
 (4) 

Where EC (EV) is the energy at the conduction (valence) band edge, NC (NV) is the 

effective density of states per unit volume in the conduction (valence) band. 

For an intrinsic semiconductor, n0 is equal to p0, since for every electron excited into 

conduction band, a vacancy or hole is left behind in the valence band. The intrinsic Fermi 

level energy is obtained from equations, (3) and (4).  

 
𝐸𝑖 =

𝐸𝐶 + 𝐸𝑣

2
−

𝑘𝑇

2
ln

𝑁𝑐

𝑁𝑣
 (5) 

The intrinsic Fermi level energy is located not exactly in the center of the energy gap 

because of the different effective mass of electron and hole. Under non-equilibrium 

conditions, extra holes and electrons are generated, resulting in non-equilibrium carrier 

concentrations. These non-equilibrium carrier concentrations can be represented by quasi-

Fermi energy levels: 

 𝑛 = 𝑛0 + ∆𝑛 = 𝑛𝑖𝑒
−(𝐸𝑖−𝐹𝑛)/𝑘𝑇 (6) 
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 𝑝 = 𝑝0 + ∆𝑝 = 𝑝𝑖𝑒
−(𝐹𝑝−𝐸𝑖)/𝑘𝑇 (7) 

Where n (p) is the total carrier concentration of electrons (holes), ∆n (∆p) is the extra 

concentration of electrons (holes), ni (pi) is the intrinsic electron (hole) concentration, Fn 

(Fp) is the quasi-Fermi level energy for electrons (holes), and Ei is the intrinsic Fermi level 

energy. 

The electric current is induced by charge transport through a semiconductor layer 

consisting of two mechanisms. The first is drift current under electric field (e.g., Induced 

by the difference in the work function of electrodes in organic photodiode). Free electrons 

are moved in the opposite direction of an electric field, governed by the following 

equations. 

 𝐽𝑑𝑟𝑖𝑓𝑡,𝑛 = 𝑞𝑛𝜇𝑛𝐸 (8) 

 𝐽𝑑𝑟𝑖𝑓𝑡,𝑝 = 𝑞𝑛𝜇𝑝𝐸 (9) 

Where q is the elementary charge, μn (μp) is the mobility of electrons (holes), and E 

is the electric field. 

The other is diffusion current by a gradient in carrier concentration. If the carrier 

concentration is not uniform, carriers will diffuse in the direction of the concentration 

gradient. This leads to an additional current contribution. 
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𝐽𝑑𝑖𝑓𝑓,𝑛 = 𝑞𝐷𝑛

𝑑𝑛

𝑑𝑥
 (10) 

 
𝐽𝑑𝑖𝑓𝑓,𝑝 = −𝑞𝐷𝑝

𝑑𝑝

𝑑𝑥
 (11) 

Where Dn (Dp) is the electron (hole) diffusion coefficient. 

Physically, both drift and diffusion are related to the random motion of carriers and 

their collisions in thermal equilibrium. The following equations called the Einstein 

relations explain the relationship between the diffusion coefficient and mobility. 

 
𝐷𝑛 =

𝑘𝑇

𝑞
𝜇𝑛 (12) 

 
𝐷𝑝 =

𝑘𝑇

𝑞
𝜇𝑝 (13) 

The summation of drift and diffusion current leads to the total current density. 

 
𝐽𝑇,𝑛 = 𝑞𝑛𝜇𝑛𝐸 + 𝑞𝐷𝑛

𝑑𝑛

𝑑𝑥
 (14) 

 
𝐽𝑇,𝑝 = 𝑞𝑛𝜇𝑝𝐸 − 𝑞𝐷𝑝

𝑑𝑝

𝑑𝑥
 (15) 

Evaluating the physical concepts of drift and diffusion separately, the general 

description where the two driving forces, the gradient in the electrostatic potential and the 
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chemical potential, contribute to the current, is provided. By multiplying the two driving 

forces by the corresponding conductivity, the current density is obtained: 

 𝐽𝑛 =
𝜎𝑒

𝑞
(∇⃗⃗ (−𝑞𝜑) + ∇⃗⃗ 𝜅𝑒) (16) 

 𝐽𝑝 =
𝜎ℎ

𝑞
(∇⃗⃗ (−𝑞𝜑) − ∇⃗⃗ 𝜅ℎ) (17) 

Where σe (σh) is the conductivity for electrons (holes), κe (κh) is the chemical potential 

of electrons (holes), and φ is the electrostatic potential. 

Using the relation between the electrochemical potential and quasi-Fermi level 

energy for electrons and holes, the total current density is: 

 𝐹𝑛 = 𝜅𝑒 − 𝑞𝜑 (18) 

 𝐹𝑛 = 𝜅ℎ + 𝑞𝜑 (19) 

 𝐽𝑇 = 𝐽𝑛 + 𝐽𝑝 =
𝜎𝑒

𝑞
∇⃗⃗ 𝐹𝑛 +

𝜎ℎ

𝑞
∇⃗⃗ 𝐹𝑝 (20) 

Note that the total current is proportional to the conductivity and gradient in quasi-

Fermi level energy for electrons and holes. 

Carrier generation and recombination are important processes taking place in 

semiconductors, which determine the organic photodiode performance. Carrier generation 

is a process where electron-hole pairs are created by exciting an electron from the valence 
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band of the semiconductor to the conduction band, thereby creating a hole in the valence 

band. Recombination is the reverse process of a generation in which electrons and holes 

recombine and annihilate. Radiative recombination is the process by which an excited 

carrier is relaxed to a lower energy state, with the emission of a photon. Since radiative 

recombination is associated with the relaxation of excited carriers, the radiative 

recombination rate is proportional to the concentration of electrons in the conduction band 

and holes in the valence band. Auger recombination is the process in which a recombining 

electron transfers its energy to a secondary electron instead of emitting a photon of light. 

Then, the secondary excited electron is relaxed with the emission of phonons. Shockley-

Read-Hall is a two-step recombination process using trap centers located within the 

bandgap of a material. An excited electron is relaxed down to a trap first, then annihilated 

by a hole to the valence band. 
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2.2 Organic Semiconductors 

Organic semiconductors consist of organic materials based on carbon, hydrogen, and 

oxygen and they have semiconducting properties. Their optical and electrical properties 

can be controlled by modifying their chemical structure. The modification also enables the 

organic polymer to be soluble in organic solvents, therefore, they can be readily coated into 

thin films through spin-coating or directly patterned using ink-jet printing and offer unique 

advantages over their inorganic counterparts. 

 

Figure 2 Orbital structures of (a) Carbon atom, (b) Ethylene molecule. 

 

When it comes to the carbon atom, 2s and 2p orbitals are occupied by four valence 

electrons and lead to a configuration of 1s22s22p2. Depending on neighbor atoms, the outer-

shell orbitals can be hybridized into sp, sp2, and sp3 orbitals. When 2s orbital is linearly 

combined with all of the three 2p orbitals (2px, 2py, 2pz), the four sp3 hybridized orbitals 
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are formed, creating σ bonds with surrounding atoms. However, when a 2s orbital is 

hybridized with two 2p orbitals (2px, 2py) leading to sp2 hybridization, the resulting three 

sp2 orbitals create σ bonding with 1s orbitals in the adjacent two hydrogen atoms and 

another sp2 orbital in the adjacent carbon atom as shown in Figure 2 (b). The remaining 

unhybridized 2pz orbitals form a π bond that is responsible for the double bond between 

carbon atoms. The electrons in the σ bond are more tightly bound to the nucleus and do not 

contribute to charge transport significantly. In other words, they are more localized. The 

electrons in the π bond are less tightly bound by the nucleus, and therefore they are 

relatively mobile. Under certain conditions, they can become delocalized, that is to say, 

they can move in the molecular skeleton from one atom to another. 
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Figure 3 Energy diagram of (a) Ethylene, (b) Butadiene. 

