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The integration of triplet-triplet annihilation (TTA) components as electrically and optically 

active elements in vertically-configured photoactive device architectures is a challenging task to 

achieve. Herein we present a simple methodology for incorporating a photon absorbing layer of 

the (2,3,7,8,12,13,17,18-octaethyl-porphyrinato) PtII (PtOEP) metallorganic complex, as a self-

TTA annihilator medium in a sandwich-like photodiode device structure. At low power 

illumination, the PtOEP photodiode exhibits photocurrent generation via the fusion of optically 

induced PtOEP excited states and it develops an open-circuit voltage (VOC) as high as 1.15 V. 

The structural and the spectroscopic characterization of the nanostructured PtOEP photoactive 

layer in combination with density functional theory calculations identify PtOEP dimer species as 

the annihilating excited state responsible for the formation of charges. The participation of the 

fusion process in the mechanism of charge photogeneration manifests in the quadratic 

dependence of the short-circuit current density (JSC) on the incoming photoexcitation intensity, 

both when incoherent and coherent light is used for illuminating the PtOEP diodes. The non-

linear photoresponse of the PtOEP device allows for the highly selective and sensitive 

photodetection within the 500 - 560 nm narrow spectral range. At short-circuit conditions a 

power-law is observed on the dependence of the device responsivity on fluence. 
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Organic semiconductor materials represent a leading class of next generation molecular 

systems that have revolutionized the field of optoelectronic devices and have established a range 

of transforming technologies such as light emitting diodes, 1, 2 field effect transistors (FETs), 3, 

solar cells 4 and photodetecting devices. 5 Since the advent of molecular crystals, the formation 

of carriers by light absorption in π-conjugated organic materials has been the topic of intensive 

research.  6Small-molecule and polymeric material structures containing sp2-hybridized carbon 

atoms exhibit high absorption coefficients thereby undergoing highly allowed electronic 

transitions via one-photon absorption steps that result in the formation of excitonic states. 

Especially for the case of vertically-configured photoactive device architectures that aim to 

light detection i.e. organic photodetecting devices (OPDs), charge photogeneration is of 

paramount importance to their performance level. Like in the case of organic solar cell devices, 

the exciton state in OPDs serves as a precursor of charge transfer (CT) states that facilitate 

charge photogeneration. 7, 8 Owing to the relatively high exciton binding energy in organic 

semiconductors, exciton dissociation is rarely spontaneous and it is achieved with the aid of a 

driving force that facilitates the activation of CT states. CT state activation is typically achieved 

by the formation of heterojunctions between the photoexcited organic material and another 

material that is either in the form of unwanted impurities 9 or deliberately placed species capable 

to accept an electron (hole) from the LUMO (HOMO) level of the photoexcited organic material. 

10  In the absence of heterojunctions, intrinsic charge photogeneration is inefficient and may 

occur by i) the compensation of the exciton binding energy with the application of an external 

electric field 9, 11 ii) offsets in the electrostatic potential in the photoactive layer due to the 

different structural organization of the organic material 12, or iii) non-linear light absorption 

processes induced by two-photon or sequential photon absorption. 13 
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 During the last years one-photon absorption OPD platforms have demonstrated a remarkable 

progress. 14 15, 16 17 Irrespectively of the way charges are formed in OPDs, the main figures of 

merit to be considered are the device responsivity parameter (R), the dark current density (Jd), 

the noise-equivalent power (NEP) and the specific detectivity (D*) parameters. The R parameter 

corresponds to the ratio of the registered photocurrent in respect to the incident light intensity 18, 

19. The NEP parameter represents the lowest incident light power at which no discernible output 

signal photocurrent can be obtained in respect to the noise current 16, 20, 21 whereas D* describes 

the ability of the photodetector to respond to low level incident light power, independently of the 

device photoactive area.  22, 23. Recent reports have presented high-performing bulk 

heterojunction donor/acceptor OPD layers of subphthalocyanine derivatives 24 that exhibit low Jd 

and high R values in the order of 53.1 nA cm-2 and 250 mA W-1, respectively.  Fullerene-free 

OPDs deliver state-of-the-art NEP values of 0.22  pW Hz-1/2 under 532 nm illumination 25 and 

D* values as high as 3.3  1011 Jones at 560 nm photoexcitation.  20 Further progress is noted 

recently by covalently linking the donor and the acceptor components of the OPD layer in order 

to achieve a single component OPD photoactive layer. 26 For these OPDs the detection of 633 

nm light with intensity of 500 μW cm-2 was achieved with an R of 0.9 mA W-1 while D* was ~ 2 

× 109 Jones.  