 

In the ethylene molecule, the linear combination of two unhybridized 2pz orbitals 

results in the formation of two molecular orbitals, bonding orbital (π orbital) and 

antibonding orbital (π* orbital). As shown in Figure 3 (a), the bonding molecular orbital is 

energetically favorable since its energy is lower than that of the isolated 2pz orbitals. The 

anti-bonding molecular orbital is energetically unfavorable since the energy is higher than 

that of the isolated atomic orbitals. The electrons preferably stay in stable positions, which 

leads to forming the Highest Occupied Molecular Orbital (HOMO). The first unoccupied 
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energy level, π* orbital, is called the lowest unoccupied molecular orbital (LUMO). The 

difference in energy between these two molecular orbitals is called the energy gap (Eg). 

Similarly, butadiene having more conjugation than that of ethylene provides two additional 

energy levels depending on the combination of molecular orbitals, resulting in narrower Eg 

in Figure 3 (b). The corresponding wavelength of absorption of ethylene is known to be 

180 nm compared to that of butadiene, 230 nm.38 If the level of conjugation is high enough, 

e.g., polyacetylene, the narrowed Eg leads to light absorption or emission in the visible 

spectral range. 

Contrary to single molecules, consider a solid thin film made from a large number of 

molecules. Due to the manifold of intermolecular interactions in the solid and disorder, the 

solid can no longer be modeled by a two-level system with discrete HOMO and LUMO 

energies. Instead, the molecular energy levels are broadened into electronic bands which 

are described in terms of HOMO and LUMO bands or manifolds. In particular, the top of 

the HOMO band and the bottom of the LUMO band are referred to as the ionization 

potential (IP), the minimum energy required to create a positive charge carrier, and the 

electron affinity (EA), the energy gained by a negative charge carrier, respectively. The 

transport gap (Etrans) for free carriers is defined as the energy difference between the IE and 

the EA. The optical gap (Eopt) is the energy difference between the ground state and the 

excited state. There exists the binding energy (EB) difference between Etrans and Eopt due to 

the Coulombic interaction between positive and negative charges for the exciton, which is 

the bound state of an electron and hole pair. The exciton binding energy is typically on the 

order of 0.1 - 0.5 eV for organic solids with a low dielectric constant (εr < 5), much higher 
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than thermal energy at room temperature (0.025 eV).39,40 However, in inorganic 

semiconductors with the dielectric constant (εr ~ 10), the exciton binding energy is in the 

order of 0.01 eV which is much lower than thermal energy at room temperature. Thus, the 

excitons in inorganic semiconductors are immediately dissociated into free electrons and 

holes by thermal energy. 

 

Figure 4 Energy level diagram in organic solid bulk. 

 

In inorganic crystalline materials, the electronic wave functions are delocalized over 

the whole system, resulting in a band regime behavior where the charge carriers can freely 

move over the entire structure.41 However, in organic conjugated materials, weak 
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molecular interactions lead to the energy levels broadening into electronic bands with 

widths determined by the strength of the intermolecular interactions and disorder. 

Moreover, due to the weak coupling, the wave functions are localized over a few 

surrounding molecules. In such disordered systems, charge carriers are generally 

proceeded by hopping and thermal activation.42 

 

2.3 Working Principles of OPDs 

2.3.1 Photoactive Layer 

 

Figure 5 Schematic diagram of BHJ formation. 
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The photoactive layer in organic semiconductors consists of donor material with 

lower IE and acceptor material with higher EA and leads to the generation of excitons 

under the illumination of light. Since the bound excitons can acquire enough energy to be 

split into carriers only at the donor-acceptor interface, the combination of a donor and 

acceptor is required. Because early organic photodiodes had bilayers of donor and acceptor 

materials, due to their short exciton diffusion length (typically 10 - 20 nm), the excitons 

that are generated far from the donor-acceptor interface are recombined, resulting in wasted 

photons. Such short exciton diffusion lengths have triggered the innovative concept called 

bulk heterojunctions (BHJ), in which the donor and acceptor are blended and form an 

interpenetrating and phase-separated network with a nanoscale morphology shown in 

Figure 5. In this photoactive layer, the heterojunction interface can be located within the 

exciton diffusion length from the absorption area, and the increased interface surface areas 

further improve charge dissociation. At the donor-acceptor interface, the electronic 

coupling of each molecule results in the formation of charge-transfer states (CT) with 

decreased energy shown in Figure 6. The excitons with a weak Coulombically bound pair 

in the CT state dissociate into free charges in the presence of disorder or dipoles at the 

interface. The free charge carriers then move forward their favorable energy levels by a 

combination of diffusion and drift created by the difference in the work function of 

electrodes. 
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Figure 6 Schematic and energy diagram of the formation of charge-transfer states. 

 

2.3.2 Device Structure 
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Figure 7 Device structure of OPD. 

 

As shown in Figure 7, OPD consist of a photoactive layer, low work function 

electron-collecting electrode, and high work function hole-collecting electrode. One of two 

electrodes should be semi-transparent to allow photon penetration and absorption into the 

photoactive layer. To enable efficient charge collection at the electrodes, the high work 

function electrodes are used to collect holes from the HOMO of the donor materials, and 

low work function electrodes are chosen to collect electrons from the LUMO of the 

acceptor materials. For instance, materials with high work functions such as MoO3, Au, 

and WO3 are good candidates for the hole-collecting layer, while materials with low work 

functions such as TiO2, ZnO, and Ca are suitable choices for the electron-collecting layer. 
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Figure 8 Energy level diagrams of OPDs under (a) Dark (b) Illumination. 
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Energy level diagrams of OPDs are shown in Figure 8. Under equilibrium conditions 

in the dark, the Fermi level energy is independent of position throughout the entire layer 

stack, and the difference in the work function of electrodes leads to the built-in potential. 

Under illumination, when the excess electrons and holes are generated in the photoactive 

layer, the system reaches quasi-equilibrium shown in Figure 8 (b). The gradient of the 

quasi-Fermi level energies leads to photocurrents and the differences in quasi-Fermi level 

energies at electrodes provide photovoltage (Vph). 
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2.4 Performance Metrics of Stretchable OPDs 

2.4.1 Responsivity 

The responsivity (ℜ) is the ratio of the generated photocurrent (Iph) to the incident 

optical power (Pin). External Quantum Efficiency (EQE) is the ratio of the number of 

charge carriers collected to the number of incident photons. Since optical power is 

proportional to the number of photons and the energy of photons, the corresponding 

equations follow: 

 
ℜ(𝜆) =

𝐼𝑝ℎ

𝑃𝑖𝑛
, 𝐸𝑄𝐸(𝜆) =

ℎ𝑐

𝜆𝑞
ℜ(𝜆) (21) 

Where λ is the wavelength, h is the Planck constant, c is the speed of light, and q is 

the elementary charge. 