 Contrary to the cases of one-photon absorption devices, not much attention has been paid to 

OPDs that exhibit non-linear photocurrent generation via multiphoton absorption schemes. This 

lack of progress is attributed mainly to the complex technicalities that require the use of 

ultrashort i.e. fs and high repetition laser pulses to establish the proper conditions that facilitate 

the two-photon or sequential photon absorption transitions. Nevertheless, the technological 

significance of non-linear photodetectors has been recognized. 27 An alternative approach for 
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realizing non-linear OPDs without necessarily employing high-power ultrafast pulsed laser 

sources would be the utilization of excited state fusion reactions that in principle can support the 

activation of CT states 28, 29, 30.  

 In this work we set out to explore the possibility to enable photocurrent generation via the fusion 

of long-lived excited states in photodiodes of the (2,3,7,8,12,13,17,18-octaethyl-porphyrinato) 

platinum (II) (PtOEP) phosphorescent dye; a disk-shaped metallo-organic complex that is a well-

established triplet-emitter in organic electronics. 31 The long-lived triplet excited state of PtOEP 

offers the opportunity to achieve a non-linear photoresponse by employing less demanding 

optical photoexcitation schemes i.e. incoherent light sources or low-power, continuous-wave 

(cw) monochromatic laser photoexcitation. For our work we focus on a vertically-configured 

OPD device platform with a thermally evaporated PtOEP photoactive layer. The absorption 

spectrum of PtOEP layer lies within the visible spectral range; its absorption edge is located at 

about 640 nm and it is attributed to the S0 – T1 transition. By photoexciting the PtOEP complex 

at lower wavelengths (500 – 600 nm, Q-band) the first singlet excited (S1) state is populated. 32, 

33 In presence of the Pt heavy atom, the efficient spin–orbit coupling (SOC) between the singlet 

and triplet manifolds facilitates the fast intersystem-crossing (ISC) to the triplet excited state (T1) 

from where phosphorescence is generated. Based on the peak intensity of the characteristic 

PtOEP phosphorescence, the energy of the first triplet excited level is placed at 1.9 eV.  In 

addition, PtOEP possesses a deep highest occupied molecular orbital (HOMO) level that is 

energetically placed at -5.3 eV 34, 35, thereby making PtOEP suitable to facilitate hole extraction 

at the hole-collecting electrode of a photodiode device structure. Owing to its long-lived triplet 

excited state, PtOEP has the capability to undergo triplet-triplet annihilation (TTA) reactions and 

to store photon energy in a TTA-mediated higher lying PtOEP state. 36 37 38 39 40 It is therefore 
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meaningful to consider PtOEP as an ideal material for establishing TTA-driven charge 

photogeneration. Being electronically coupled in a photodiode configuration, PtOEP can 

undertake simultaneously the roles of photon absorbing, TTA annihilating, charge generating 

and charge transporting material. Concerning charge transport, p-channel organic FETs with 

epitaxially grown PtOEP layers have been demonstrated where hole mobility was found to be as 

high as μFET = 2.2 ×10-4 cm2 V-1s-1. 41 In disk-shaped metallo-porphyrin complexes charge 

transport takes place along the π-π stacking direction of the porphyrin macrocycles. While in 

amorphous metallo-porphyrin films hole mobility is limited by trapping sites 42, the development 

of well-structured porphyrin assemblies 43 can improve stacking along the π-π direction. Earlier 

studies have proposed the use of porphyrin complexes for charge photogeneration via triplet 

exciton dissociation. 44 In regard to photoconductivity, the propensity of PtOEP films to produce 

charges after photoexcitation has been studied in symmetric photodiodes, equipped with 

semitransparent aluminum (Al) electrodes. 45 In those systems, photoconductivity in PtOEP was 

monitored in ambient atmosphere and at room temperature after exciting the PtOEP photodiodes 

with incoherent light, while applying an electric field of 1.5 ×105 V cm-1. Photoconductivity in 

PtOEP devices was attributed to the dissociation of PtOEP triplet excitons that proceeds 

according to the Onsager theory of geminate charge recombination. 10 The short-circuit current 

density of those photodiodes was found to follow a linear-to-square root dependence on light 

fluence, and the observed transition was understood as the outcome of photocurrent losses due to 

bimolecular charge recombination when fluence exceeded the threshold of 1014 cm-2s-1.  

In our present work we demonstrate the capability of PtOEP photodiodes to support non-linear 

photocurrent generation vie excited state fusion that manifests in the quadratic dependence of 

photocurrent density on photoexcitation. When a 532 nm cw-laser source is used the obtained JSC 
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and VOC of the PtOEP-photodiodes become as high as 0.24 mA cm-2 and 1.15 V, respectively. 