 

2.4.2 Noise 

In the context of a photodetector, suppressing noise allows for low-power optical 

signal detection. Shot noise (Sshot) is associated with a discrete structure of electricity and 

the individual carrier injection across the interfaces.43 Thermal noise (Sthermal) is created by 

the random motion of charges due to thermal excitation, which depends on temperature 

and shunt resistance. 1/f noise (S1/f) is a low-frequency noise with a noise power that is 

inversely proportional to the frequency. The origin of 1/f noise at low frequencies has not 
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been well understood until now.44 Since the noises mentioned above are independent of 

each other, the total noise power spectral density (Sn) is described by the following equation 

(22). 

 
𝑆𝑛 = 𝑆𝑠ℎ𝑜𝑡 + 𝑆𝑡ℎ𝑒𝑟𝑚𝑎𝑙 + 𝑆1/𝑓 = 2𝑞 [𝐽0𝑒𝑥𝑝 (

𝑞𝑉

𝑛𝑘𝑇
) 𝐴 + 𝐽0𝐴] +

4𝑘𝑇

𝑅𝑝
+ 𝑖1/𝑓

2 (𝑓) (22) 

Where q is the electron charge, k is the Boltzmann constant, J0 is the reverse 

saturation current, T is the absolute temperature, Rp is the shunt resistance of OPD, A is the 

device area, and i1/f is the 1/f  noise term. 

 

2.4.3 Noise Equivalent Power and Specific detectivity 

In order to quantify the noise of the photodetectors, a root-mean-squared electronic 

noise current (Irms) is derived by calculating the square root of the mean square of the 

current residuals derived from estimating the average current over time by fitting the 

current transients to an exponential decay function shown in Figure 9. The square root of 

the integration of Sn over the measurement bandwidth (B) leads to Irms, expressed in 

equation (23).  

 

𝐼𝑟𝑚𝑠 = √∫ 𝑆𝑛(𝑓)
𝐵

𝑑𝑓 (23) 
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Figure 9 Derivation of electronic noise current from rms current. 

 

An important figure of merit of photodetectors is the noise equivalent power (NEP), 

defined as the incident optical power required to generate the photocurrent equal to the 

electronic noise current, shown in equation (24). 

 
𝑁𝐸𝑃 =

𝐼𝑟𝑚𝑠

ℜ
 (24) 

The Specific detectivity (D*) is used to compare detection capacities between 

different photodetectors, obtained by normalizing the inverse of NEP with respect to the 

device area and the measurement bandwidth expressed in (25). 
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𝐷∗ =

√𝐴𝐵

𝑁𝐸𝑃
 (25) 

 

2.4.4 Response Time 

When a pulsed source of light is illuminated on photodetectors, the response time is 

considered as either the rise time or fall time required for the output current to go from 10% 

to 90% of its steady-state on-current shown in Figure 10. The response time for collection 

of each carrier to electrodes is primarily dependent on the field-dependent carrier transit 

time (𝜏drift), the diffusion time before recombination (𝜏diff), and the RC time delay 

associated with effects of the external circuit (𝜏RC). The total response time is expressed in 

(26) 

 
𝑡 = √τ𝑑𝑟𝑖𝑓𝑡

2 + τ𝑑𝑖𝑓𝑓
2 + τ𝑅𝐶

2  (26) 
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Figure 10 The response time measurement. 

 

2.4.5 Mechanical Properties of Films 
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Figure 11 Tensile test diagram and curve.  

 

Figure 11 shows a tensile test diagram and curve. Stress is defined as the force per 

unit area of a material. A strain is defined as an extension per unit length. Tensile modulus 

is defined as the slope of its stress-strain curve in the elastic region, which is a measure of 

the ability of a solid material to withstand changes in length and describes the elastic 
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properties of the material. Modulus of toughness is the amount of strain energy per unit 

volume that a material can absorb before rupturing and is calculated by using the area 

underneath the stress-strain curve. 

 
𝜎 =

𝐹

𝐴
, 𝜀 =

𝑙 − 𝑙0
𝑙0

, 𝐸 =
𝜎

𝜀
 (27) 

Where σ is the stress, F is the force applied, A is the cross-sectional area of the 

material, ε is the strain, l is the stretched length, l0 is the original length, and E is Young’s 

modulus. 
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CHAPTER 3. EXPERIMENTAL METHODS AND MODELING 

3.1 Materials 

Glass and polydimethylsiloxane (PDMS) (Dow Corning Co., Sylgard 184) were used 

as substrates. Custom-patterned Indium-doped tin oxide (ITO) and poly(3,4-

ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) (Ossila) were used as 

bottom electrodes. For electron-collection layer, polyethylenimine-ethoyxlated (PEIE) 

(Sigma Aldrich) diluted in 2-methoxyethanol (Sigma Aldrich) were used for work function 

reducing interlayer for bottom electrodes. Eutectic Gallium-Indium (EGaIn) (Sigma 

Aldrich) was used for top electrodes as an electron collection layer. The bulk 

heterojunction consists of poly(3-hexylthiophene-2,5-diyl) (P3HT) (Rieke Metals) as 

donor materials and indene C60-bisadduct (ICBA) (Nano-C), [6,6]-Phenyl C61 butyric 

acid methyl ester (PCBM) (Nano-C) as small molecule fullerene acceptors. The solvent 

used to dissolve the BHJ was chlorobenzene (Sigma Aldrich). For hole-collection layers, 

a thermally evaporated layer of MoO3 was used on top of photoactive layers. The elastomer 

SEBS (Asahi Kasei Corporation) was mixed with BHJ to impart stretchability. The 

chemical structure of these materials is shown in Figure 12. 
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Figure 12 Chemical structure of materials 
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3.2 Fabrication 

Samples of SEBS:P3HT:ICBA with different compositions were initially prepared 

and evaluated in a photodiode device architecture in section 4.2.1. Based on the preliminary 

screening of their optical and electrical properties, films with a SEBS:P3HT:ICBA (2:1:1 

by weight) composition were found to yield the best performance. Hence, films with a 

SEBS:P3HT:ICBA (2:1:1 by weight) composition, hereon referred to as e-BHJ, were 

characterized and compared with those of P3HT:ICBA (1:1 by weight), hereon referred to 

as r-BHJ. 