Our work demonstrates a generic scheme of how triplet exciton annihilators can be employed as 

optically and electrically integrated interlayers to sensitize vertically-configured OPD and OSC 

device platforms via TTA reactions.  

  Figure 1a presents the chemical structure of PtOEP, together with the frontier level alignment 

of the metallo-porphyrin in respect to the work function of the device electrodes. As shown in 

Figure 1b, the typical external quantum efficiency (EQE) spectrum of the PtOEP photodiode 

confirms the responsivity to incoming light. A clear photo-response is observed albeit the 

photocurrent generation efficiency of the system remains very low. In the obtained EQE spectra, 

two spectral features are clearly discernable at 3.26 eV (380 nm) and at 2.25 eV (550 nm) with 

EQEs in the order of 0.10%. Direct comparison with the absorption spectrum of PtOEP in dilute 

solution points to the origin of the EQE features. The photocurrent peak detected at about 2.25 

eV corresponds to onset of the Q-band in the absorption spectrum of PtOEP, thereby suggesting 

that charge photogeneration is barrierless. The high energy photocurrent peak is attributed to 

transitions within the Soret absorption band of PtOEP. In respect to the UV-Vis absorption 

spectra in solution, both EQE features of PtOEP are spectrally broadened. Moreover, the full-

width half maximum (FWHM) value of the photocurrent peak at 550 nm is increased in respect 

to the FWHM value of the Q-absorption band. The low efficiency with which carriers are 

photogenerated in the PtOEP photodiode should not be surprising given the absence of a 

heterojunction in the photoactive layer that could drive exciton dissociation via charge transfer. 

One could argue that by considering the PtOEP layer thickness (120 nm) and the asymmetric 

electrodes used in the PtOEP-photodiode, the observed photocurrent originates from the portion 

of weakly bound PtOEP excitons that are fully separated by the build-in electric field of the 
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photodiode device. Given the relatively high dielectric constant of PtOEP (ε=12) 46, the 

dissociation of the PtOEP excitons is likely facilitated by the well-ordered fraction of the 

thermally evaporated layer. 
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Figure 1: a) Chemical structure of PtOEP, energy levels of the materials and electrodes work 

function. b) the external quantum efficiency spectrum of a PtOEP device and the scaled 

absorption spectrum of a PtOEP solution in toluene, c) J-V curves under dark and light 

conditions and d) the dependence of device JSC on the power of white light used to illuminate the 

diodes. 
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We have further recorded the J-V characteristics of the PtOEP photodiodes under white light 

illumination, as provided by a Hg/Xe arc lamp. Figure 1c presents the obtained light J-V curves 

of the PtOEP diode at different incoming light power, together with the dark J-V characteristics 

of the device. For an illumination power of 21 mW, the open-circuit voltage (VOC) and the short-

circuit current density (JSC) of the device become VOC ~ 0.6 V and JSC ~ 23 μA cm-2. Unlike 

previous results of studies on the photoconductivity of porphyrin-based materials 45, 47, Figure 1d 

shows that the device JSC exhibits a quadratic dependence on the incoming light power. 

Considering the incoherent nature of light used for photoexciting the PtOEP device, this 

observation is rather surprising as it suggests the participation of a non-linear process 13 in the 

mechanism of charge photogeneration in the PtOEP device system. 

In order to gain solid insight on the observed photocurrent dependence on light power we first 

addressed the structural properties of the PtOEP photoactive layer. Figure 2a presents the X-ray 

diffractogram (XRD) of a thermally evaporated PtOEP film on a quartz substrate. For reference 

purposes, XRD patterns are presented for PtOEP in the powder form and for a solution-

processed PtOEP film. The latter was obtained by spin coating of a PtOEP solution in toluene in 

which PtOEP was mixed (10 wt%) with a high molecular weight atactic-poly(styrene) (a-PS) 

derivative. 
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Figure 2. a) XRD patterns of the PtOEP system in the form of powder (black line), a thermally 

evaporated film (red line) and a spin-coated a-PS:PtOEP film (blue line). b) Tapping mode AFM 

image of the evaporated PtOEP film on glass/ITO/PEDOT:PSS. c) DFT calculated side-view of 

the PtOEP dimer configuration, and d) oscillator strength for PtOEP monomer (blue) and dimer 

(red). 

As shown in Figure 2a, the solution processed a-PS:PtOEP film is found to be amorphous. In 

contrast, the XRD pattern obtained for the thermally evaporated PtOEP film indicates the 

presence of PtOEP crystalline features that confirm the contribution of PtOEP structural order in 

photocurrent generation. With respect to the angular position of the (001) planes of PtOEP in the 

powder form PtOEP (2θ= 8.86), the observed diffraction peak of the evaporated PtOEP film is 

placed at 2θ= 7.87, indicating a periodicity of d= 11.2 Å.  Control measurements on a similarly 
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prepared PtOEP film evaporated on a glass/ITO/PEDOT:PSS electrode exhibited an identical 

XRD  (not shown) without differences in the angular position of the PtOEP (001) planes.  The 

derived periodicity of 11.2 Å is attributed to the intercolumnar distance between PtOEP columns 

in the layer that adapt an edge-on orientation on the quartz substrate. 48 Based on the FWHM of 

the (001) diffraction peak the calculated coherence length of the PtOEP crystallite is L= 40 nm. 

We further applied atomic force microscopy (AFM) imaging for the mapping the surface 

topography of the evaporated PtOEP film on glass/ITO/PEDOT:PSS substrate. As shown in 

Figure 2b the surface of the film is found relatively smooth with a root mean square roughness 

(Rms) of 2.8 nm.  In good agreement with the obtained XRD characterization results, the 

topography mapping verifies the formation of PtOEP crystallites on the PtOEP film surface with 

an average size of 50 nm. 

 Both XRD and AFM studies provide evidence in support the semicrystalline character of the 

thermally evaporated PtOEP film.  For investigating the exciton coupling effects between the 

PtOEP molecules in the crystalline fraction of the film and for addressing their impact on the 

absorption properties of the PtOEP system, density functional theory (DFT) calculations were 

performed on isolated (i.e. monomer) and aggregated (i.e. dimer) PtOEP species. The 

aggregation of PtOEP was studied based on constraint optimizations of the PtOEP dimer wherein 

the interatomic Pt – Pt distance of the two π-π stacked PtOEP molecules was kept fixed to 8.165 

Å, as obtained from the packing motif of the PtOEP single crystal. 49. In these calculations the 

ethyl side groups of the PtOEP macrocycle were explicitly considered. According to the DFT 

results the interaction of two PtOEP monomers affects the PtOEP Q-band spectral 

characteristics. As shown in Figure 2d, the low energy transitions found at 506 and 507 nm for 
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the PtOEP monomer split and exhibit a red-shift to 554 nm and 562 nm for the constrained 

PtOEP dimer.  

 As a next step, the UV-Vis absorption spectra of the thermally evaporated PtOEP film were 

measured. For reference purposes, the UV-Vis spectra of the spin-coated a-PS:PtOEP film were 

also recorded. Figure 3a and Figure 3b present the normalized absorption spectra of these films 

in the range 450 – 600 nm where the Q-band of the PtOEP film is positioned. The spectrum of 

the spin-coated a-PS:PtOEP is found similar to that of PtOEP in dilute solution (see Fig. 1b), 

exhibiting absorption peaks of the Q-bands at 503 nm and 536 nm. In contrast, the absorption 

spectrum of the thermally evaporated film is found distorted; the Q-bands are broadened and red-

shifted, while a shoulder appears in the absorption band between 540 – 550 nm (Supporting 

Information section). In light of the DFT findings, the splitting of the low energy Q-band is 

attributed to the onset of PtOEP dimer species formation in the thermally evaporated PtOEP 

film. 
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Figure 3. Normalized absorption (black line) and photoluminescence (red line) spectra of  

the a) spin-coated a-PS:PtOEP film and b) thermally evaporated PtOEP film. c) Normalized 

photoluminescence spectra of the thermally evaporated PtOEP film, as acquired at different laser 

photoexcitation powers; 1 mW (black line), 10 mW (red line) and 100 mW (orange line). d) The 

dependence of the spectrally integrated PL signal of the PtOEP monomer between 650 – 655 nm 

(red squares) and the PtOEP dimer luminescence between 755 – 815 nm (red filled circles) on 

laser fluence. In all cases the data were acquired after cw laser photoexcitation at 532 nm.  