 

3.2.1 Fabrication of Freestanding Films 

Glass substrates were cleaned in sequential ultrasonic baths of Liquinox detergent in 

deionized water, deionized water, acetone, and isopropanol. To create a sacrificial layer, 

PEIE dissolved in H2O at a concentration of 37 wt.% was further diluted with 2-

methoxyethanol to a concentration of 18 wt.%. This PEIE solution was then spin-coated 

on a cleaned glass substrate at 1000 rpm for 1 min and annealed on a hot plate at 100 ºC 

for 10 min. The PEIE-coated substrate was then transferred into an N2-filled glove box for 

further processing. The r-BHJ and e-BHJ consist of a blend of regioregular P3HT with 

ICBA at a 1:1 weight ratio and a blend of SEBS:P3HT:ICBA at a 2:1:1 weight ratio, 

respectively. Chlorobenzene solutions of the r-BHJ, e-BHJ, and pristine SEBS at a 

concentration of 80 mg/mL were stirred overnight at 70 °C on a hotplate in the nitrogen-

filled glovebox and cooled down at room temperature before they were spin-coated onto 
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the Glass/ITO/PEIE substrate at 800 rpm for 30 s. The resulting wet films were then slowly 

dried inside covered glass Petri dishes for 3 h. The sample was then thermally annealed on 

a hot plate at 150 °C for 10 min. The thicknesses of the r-BHJ, e-BHJ, and SEBS 

freestanding films are 700 ± 2 nm, 1000 ± 8 nm, and 1683 ± 9 nm, respectively, measured 

with a scan area of 30 μm × 30 μm by Atomic Force Microscopy (AFM). Each film was 

cut into an 8 mm × 38 mm strip, and each end of the film was gently pressed on the PDMS 

for van der Waals bonding to allow tensile testing. The freestanding films in the form of a 

strap were obtained by immersing the substrate in deionized water for 30 min to completely 

dissolve the PEIE underneath. 

 

3.2.2 Fabrication of Rigid Photodiodes with elastomeric BHJ (e-BHJ) 
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Figure 13 The device structure of elastomeric OPD. 

 

Figure 13 shows the device structure of elastomeric OPD with e-BHJ on a rigid 

substrate. the BHJ of our photodiode uses a blend of regioregular SEBS:P3HT:ICBA as a 

photoactive layer, PEIE45 is used to reduce the work function of ITO allowing it to act as 

an electron collecting electrode. MoO3/Ag is used at the top as a hole-collecting electrode. 

Custom-patterned ITO-coated glass sheets with a sheet resistance of 12-15 Ω/sq. were used 

as a substrate for OPDs. The ITO substrate was cleaned in ultrasonic baths of Liquinox 

detergent in deionized water, deionized water, acetone, and isopropanol sequentially. PEIE 

dissolved in H2O at a concentration of 37 wt.% was further diluted with 2-methoxyethanol 

to a concentration of 0.3 wt.%. The 0.3 wt.% PEIE solution was then spin-coated on the 

ITO substrate at 5000 rpm for 1 min and annealed on a hot plate at 100 ºC for 10 min. The 

substrate was then transferred into an N2-filled glove box for further processing. The r-BHJ 

consists of a blend of regioregular P3HT with ICBA at a 1:1 weight ratio. Elastomeric BHJ 

consists of P3HT:ICBA at a 1:1 weight ratio and SEBS at different weight ratios (e.g. 30%, 

50% and 67%) with respect to P3HT:ICBA. A chlorobenzene solution of the e-BHJ at a 

concentration of 40 mg/mL was stirred overnight at 70 °C on a hotplate in the nitrogen-

filled glovebox and cooled down at room temperature before they were spin-coated onto 

the Glass/ITO/PEIE substrate at 800 rpm for 30 s. The resulting wet films were then slowly 

dried in covered glass Petri dishes for 3 h. The sample was then thermally annealed on a 

hot plate at 150 °C for 10 min. The thickness of the e-BHJ is 400 ± 8 nm measured with a 

scan area of 30 μm × 30 μm by AFM. To provide effective hole collection MoO3/Ag 
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(20/150 nm) was deposited on top of the substrate through a shadow mask with an effective 

area (APD) of 0.1 cm2 at a pressure of < 5.0 x 10-7 Torr. 

 

3.2.3 Fabrication of elastomeric OPD (e-OPD) 
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Figure 14 Schematics of the fabrication process of e-OPD. 

 

Silicone elastomer PDMS was used as an elastomeric substrate for e-OPD. A sheet 

of PDMS (2 - 3 mm thick) with a curing agent/base ratio of 1:20 was obtained by curing 

in an oven at 60 °C for 3 h. Strained PDMS sheets (30%, 60%) were fixed on glass with 

paper clips. PEDOT:PSS (Ossila, PH 1000) with 12 wt.% of ethylene glycol and 15 wt.% 

of Capstone was spin-coated on the strained PDMS at 1000 rpm for 1 min and annealed on 

a hot plate at 100 °C for 10 min. The thickness of the PEDOT:PSS deposited on glass is 

392 ± 6 nm measured at three different spots by a profilometer. After releasing, by 

removing the paper clips from glass, the substrate was transferred into an N2-filled glove 

box for further processing. A chlorobenzene solution of the e-BHJ with a concentration of 

40 mg/mL was stirred overnight at 70 °C on a hotplate in the nitrogen-filled glovebox and 

cooled down at room temperature before it was spin-coated onto the pre-strained 

PDMS/PEDOT:PSS at 800 rpm for 30 s. The resulting wet film was then slowly dried in a 

covered glass Petri dish for 3 h. The device was completed by placing a liquid metal alloy, 

EGaIn, on top of e-BHJ through a PDMS mask to control the area. 
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3.3 Characterization 

3.3.1 Photodetector Characterization 

 

Figure 15 Schematic of extracting rms electronic noise current measurement 

 

The dark current and electronic noise were measured using a Keithley 6430 

electrometer shown in Figure 15. The current was recorded as a function of time using a 

LabView program. The voltage was controlled manually to allow for the dark current to 

reach steady-state values. The root-mean-squared electronic noise current was derived by 

calculating the square root of the mean square of the current residuals derived from 

estimating the average current over time by fitting the current transients to an exponential 
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decay function. The effective bandwidth of these measurements was estimated to be 1.5 

Hz by measuring the current-voltage characteristics and electronic noise of a 1 GΩ resistor. 

Similarly, the transient current was measured by the same procedure outlined above 

to ensure the measurement of steady-state values. The photocurrent extracted by 

subtracting the fitted dark current from the measured transient current was generated as a 

function of optical power (laser diode with a wavelength of 653 nm) by changing the bias 

voltage on the laser diode. The NEP and D* are defined as the optical power producing a 

signal-to-noise ratio (SNR = 𝐼𝑝ℎ 𝐼𝑟𝑚𝑠⁄ ) of one and √𝐴𝑃𝐷𝐵 𝑁𝐸𝑃⁄ , respectively. 

The spectral responsivity ℜ(λ) was measured by using a laser-driven light source 

(Energetiq EQ-99X) connected with a monochromator (CVI Spectral Products, CM110) to 

produce spectrally narrow (ca. 10 nm full-width-half-maximum, FWHM) illumination. 

The light source was collimated using an optical lens and illuminated onto the device. 

Optical band-pass filters were placed in front of the beam path to avoid multiple frequency 

harmonics. The optical power was calibrated using Si photodiode (Hamamatsu S2386-

44K) and a power meter (OPHIR, PD300R-UV-SH-ROHS). The steady-state current at 

each wavelength was measured using the same electrometer and procedure previously 

described. The responsivity values were derived from the photocurrent measured at each 

wavelength divided by the optical power. 
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Figure 16 Schematic of response time measurement. 

 

The response time and frequency response of the e-OPD were measured using 

transimpedance amplifier shown in Figure 16. The photodetector current in response to 

light square pulse with a green LED at 525 nm of wavelength with an irradiance of 30 mW 

cm-2 was passed through a transimpedance amplifier designed by an operational amplifier 
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(Texas Instruments, TL082), feedback resistance of 3 kΩ, and capacitance of 100 pF. The 

output voltage was obtained by an oscilloscope (Rohde&Schwarz, RTO 1002). We define 

the rise time as response time, it takes for the output signal to go from 10% to 90% of its 

steady-state on-current. The transient voltage amplitude of e-OPD at each frequency was 

normalized to the amplitude measured at 10 Hz by sweeping the LED light frequency to 

obtain normalized responsivity. 