 Further evidence for the occurrence of intermolecular interactions comes from the comparison 

of the photoluminescence (PL) spectra of the spin-coated and thermally deposited PtOEP films, 

as obtained after photoexcitation at 532 nm. Comparing the PL spectra of the two systems, a red-
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shift is found in the typical PtOEP phosphorescence band, from 644 nm (a-PS:PtOEP, Figure 3a) 

to 650 nm (thermally evaporated PtOEP film, Figure 3b). What’s more, the characteristic 

signature of the triplet dimer PtOEP 50 is clearly detected in the PL spectrum of the thermally 

evaporated PtOEP film, positioned at 780 nm. Figure 3c presents the normalized PL spectra of 

the thermally evaporated film, as obtained after photoexcitation at 532 nm at progressively 

increased laser powers. As laser power increases from 1 mW to 100 mW, the relative PL 

intensity of the PtOEP triplet dimer diminishes by exhibiting a ratiometric relationship in regard 

to the phosphorescence intensity of the PtOEP monomer. The PL dependence of the two PtOEP 

spectral features on photoexcitation intensity was studied in more detail. Figure 3d presents the 

fluence dependent spectrally integrated PL intensity of the monomeric phosphorescence and of 

the triplet dimer emission signal. In the low fluence regime, the PL intensity of the PtOEP triplet 

dimer exhibits a square root dependence on fluence that suggests the occurrence of bimolecular 

annihilation events between the dimer species. Annihilation between CT states has been 

observed previously in other organic systems 51, and similarly the PtOEP system in the form of 

thermally evaporated films is prone to these effects. 52 At the same photoexcitation regime, the 

dependence of the PtOEP monomer phosphorescence is nearly linear, and only when fluences 

higher than 1 × 1019 cm-2 s-1 are used a sublinear dependence is observed that suggests the onset 

of TTA reactions between triplet PtOEP excitons. The different thresholds of fluence where TTA 

reactions become important for the PtOEP triplet exciton and the PtOEP triplet dimer relate to 

their diffusion coefficient. With respect to the triplet PtOEP excitons, the triplet PtOEP dimer 

species is more susceptible to bimolecular reactions due to its lower diffusion coefficient. 52 

Interestingly, the annihilation effects between triplet PtOEP dimer species correlate with the 

generation of photocurrent in the PtOEP device. In order to understand deeper how the fusion 
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events between PtOEP triplet dimer photoexcited states impact the photo-response of the PtOEP 

photodiodes, J-V characteristics were recorded for a range of 532 nm laser photoexcitation 

intensities. 
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Figure 4. a) J-V curves of PtOEP device under 532 nm cw laser photoexcitation.  

b) PtOEP-photodiode short-circuit current density (red fill circles) and photocurrent density at  

-1 V (green fill circles) dependence on laser fluence. The dependence of a reference Si-based 

photodiode JSC (magenta filled circles), on fluence is also displayed (guide to the eye slope 

lines). c) open-circuit voltage (VOC) on the natural logarithm of excitation laser power (lnP) for 

the PtOEP-based (red filled squares) and Si-based (magenta filled squares) photodiodes. 

 The J-V curves acquired at different laser powers is presented in Fig. 4a, together with the 

corresponding dark J-V curve of the PtOEP-based device. From the data shown Fig. 4a the JSC 

and VOC parameters of the PtOEP device were derived for each laser power. The dependence of 
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JSC on laser fluence and of VOC on laser power are presented in Figure 4b and Figure 4c, 

respectively. For reference purposes, a commercially available Si-based photodetector was 

characterized under identical photoexcitation conditions and the excitation dependent JSC and 

VOC parameters are also presented. In good agreement with the quadratic dependence seen for the 

device JSC under white light illumination (Fig. 1d), Fig.4b shows that the JSC of the PtOEP device 

scales with the square of the incoming laser intensity at first while at higher fluences it gradually 

becomes linear. This square-to-linear transition is not observed in the case of the reference Si-

based photodetector which exhibited a linear response across the entire fluence range used. 

When operating the PtOEP device at -1 V reverse bias, the dependence of photocurrent density 

JPh on fluence becomes linear for all fluences. In the presence of an externally applied electric 

field photogenerated charges become more mobile and have increased probability to participate 

in annihilation reactions with the PtOEP excited states. 53 Notably, at fluences higher than 5 × 

1014 cm-2s-1 (~ 10 μW average laser power) both under -1 V reverse bias and at short-circuit 

conditions the device photocurrent exhibits a sublinear dependence on fluence that indicates the 

dominance of charge recombination losses. 10 

 Turning attention to the impact of increasing photoexcitation intensity on VOC, Figure 4c shows 

that VOC gradually rises as laser power increases reaching to a plateau of 1.15 V. In principle, the 

dependence of VOC on excitation intensity is expressed according to 𝑉𝑂𝐶 = 𝛽
𝑘𝑇

𝑞
ln𝑃, where k 

corresponds to the Boltzmann constant, T to the absolute temperature, β to the thermal voltage 

(
𝑘𝑇

𝑞
) coefficient, and P to the laser power. 54 By fitting the data of Figure 4c in this manner a 

thermal voltage coefficient value of β=8 is obtained that is well above the typical values between 