 

3.3.2 Mechanical Characterization 

The mechanical properties of the r-BHJ, e-BHJ, and SEBS were determined in a 

portable tensile stage (TST-350, Linkam Scientific). A uniaxial monotonic loading was 

applied to the film on the surface of the water at a rate of 0.5 %/s until failure occurred in 

the middle of the specimen. A custom-made mini water reservoir was used to float the film. 

A gauge length was calculated for the freestanding film between the two PDMS holders. 

The engineering stress, σeng, and strain, εeng, were obtained based only on the initial cross-

section area, A0, and gauge length, L0, as: 

 𝜎𝑒𝑛𝑔 =
𝐹

𝐴0
 (28) 

 𝜀𝑒𝑛𝑔 =
𝐿 − 𝐿0

𝐿0
 (29) 
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where F is the load measured, and L is the elongated gauge length. The true stress, 

σtrue, and strain, εtrue, were derived based on the instantaneous cross-sectional area, A, at the 

gauge length L assuming that the volume of the film was preserved with Poisson’s ratio of 

0.5. The correlation between true stress-strain and engineering stress-strain can also be 

found. Therefore, 

 𝜎𝑡𝑟𝑢𝑒 =
𝐹

𝐴
=

𝐹 𝐿

𝐴0𝐿0
= 𝜎𝑒𝑛𝑔(1 + 𝜀𝑒𝑛𝑔) (30) 

 𝜀𝑡𝑟𝑢𝑒 = 𝑙𝑛 (
𝐿

𝐿0
) = 𝑙𝑛( 1 + 𝜀𝑒𝑛𝑔) (31) 
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3.4 Equivalent Circuit Model 

An equivalent circuit model of a photodiode is the form of a theoretical circuit based 

on the electrical characteristics under dark and light conditions. Figure 17 (a) shows the 

equivalent circuit composed of a diode, a current source (Jph), a series resistance (Rs), and 

a shunt resistance (Rp). The diode explains a current rectification property with a reverse 

saturation current density of Jo and an ideality factor of n. The current source provides the 

photocurrent generated by light. The series resistance corresponds to the parasitic 

resistance of the photodiode caused by the contact resistance and the resistance from 

external interconnections. The shunt resistance is associated with possible leakage paths 

that arise from defects in bulk, such as pinholes and thin-thickness of the photoactive layer. 

Typical J-V characteristics of a photodiode are shown in Figure 17 (b). Based on the 

description by Prince, The current-voltage relationship of this circuit is solved as the 

following equations:43,44 

 𝐽 =
1

1 + 𝑅𝑆/𝑅𝑃
[𝐽0 {exp (

𝑉 − 𝐽𝑅𝑆𝐴

𝑛𝑉𝑇
) − 1} − (𝐽𝑝ℎ −

𝑉

𝑅𝑃𝐴
)] (32) 

Where VT is thermal energy divided by elementary charge. 
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Figure 17 (a) Equivalent circuit model of a photodiode. (b) J-V characteristics of 

Equivalent circuit model 
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CHAPTER 4. RIGID PHOTODIODES WITH ELASTOMERIC 

BULKHETEROJUNCTION 

4.1 Introduction 

As briefly shown in 3.2.2, the OPD was fabricated using a blend of the elastomer 

SEBS, the donor polymer P3HT, and the acceptor ICBA as a photoactive layer on a rigid 

substrate to evaluate various photodetector characteristics. Thanks to the elastomer, the 

dark current was reduced by four orders of magnitude, which is consistent with higher 

shunt resistance than the OPD without elastomer. Additionally, electronic noise for OPD 

with e-BHJ is comparable to that of low-noise SiPDs (Hamamatsu S1133 series) and state-

of-the-art P3HT:ICBA OPDs recently reported.26 
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4.2 Optoelectrical Characteristics of Rigid Photodiodes with e-BHJ 

4.2.1 Optimization of SEBS Contents 
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Figure 18 I-V characteristics of OPDs with SEBS contents of 33 wt.%, 50 wt.%, and 

67 wt.%, respectively, (a) measured with an optical power of 100 nW at 653 nm, (b) 

measured under dark. 

 

To determine the optimum content of a SEBS, the OPDs with e-BHJ were fabricated 

on a rigid substrate as detailed in section 3.2.2. We rapidly investigated the responsivity at 

a bias of 0 V with an optical power of 100 nW at 653 nm for OPDs with BHJs comprised 

of a blend of P3HT:ICBA:SEBS with SEBS contents of 33 wt.%, 50 wt.%, and 67 wt.%. 

Figure 18 (a) shows that the device with 33 wt.% yields a responsivity of 28 mA/W. The 

OPD with SEBS content of 50 wt.% exhibits a responsivity of 27 mA/W, which is 

relatively a small difference, 1 mA/W. However, The OPD with 67 wt.% exhibits a 

responsivity of 0.5 mA/W, which is significantly lower than those of the other SEBS 

compositions (33 and 50 wt.%). Therefore, we will primarily characterize the OPD with 

SEBS content of 50 wt.% referred to as e-BHJ. Figure 18 (b) shows that all of I-V 

characteristics of the OPDs under dark remain similar dark current level. 
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Figure 19 Spectral absorption (1-transmittance) of BHJs on glass 

 

Figure 19 shows the spectral absorption estimated by 1-transmittance of OPDs spin-

coated on glass. As SEBS contents increases, less light is absorbed. However, this result is 

not consistent with the similar responsivity of the ones with 33 wt.% and 50 wt.% while 

that of 67 wt.% significantly dropped. More in depth-studies are needed to fully understand 

the cause of this phenomenon. 

 

4.2.2 Equivalent Circuit Analysis 
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Figure 20 Comparison of the dark current density of OPDs measured in the dark. 

The shaded area represents the range from maximum to minimum dark current 

density values for samples of the same structure. 

 

Figure 20 shows a comparison of the dark current density characteristics for OPDs 

having e-BHJ and r-BHJ with average thickness values of 400 nm and 260 nm, 

respectively, obtained by AFM. The solid lines in Figure 20 reveal that the median dark 

current density in OPDs with an e-BHJ is about four orders of magnitude smaller than those 

in OPDs with r-BHJ. While both types of devices display a large device-to-device 

variability (represented by the shaded areas), these results clearly show that OPDs with e-

BHJ can achieve a reduction in dark current values. 
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Figure 21 Analysis of dark current density of OPDs. (a) Equivalent circuit model of 

OPD. (b) Comparison of measured and simulated dark current density of champion 

OPDs. 

 

As discussed in section 3.4, we use Prince’s equivalent circuit model to evaluate the 

physical parameters such as reverse saturation current density (J0), diode ideality factor 

(n), shunt resistance (RpA), and series resistance (RsA) where A is the device area.46,47 The 

simulated results for OPDs show high consistency with the experimental data in Figure 21. 

Upon mixing SEBS in BHJ, RpA was significantly improved by four orders of magnitude, 

which leads to a reduction in dark current. However, it is worth noting that J0 that also has 

the determining role in reducing dark current remains the same value, 3 pA/cm2. Rs was 

increased by one order of magnitude and n was increased from 1.72 to 1.88 summarized in 
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Table 1. From equation (22), the high shunt resistance is ideal for minimizing the thermal 

noise, hence, small dark current values originating from high shunt resistance make them 

attractive as photodetectors. 

 

Table 1 Physical parameters of OPDs derived from the equivalent circuit model. 

OPD 

Active layer 

J0  

(pA/cm2) 
n 

RPA  

(Ω∙cm2) 

RSA  

(Ω∙cm2) 

e-BHJ 3 1.88 7x1010 470 

r-BHJ 3 1.72 3x106 40 
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4.2.3 Photodetector Characteristics 

 

Figure 22 Dark current density (top) and root-mean-squared noise box plot (N = # of 

data points) (bottom). The device structure of OPD (inset)  

 

Figure 22 (bottom) shows that the distribution of measured Irms values with a median 

of 72 fA and at a measurement bandwidth of B = 1.5 Hz for different reverse biases in 

Figure 22 (top). This is comparable to that of low-noise SiPDs (Hamamatsu S1133 series) 

and state-of-the-art P3HT:ICBA OPDs recently reported.26 
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Figure 23 Analysis of photodetector metrics for OPD with e-BHJ on a rigid substrate. 

(a) Optical power dependence of transient current and photocurrent. (b) Optical 

power dependence of signal-to-noise ratio. 
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Figure 23 shows that a direct measurement of the NEP (653 nm, 1.5 Hz) yields a 

value of 39 pW at 0 V.  Note that this value is larger than the value of NEPextrapolated = 10 

pW calculated by extrapolating the photocurrent to the median Irms using a ℜ(653 nm) of 

7.5 mA/W derived from the photocurrent slope at optical power values between 1 nW and 

10 µW (Figure 24). This discrepancy arises because ℜ decreases as the optical power 

approaches the NEP, reaching a value of 1.9 mA/W at the NEP. Similar behavior has been 

observed in low-noise SiPDs and OPDs, and has been attributed to the presence of traps 48. 

Measured NEP values yield a D* (0.1 cm2, 1.5 Hz) of 1.0 × 1010 Jones at 653 nm. Figure 

25 (top) shows that, for average optical power values of 27 µW, ℜ(560 nm) reaches a peak 

value of 71 mA/W which is significantly larger than at the NEP. Assuming that ℜ(653 nm) 

losses (ca. 75%) at the NEP are similar at other wavelengths, a peak  D* value of 5.3 × 

1010 Jones at 560 nm is estimated (Figure 25, bottom). 
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Figure 24 Photocurrent (top) and responsivity (bottom) vs. optical power at a 

wavelength of 653 nm. 
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Figure 25 Measured responsivity spectra of OPD with e-BHJ (top). Specific 

detectivity spectra for the elastomeric OPD normalized at a wavelength of 653 nm 

using responsivity spectra (bottom). 

 

4.2.4 Response Time 
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Figure 26 Response time of OPD with e-BHJ. 

 

We investigated the response time of OPD with e-BHJ by connecting it to a 

transimpedance amplifier circuit with a 3dB bandwidth of 530 kHz and by measuring their 

response time. As shown in Figure 26, the rise and fall times are 40 µs and 65 µs, 

respectively, with an irradiance of 30 mW/cm2 at 525 nm at the bias of 0 V. 
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Figure 27 Frequency response of OPD with e-BHJ 

 

Figure 27 shows that a 3 dB normalized responsivity bandwidth for OPD with e-BHJ 

yields 14 kHz using the same measurement setup as above. As previously discussed,26,49 

this 3dB bandwidth value is high enough for the applications described in the introduction. 
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CHAPTER 5. FULLY STRETCHABLE ORGANIC 

PHOTODIODES (E-OPD) 

5.1 Introduction 

In this chapter, we will discuss mechanical properties of e-BHJ such as strain at break 

and Young’s modulus (E). Although pristine P3HT:ICBA BHJ layers are not elastomeric, 

this BHJ has enabled OPDs with a level of performance that is comparable to that of low 

noise SiPDs.26 Here, we demonstrate stretchable OPDs that using this novel e-BHJ show 

dark current density values smaller than 600 pA cm-2 under reverse bias, but more 

importantly from a photodetector perspective, a measured median root-mean-squared 

electronic noise in the tens of femtoampere range and measured NEP values at 653 nm 

between 13 and 24 pW at strain values up to 60%, yielding D* values in the 1010 Jones 

range.  
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5.2 Mechanical characteristics of e-BHJ Film 

 

Figure 28 (a) Chemical structure of materials used in r-BHJ and e-BHJ film. (b) A 

photograph of the relaxed and strained (189 %) e-BHJ film in water.  

 

First, the mechanical properties of freestanding films of e-BHJ were characterized 

and compared with those of r-BHJ. Figure 28 (a,b) shows the chemical structure of these 

materials and a photograph of the relaxed and strained e-BHJ in water. Uniaxial tensile 

tests were performed to plot stress (σ)-strain (ε) curves shown in Figure 29 (a), and the 

corresponding E and strain at break values were derived in Figure 29 (b). E values are in 

the range from 259 to 264 MPa for r-BHJ films. The shape of the stress-strain plot derived 

from these measurements, and consequently E values derived from them, highly depend 

on stress-strain definitions (e.g. engineering stress-strain, true stress-engineering strain, 

and true stress-strain) for e-BHJ and SEBS due to the hyperelastic deformation as shown 
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in Figure 30. Regardless of the definition used, E values are between 2.4 to 6.9 MPa for e-

BHJ films and 0.8 to 2.4 MPa for SEBS films; this is, ca. two orders of magnitude smaller 

than in r-BHJ. Additionally, the strain at break increases from 6% in r-BHJ films to 189% 

in e-BHJ films; similar to values measured in pristine SEBS films in Table 2 and 

comparable to those of human tissues.30  
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Figure 29 (a) Stress (σ) vs. strain (ε) behavior of r-BHJ, e-BHJ, and SEBS from the 

uniaxial tensile test. (b) Range of Young’s moduli (E) using different stress-strain 

definitions. The error bars represent the minimum and maximum bounds of E (top). 

Strain at break compared to the initial length (bottom). 
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Figure 30 (a) Comparison of experimental and fitted stress curve of e-BHJ. (b) 

Elasticity vs. strain plot derived from the engineering stress-strain curve. 
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Figure 30 (a) illustrates a comparison of the stress-strain curve between engineering 

stress-strain (Eng. - Eng.), true stress-engineering strain (True - Eng.), and true stress-strain 

(True - True) on the mechanical behavior of e-BHJ. The nonlinear stress-strain curves were 

fitted to a third-order polynomial equation, and the elasticity was calculated via the 

derivative of the third-order polynomial equation in Figure 30 (b). 

 

Table 2 Mechanical properties of freestanding films extracted from the stress-strain 

plots. 