1-2. 55 As shown in Fig.4c, the thermal voltage coefficient of the reference Si-photodiode is 

β=1.5 We presume that the performance of the PtOEP-only device is limited primarily by 
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nongeminate charge recombination losses due to the improper edge-on orientation arrangement 

of the disk-shaped PtOEP molecules on the device electrodes. This packing motif places the 

PtOEP π-π stacking direction vertically in respect to the required charge flow paths across the 

device electrodes.  The structural defects that arise from this orthogonality impact negatively on 

the charge transport. Based on the dark J-V curves of unipolar hole-only PtOEP devices (see 

Figure S2 in Supporting Information), the zero-field electron hole (μh) mobility was determined 

to be μh = 3.7 × 10-12 cm2 V-1 s-1.   

Despite the non-optimized microstructure of the thermally evaporated PtOEP layer, the PtOEP-

based photodiode offers an ideal opportunity to establish a platform for non-linear photocurrent 

generation with low photoexcitation power. Figure 5 presents the power-dependent values of the 

R device parameter. Αt -1 V reverse bias operation R is virtually independent on fluence, 

following the R  fluence0.007 power-law. Practically it is found that R nests close to the level of 

0.8 mΑ W-1 while the dark current density (Jd) is 13.2 μA cm-2. In comparison with the state-of-

the-art OPDs, the significantly weaker response of the herein presented PtOEP-based 

photodetector is not surprising considering that charge photogeneration is driven by the TTA-

based mechanism. Contrary to the conventional route for charge photogeneration via the 

dissociation excitons formed by one-photon electronic transitions, the bimolecular nature of the 

TTA-driven charge generation mechanism in the single component PtOEP layer is less efficient. 

The applicability of the PtOEP system as a TTA-operated OPD unit was examined further by 

considering the NEP and D* figures of merit. As presented in Table 1, the high Jd and low R 

values of the PtOEP photodetector concomitantly result in NEP and D* values within 0.4 – 0.8 

nW Hz-1/2 and 3 - 6 × 108 Jones, respectively. Table 1 summarizes the values of these parameters 
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when operating the PtOEP- photodiode at the reverse bias of -1 V, under cw 532 nm laser 

illumination within the 1 μW - 3 mW regime of optical excitation.  

 

 

 

 

 

Figure 5. Fluence dependent responsivity of the PtOEP device when operating at short-circuit 

(filled symbols) and -1 V (open symbols) reverse bias conditions under illumination with a cw 

532 nm laser. Dash lines correspond to power-law fits on the data. 
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Table 1: Optical power dependent values of the noise equivalent power (NEP) and specific 

detectivity (D*) parameters for the PtOEP photodiode operated at -1 V under 532 nm cw-

excitation. 

Incident light power / μW NEP / pW Hz-1/2 (a) D* / Jones 

1.8  790 2.91  10
8

 

3  710 3.24  10
8

 

4.6  820 2.78  10
8

 

5.8  780 2.93  10
8

 

30 760 3.00  10
8

 

300 570 4.05  10
8

 

920 400 5.77  10
8

 

2910 390 5.92  10
8

 

(a) as measured at 1 Hz 

 

The benefit of employing the non-linear photoresponse of the PtOEP photodiode in 

photodetection applications becomes clearer when operating the device at short-circuit. At this 

operation mode, in comparison with conventional OPDs, the PtOEP system offers the 

competitive advantage of high selectivity to low power optical stimulation signals. As shown in 

Figure 5, a gradual increase is observed in R for fluences below 1015 cm-2 s-1 and the power-law 
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dependence of R  fluence0.560 is obtained; that is the PtOEP photodiode exhibits large 

differences in responsivity for minute differences in the incoming low-level photoexcitation 

intensity. At short-circuit conditions, Jd is vanishing and the detectivity of the PtOEP photodiode 

is inherently limited by thermal noise. 16 The highly selective and sensitive photodetecting 

response of the PtOEP photodiode within the 500 - 560 nm narrow spectral range is an attribute 

that can be utilized in next generation photonic and biophotonic applications. 27 

 In summary, we studied the electro-optical properties of a single-component organic 

photodetector with a thermally evaporated PtOEP photoactive layer. Owing to the crystalline 

character of the PtOEP absorber, triplet dimer PtOEP species are formed in the layer that are 

prone to optically induced annihilation effects. With these structural characteristics, in addition 

to the role of light absorber, the PtOEP photoactive layer serves also as an electrically-integrated 

self-TTA activator and charge transporter in the device structure. The annihilation of triplet 

dimer PtOEP species in the layer of the PtOEP-only photodiode facilitates charge 

photogeneration and in combination with the deep HOMO level of PtOEP the development of an 

open circuit voltage as high as 1.2 V was achieved. The contribution of the bimolecular 

annihilation effects between triplet PtOEP dimers in the photoresponse of the device manifests in 

the quadratic dependence of the short-circuit current on photoexcitation intensity. The capability 

of PtOEP to activate photocurrent via self-TTA reactions is an added value to be utilized by a 

manifold of smart light-management photonic devices. A broad gamut of applications is 

envisioned including the use of TTA interlayers for sensitizing visible-blind photodetecting 

devices, stimulating neuromorphic and light-gated neural circuitries, and augmenting light-

driven photocatalytic tandem platforms. 
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Experimental Methods 

Density functional theory calculations: The ground state equilibrium geometries of monomer 

and dimer PtOEP species were obtained using the dual-range local exchange-correlation 

functional M11-L and a mixed basis set, the triple-ζ Pople 6-311++G(d,p) basis set for C, H and 

N atoms and a Lanl2DZ basis with effective core potential for Pt.  Vertical excited state energies 

were computed with linear response time dependent density functional theory (TD-DFT) on the 

basis of the optimized ground structures using the same functional and basis set. 

Materials: Atactic-poly(styrene) (a-PS, average Mw=192000 Da) was purchased from Sigma-

Aldrich, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) was purchased 

from Merck (Clevios HTL Solar) and PtOEP was purchased from Frontier Scientific Inc. All 

materials were used as received without further purification.  

Solution-processing and film development: Binary films of a-PS:PtOEP were deposited via 

spin coating of degassed solutions in toluene onto fused silica quartz substrates, in a nitrogen-

filled glovebox.  

Deposition of PtOEP film and fabrication of PtOEP-only device: Thermally evaporated PtOEP 

films were deposited on fused silica substrates. Photodiode devices with thermally evaporated 

PtOEP active layers were developed based on the conventional device configuration of 

glass/indium tin oxide (ITO)/ PEDOT:PSS/PtOEP/lithium fluoride (LiF)/Aluminum (Al). The 

glass/ITO electrodes (XY15S, surface polished glass/indium tin oxide substrates from Xin Yan 

Technology Ltd.) were ultrasonically cleaned using acetone and isopropanol for 15 min. After 

preliminary cleaning, the substrates were washed with Hellmanex III to remove contaminants 

and residues from the ITO surface. The substrates were again cleaned with deionized water 
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followed by acetone and isopropanol for 15 min and soon after being placed in oxygen plasma 

(100 W power) for 10 min. A solution-processed hole-collecting interlayer of PEDOT:PSS was 

spin-coated at 3000 rpm for 1 min onto the ITO electrodes and thermal annealing was applied at 

200 oC for 20 minutes. The glass/ITO/PEDOT:PSS electrodes were transferred in a N2-filled 

glovebox (PureLabHE, Inert) and a thermal evaporator (Covap III, Angstrom Engineering Inc.) 

coupled to the N2-filled glovebox was used for depositing PtOEP in vacuum (4 × 10−8 mbar) at a 

rate of 0.5 Å/s. A shadow mask was used for facilitating the formation of a PtOEP layer area of 

0.8 cm2. The thickness of the obtained PtOEP film was 120 nm, as determined by a Tencor P16 

Stylus profiler. The device structure was completed with the deposition of thermally evaporated 

LiF interlayer (~2 nm) at a rate of 0.1 Å/s capped by an Al (160 nm) metal electrode. Α shadow 

mask facilitated the LiF interlayer and metal electrode deposition so that an effective device area 

of 0.0525 cm2 was finally obtained. Prior to their removal from the glovebox the 

glass/ITO/PEDOT:PSS/PtOEP/LiF/Al photodiodes were encapsulated with glass slides and 

epoxy resin.  

UV-Vis absorption: The absorption spectra of the thermally evaporated PtOEP and the a-

PS:PtOEP films were recorded with a UV-2700 Shimadzu spectrophotometer operated in 

transmission mode. In all cases, a spectral band width of 1 nm and a scan rate of 1 nm/s were 

used. For measuring the absorption spectra of the PtOEP solution in toluene, a cuvette of 10 mm 

path length was used and the obtained spectrum was corrected with respect to the absorption 

spectrum of pure toluene.  