Film 

Tensile 

Modulus 

(MPa) 

Modulus of 

Toughness 

(MJ/m3) 

Strain at 

Break 

(%) 

Tensile 

Strength 

(MPa) 

e-BHJ 2.4 2.2 189 2.4 

r-BHJ 259 0.3 6 9.3 

Pristine SEBS 0.8 1.0 192 0.9 

 

5.3 Stretchable Electrodes 

Unlike FETs, since the area where charges are generated for OPDs is directly 

overlapped with the electrodes, therefore, a small crack on the photoactive layer under 

strains results in short-circuited and critical failure. Several groups have demonstrated 

stretchable electrodes using carbon nanotubes,50 silver nanowires,33 and Graphene.51 

However, these nanomaterials have inherently high surface roughness and low 

conductivity compared to conventional metals. An alternative solution, though with 
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slightly more complicated is to use a conducting polymer, PEDOT:PSS which possesses 

excellent mechanical flexibility, high optical transparency, and facile solution 

processability. In an attempt to impart stretchability on PEDOT:PSS, the introduction of 

ionic liquid or plasticizer into PEDOT:PSS to provide a free volume is not yet reliable.44,45 

In reality, since OPDs using pre-strained PEDOT:PSS as bottom electrode has long been 

demonstrated,13,14 a practical alternative is to use PEDOT:PSS on strained PDMS. 
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Figure 31 (a) Structure of pre-strained PDMS/PEDOT:PSS electrode. (b) Normalized 

resistance vs. strain plot. 

 

Figure 31 (a) shows the structure of pre-strained PDMS/PEDOT:PSS electrode. The 

fabrication details are discussed in section 3.2.3. As shown in Figure 31 (b), Even though 

the PDMS/PEDOT:PSS without pre-strain electrically and mechanically failed at a strain 

value of 5%, the normalized resistance of 30% pre-strained PDMS/PEDOT:PSS is 

electrically functional up to 60% strain value. Moreover, it was found that 60% pre-strained 

PDMS/PEDOT:PSS film sustains significantly larger strain values. This data supports that 

strain at failure is highly dependent on the amount of pre-strain of PDMS. 
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Figure 32 Optical microscopy image for 30% pre-strained PDMS/PEDOT:PSS under 

different strains 
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Figure 32 shows the optical microscopy image for 30% pre-strained 

PDMS/PEDOT:PSS under different strains. Under strain value of 0%, PEDOT:PSS is 

winkled due to lateral compression stress. As increases in the strain to 30% used during 

PEDOT:PSS deposition, the wrinkles disappear. However, it was found that cracks start to 

be generated under a strain of 70%. This is consistent with the failure of pre-strained 

PDMS/PEDOT:PSS occurs in the vicinity of 60% shown in Figure 31 (b). To further 

enhance the stretchability of the electrode, PEDOT:PSS was spin-coated on a 60% pre-

strained PDMS film, shown in Figure 33. There is no sign of cracks until a strain of 160%. 

These results show that applying more pre-strain on PDMS improves the stretchability of 

the electrode. However, once released from strain of PDMS upon deposition of 

PEDOT:PSS, lateral cracks are generated due to the vertical tensile stress on the films 

based on Poisson effect. This could potentially lead to being short-circuited when 

combining with e-BHJ on top of the electrode. Practically, 30% pre-strain 

PDMS/PEDOT:PSS is a better option for fully stretchable OPD. 
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Figure 33 Optical microscopy image for 60% pre-strained PDMS/PEDOT:PSS under 

different strains 
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5.4 Optoelectrical characteristics of e-OPDs 

5.4.1 Photodetector characteristics 

 

Figure 34 Dark current (top) and root-mean-squared noise box plot (bottom) under 

different strains. 

 

We now demonstrate the use of e-BHJ films to realize elastomeric OPDs, hereon 

referred to as e-OPD. The fabrication process and structure of e-OPD with an e-BHJ was 

discussed in section 3.2.3. A key difference with respect to previous work is that, in the 
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first step, only PEDOT:PSS was spin-coated directly onto a 30% pre-strained PDMS film. 

In the second step, the substrate was released and the e-BHJ was spin-coated on top of the 

buckled PDMS/PEDOT:PSS substrate. In such geometry, the e-BHJ experiences not only 

flexural deformation but also elastic deformation. Last, a drop of eutectic metal GaIn was 

used as top electrode. The photodetector characteristics of e-OPDs were then measured as 

a function of strain. Note that the e-OPD was released to 0% strain between different strain 

values. Figure 34 (top) shows that Idark vs. V characteristics of e-OPDs are comparable to 

those measured on OPDs with an e-BHJ on rigid glass substrates and remain comparable 

under reverse bias up to 60% strain. 
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Figure 35 Optical power-dependent photocurrent (top) and responsivity (bottom) 

under different strains 

 

Furthermore, Figure 34 (bottom) shows that the distribution of Irms values is similar 

to those found on OPDs with e-BHJ on a rigid substrate, with median values of 27 fA in 

unstrained e-OPD and 51 fA at 60% strain. Figure 35 shows that up to a strain value of 

60%, the photocurrent varies approximately linearly with optical power for values between 

1 nW and 1 µW, yielding a ℜ(653 nm) of 4 mA/W. Deviations at optical power values 

larger than 1 µW are caused by the increased series resistance when e-OPDs are subjected 

to 60% strain (Figure 34, top). At values below 100 pW, ℜ(653 nm) decreases as the optical 

power approaches the NEP. 
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Figure 36 Analysis of photodetector metrics for unstrained e-OPD. (a) Optical power 

dependence of transient current and photocurrent. (b) Optical power dependence of 

signal-to-noise ratio. 
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Figure 36 shows that unstrained e-OPDs yield a NEP value of 13 pW. Figure 37 (top) 

shows that NEP values (653 nm, 1.5 Hz) at 0 V are in the range between 13 and 24 pW for 

e-OPDs strained up to 60%. These values are consistent with values measured on rigid 

OPDs with an e-BHJ and demonstrate that e-OPDs can sustain up to 60% strain without 

substantial degradation, yielding an average D* value of 2.3 × 1010 Jones (Figure 37, 

bottom) at 653 nm. 

 

Figure 37 Noise equivalent power (top) and specific detectivity (bottom) under 

different strains 
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Beyond strain values of 60%, the e-OPDs failed. As discussed in Figure 31 (b) this 

is because the normalized resistance (R/R0) of as-deposited and pre-strained 

PDMS/PEDOT:PSS increases rapidly when the applied strain surpasses the PDMS strain 

used during PEDOT:PSS deposition. However, it was found that pre-strained 

PDMS/PEDOT:PSS/e-BHJ films can sustain significantly larger strain values. This data 

supports that failure of e-OPDs beyond 60% strain is caused by failure of the 30% pre-

strained PDMS/PEDOT:PSS electrode rather than the e-BHJ layer. To further confirm this, 

e-OPDs were fabricated on 60% pre-strained PDMS/PEDOT:PSS electrodes. Figure 38 

(top) shows that the Idark vs. V characteristics of e-OPDs are even superior to those found 

on e-OPDs shown in Figure 34 (top) as they sustain strain values up to 100% without 

substantial degradation. Furthermore, the distribution of Irms values shown in Figure 38 

(bottom) remains similar to those found on rigid OPDs with an e-BHJ and e-OPDs shown 

in Figure 34 (bottom), with median values between 30 and 38 fA for strain values up to 

100%. 
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Figure 38 Dark current (top) and root-mean-squared noise box plot (bottom) of e-

OPD using 60% pre-strained PDMS/PEDOT:PSS. 