External Quantum Efficiency and light J-V: External Quantum Efficiency (EQE) spectra were 

registered after the monochromatic illumination of the photodiodes by a 250 W power Quartz 

Tungsten Halogen (QTH) lamp enclosed in an F/1-aperture lamp housing and coupled to a 
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Cornerstone 1/8 m monochromator (CS-130-USB-3-MC), capable of covering the 300-2200 nm 

spectral range. The optical power output of the lamp was determined based on a calibrating 

photodiode (818-UV/DB UV Detector, Newport DB15 Calibration Module) with known 

responsivity, and the EQE spectra of the devices were determined based on the device 

photocurrent as acquired by a source meter unit (2401 Keithley) with a detection limit of 10 pA 

(corresponding to 190 pA/cm2 considering the effective area of the devices under test) and 1 μV. 

Photocurrent density – voltage characteristics of the PtOEP photodiodes were registered both 

under white light illumination and after laser photoexcitation. A Hg/Xe light source (Research 

F/2.2 Illumination Source 200 W Hg/Xe Ozone-free Arc Lamp, Newport) was used as the white 

light source, the output of which was determined based on a calibrating photodiode. For laser 

induced photocurrent measurements a DPSS CW 532 nm laser (MGL-III-532, CNI 

Optoelectronics Tech.CO. Ltd) was used. The obtained J-V curves were recorded as the output 

of the Hg/Xe light source and the cw laser were attenuated progressively with neutral density 

filters of known transmittance.  

Dark Current Characterization: The dark current density of all photodiodes was monitored with 

the acquisition of dark J-V curves recorded in the voltage range between -2 – 3 V when a 

Keithley electrometer (Source Meter Unit 2401) was used. Unipolar hole-only devices with 

thermally evaporated PtOEP layers were fabricated for studying charge transport properties of 

the PtOEP system. The device configuration of the hole-only was 

glass/ITO/PEDOT:PSS/PtOEP/Au. Τhe thickness of thermally evaporated PtOEP films was 

determined by a Tencor P16 Stylus profiler.  

Atomic force microscopy imaging: AFM imaging was performed with a Dimension Icon Bruker 

AFM microscope operated in a tapping mode and triangular geometry probes (Scanasyst-Air) 
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with tip radius between 2 – 12 nm were used.  Topography mapping of the PtOEP thin films was 

applied on thermally evaporated PtOEP layers deposited on glass/ITO/PEDOT:PSS substrates. 

Image processing and statistical analysis were conducted using the Gwyddion software.  

Photoluminescence spectroscopy: Time-integrated photoluminescence (PL) spectra of the 

PtOEP films deposited on fused silica substrates were recorded at room temperature. The emitted 

light was dispersed in a miniature spectrograph (FLAME-S-VIS-NIR-ES) and detected with a 

Sony ILX511B linear silicon CCD array. During PL characterization the films were kept in a 

cryostat that was evacuated by a turbomolecular pump (HighCube 80 Dry Vacuum Pumping 

Station, Pfeiffer Vacuum) so that a dynamic vacuum of a typical pressure of 10−6 mbar was 

maintained during the measurements. Photoexcitation intensity-dependent measurements were 

performed by using the combination of a set of neutral density filters of known transmittance 

values at 532 nm and the average laser power was determined with a thermopile power sensor 

(PS19Q, Coherent Inc.) coupled to a FieldMaxII-TOP power/energy meter (Coherent Inc.). 

X-ray diffraction: The x-ray diffraction (XRD) patterns were acquired in an Ultima IV (Rigaku) 

diffractometer, equipped with a Cu tube (Cu Ka, λ=0.15418 nm) and operated at 40 kV and 40 

mA. The x-ray beam of the instrument was configured in parallel mode by a multilayer curved 

mirror optics (CBO) and the patterns were acquired in conventional Bragg-Brentano scans in the 

2θ range of 5o – 20o.  
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Figure S1. Normalized absorption spectra of a) a-PS:PtOEP 10 wt% film developed by spin-

coating of a toluene solution, b) thermally evaporated PtOEP film. Selected spectral ranges of (a) 

and (b) that present the normalized Q-band absorption spectra of c) a-PS:PtOEP 10 wt% film 

developed by spin-coating of a toluene solution and d) thermally evaporated PtOEP film. 
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Figure S2. Dark J-V curves of a hole-only PtOEP device with the ITO/PEDOT:PSS/active 

layer/Au configuration. The solid line is fit to the data according to Eq. 1 
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𝐿3
𝑒
0.89𝛽√

𝑉

𝐿   Eq. 1 

 

Equation 1 corresponds to a modified Mott-Gurney equation, by considering the Poole Frenkel 

effect [1], where ε0 and ε correspond to the vacuum permittivity and the material dielectric 

constant respectively, μ0 is the zero-field hole mobility, V corresponds to the applied voltage and 

L corresponds to the active layer thickness. 
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