 

5.4.2 Response Time 
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Figure 39 Response time of e-OPD under different strains. (a) 10%-90% response 

time. (b) Frequency-dependent normalized responsivity. 
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We investigated the response time of e-OPD by connecting them to a transimpedance 

amplifier circuit with a 3 dB bandwidth of 530 kHz and by measuring their response time. 

As shown in Figure 39 (a), response time values ranged from 60 µs to 79 µs up to 50% of 

strain, then doubled to 142 µs at 60% strain. This increase is correlated with an RC time 

increase due to the increased resistance of pre-strained PDMS/PEDOT:PSS, as shown in 

Figure 31 (b). Figure 39 (b) shows that a 3dB normalized responsivity bandwidth of 7 kHz 

is maintained up to ca. 50% of strain and falls to 1 kHz at 60% strain. Similar to rigid OPD, 

these 3dB bandwidth values are sufficiently high for the range of applications such as PPG 

sensors.  
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5.5 Operational Stability in Ambient Air 

 

Figure 40 (a) Structure of e-OPD with encapsulation (b) Normalized responsivity vs. 

Exposure time under different conditions 
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In an attempt to investigate operational stability in ambient air, As shown in Figure 

40 (a), the PDMS was poured on top of e-OPD. Then the sample was stored for 72 hours 

at room temperature in an N2-filled glove box to solidify PDMS. Figure 40 shows the 

normalized responsivity under different conditions. The device without encapsulation 

exhibits complete failure after 244 hours in an ambient atmosphere. However, the device 

with encapsulation maintains 30% of the original responsivity. Although the device with 

encapsulation in an ambient atmosphere was degraded severely compared with the device 

in an N2-filled atmosphere, it was found that PDMS encapsulation delays the 

photooxidation reactions of donors and acceptors. 52-54 
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CHAPTER 6. CONCLUSION AND FUTURE WORK 

6.1 Conclusion 

This dissertation reports on the first demonstration of stretchable organic 

photodiodes using an elastomeric organic photoactive layer comprising a blend of the soft 

elastomer matrix SEBS, with the donor polymer P3HT, and the acceptor ICBA. Bulk 

heterojunctions constitute the basis of organic photodiodes used for either photovoltaic or 

photodetector applications. This elastomeric bulk heterojunction photoactive layer shows 

skin-like mechanical properties, i.e. Young’s modulus values in the range from 2.4 to 6.9 

MPa and strain at break of 189%. Most bulk heterojunctions in the literature cannot be 

considered as elastomeric bulk heterojunction because they have larger Young’s modulus 

values in the range from 200 MPa to 1 GPa, which are two orders of magnitude larger than 

values of human tissues (< 30 MPa) and typical elastomers (e.g. PDMS and SEBS). In 

addition to skin-like mechanical properties, these elastomeric bulk heterojunctions yield 

elastomeric organic photodiodes using pre-strained PDMS/PEDOT:PSS with measured 

electronic noise currents ranging from 27 fA to 51 fA and NEP values from 13 pW to 24 

pW at a wavelength of 653 nm with a bias of 0 V when subjected to strain values of up to 

60%. Especially, the photocurrent varies approximately linearly with optical power, 

yielding a responsivity of 4 mA/W and the average specific detectivity of 2.3 x 1010 Jones 

at a wavelength of 653 nm with a bias of 0 V, which is two orders of magnitude lower than 

that of rigid commercially available low-noise SiPDs and state-of-the-art P3HT:ICBA 

organic photodiodes. Furthermore, the response times of elastomeric organic photodiodes 
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are maintained in the range of 60 µs to 79 µs up to 50% of strain, then doubled to 142 µs 

at 60% strain. This yields a 3 dB normalized responsivity bandwidth of 7 kHz up to 50% 

of strain, which is sufficiently high for the range of biomedical applications such as PPG 

sensors. Although examples of stretchable organic photodiodes in the context of 

photodetection exist in the literature, they use non-elastomeric bulk heterojunction 

laminated onto a pre-strained substrate and their performance metrics were not measured 

beyond their dark current density, which is approximately 2 orders of magnitude larger 

than the one measured in our photodiodes. Hence, the stretchable organic photodiodes 

using an elastomeric organic photoactive layer reported in this work do not only show skin-

like mechanical properties but they also define the state-of-the art in terms of performance 

with an improvement of two orders of magnitude in dark current density compared to prior 

art. Therefore, the detailed characterization and measured level of performance of our 

elastomeric organic photodiodes should be considered a new milestone in the field of 

stretchable photodetectors. 

This research is expected to be of great help in breaking the boundary between the 

biological world and digital devices by providing a proof-of-principle demonstration that 

the approach to engineer intrinsically stretchable photoactive layers helps organic 

photodiodes maintain their mechanical and optoelectrical performance up to 60% of tensile 

strain. This unique combination of properties could enable a myriad of new applications 

such as a skin-mounted sensor that can measure body signals at any time, sensors for 

artificial eyes, and artificial skin for soft robots by enabling the seamless integration of 

optoelectronics with soft materials. 
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6.2 Future Work 

6.2.1 Monitoring Photoplethysmogram (PPG) 

PPG is a noninvasive technique that optically detects the changes of blood vessel 

volume in the microvascular bed of tissues for heart rate monitoring. The volume of 

subdermal blood vessels changes as the arterial pulsation, which in turn leads to the 

absorptive, reflective, and scattered light through the skin. Thus, the photodetector can 

monitor the pulsation signals, including diastolic and systolic signals. For this reason, to 

accurately detect the bio-signal, the adhesion between the skin and the photodetector is 

critical. The stretchable photodetector we developed has Young's modulus similar to that 

of skin and has high detectivity so that PPG signal can be monitored sufficiently. Since it 

was confirmed that our device with encapsulation works well in an ambient atmosphere, 

the measurement of body signal with e-OPD will be the subject of future work. 

 

6.2.2 Phosphomolybdic Acid (PMA) Doping 

A drawback of the device we developed above is the use of liquid metal. Since all 

layers except for EGaIn are made of thin films spin-coated, the whole structure of the 

device inherently has instability due to the liquid properties of EGaIn. To overcome this, a 

thin hole collecting layer can be created by doping PMA on top of e-BHJ to replace liquid 

metal. In addition, This can replace opaque EGaIn, making all layers semi-transparent as 
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well as stretchable.  It can be potentially used for windows in buildings or where 

transparency is required. 

 

6.2.3 Stretchable OPV Device 

A highly stretchable organic photovoltaic device applies to solar roofing on non-

planar surfaces of vehicles and buildings, and powering system on robotic limbs for 

conformable coverage.55 However, the existing donor and acceptor materials for OPV 

applications do not possess elastomeric properties. Recently, the emergence of non-

fullerene acceptors enabled single-junction OPVs to achieve PCE as high as 15.6% using 

PBDB-TF as a donor.56 Since SEBS is well miscible in most organic solvents, our 

preliminary results potentially show that blending elastomeric SEBS into a high-efficiency 

donor such as PBDB-TF or PTB7 and non-fullerene acceptor, such as ITIC derivatives or 

Y6, which can cover Vis-NIR range, may open a new way of universally imparting 

stretchability on organic BHJ film. 
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