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Abstract: A novel organic optical sensor that integrates a front organic light-emitting diode 

(OLED) and an organic photodiode (OPD) is demonstrated. The stripe-shaped cathode is 

used in the OLED components to create light signals, while the space between the stripe-shaped 

cathodes serves as the detection window for integrated OPD units. A MoO3 (5 nm)/Ag (15 nm) 

bi-layer inter-electrode is interposed between the vertically stacked OLED and OPD units, 

serving simultaneously as the cathode for the front OLED and an anode for the upper OPD 

units in the sensor. In the integrated sensor, the emission of the OLED units is confined by 

the area of the opaque stripe-shaped cathodes, optimized to maximize the reflected light 

passing through the window space for detection by the OPD components. This can ensure 

high OLED emission output, increasing the signal/noise ratio. The design and fabrication 

flexibility of an integrated OLED/OPD device also has low cost benefits, and is light weight 

and ultra-thin, making it possible for application in wearable units, finger print identification, 

image sensors, smart light sources, and compact information systems. 

Keywords: organic sensor; organic light emitting diode; organic photodiode; integrated 

organic electronics 
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1. Introduction 

Organic electronic devices have been developing rapidly and significant progress has been made in 

organic light emitting diode (OLED) displays, white OLED lighting, organic transistors, organic 

photodetectors (OPDs), and organic solar cells [1–5]. Compared to those devices based on inorganic 

semiconductor materials, which still play a major role in the optoelectronic market, the emerging organic 

electronic devices offer additional advantages such as large area, flexibility, and solution-based 

fabrication processes at low costs. Thin film organic optoelectronic devices offer an attractive option for 

achieving flexible organic electronics. Organic semiconducting materials as the active components in the 

devices have many advantages, e.g., thin, lightweight, large area, cost effectiveness, chemical tenability, 

and mechanical flexibility. A variety of organic optoelectronic systems are being explored for application 

in organic photonics in communication [6], all-polymeric optocouplers [7–9], chemical sensing [10,11], 

biosensing [12], refractometers [13], memory [14], and optical integrated systems [15,16]. 

The multilayer organic optoelectronic devices such as multiphoton emission devices [17,18], tandem 

organic solar cells [19], and OPDs with external quantum efficiencies up to 75% across visible light and 

bandwidths approaching 450 MHz have been reported [20]. A typical organic sensor consists of an OPD 

integrated with an OLED [21]. The integration of OPD with OLED in a stacked geometry results in 

better light coupling from OLED to OPD compared with that between discrete devices [22].  

The integrated organic optical bi-functional matrix arrays [23] and bi-stable optical switches [24] have 

been demonstrated. An integrated organic functional device utilizing OLEDs and OPDs for optical 

interconnection with high-speed transmission and flexible optical circuits was also reported [25]. 

However, the existing organic sensors have limited flexibility to achieve monolithic integration of 

organic electronic components for application in large area imaging sensors at low costs. In this work, 

we report our effort to develop a novel organic optical sensor that monolithically integrates a front OLED 

and an OPD. The design and fabrication flexibility provided by the material and process could readily 

construct multilayered organic optoelectronic systems for application in wearable units, finger print 

identification, image scanners, position scanners, smart light sources, and compact information systems. 

2. Experimental Section 

The organic optical sensors were fabricated through monolithic integration of the upper OPD 

components with the bottom stripe-shaped OLED units. The sensor has a configuration of 

glass/OLED/inter-electrode/OPD. Organic photoactive and light-emitting materials with matched 

wavelengths in the photo response of the OPD and electroluminescence (EL) emission of the OLED 

units were selected for fabricating into organic sensors. The front OLED has a device structure of 

ITO/CFx/HATCN(5 nm)/TAPC(85 nm)/CBP:Ir(piq)2acac(10 nm, 4%)/TmPyPB(70 nm)/LiF(1 nm)/ 

Al(50 nm), where a 5 nm thick Dipyrazino[2,3-f:2′,3′-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile 

(HATCN) layer served as a hole injection layer, a 85 nm thick di-[4-(N,N-ditolyl-amino)-phenyl]-

cyclohexane (TAPC) was used as a hole transporting layer, the concentration of the phosphorescent 

dopant of bis(1-phenylisoquinoline)-(acetylacetonate)-iridium (III) (Ir(piq)2acac) in the  

4,4′-bis(carbazol-9-yl)biphenyl (CBP) host was optimized to achieve best emission characteristics,  
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a 70 nm thick electron transport layer of 1,3,5-tri[(3-pyridyl)-phen-3-yl]-benzene (TmPyPB) was used 

for making efficient OLED in the integrated sensor. 

The stripe-shaped Al cathode in the OLED was formed by thermal deposition using a shadow mask, 

with a width of 100 μm arranged in parallel and an interval of 0.45 mm between the two adjacent stripes. 

A blend of zinc phthalocyanine (ZnPc) donor and fullerene C60 acceptor in a weight ratio of 1:1 was 

used as the active layer for the OPD in the integrated sensor. The OPD has a layer configuration of  

Ag (15 nm)/MoO3 (10 nm)/C60:ZnPc (1:1, 35 nm)/C60 (25 nm)/Bphen (7 nm)/Al (70 nm). A 7 nm thick 

4,7-diphenyl-1,10-phenanthroline (BPhen) acts as an electron injection layer. A structurally identical 

control OLED with an active area of 3.0 mm × 3.0 mm and a control OPD with the same structure of 

OPD in the sensor but formed on the ITO anode, glass/ITO/C60:ZnPc (1:1, 35 nm)/C60 (25 nm)/ 

Bphen (7 nm)/Al (70 nm) were also fabricated for process control and performance comparison studies. 

The bare ITO has a sheet resistance of 15 Ω/sq. The ITO substrates were cleaned by ultrasonication 

sequentially with acetone, ethanol, deionized water, and isopropanol for 10 min. The ITO surface was 

than treated by oxygen plasma optimized for the performance of OLEDs [26]. The functional layers 

were deposited by thermal evaporation in a vacuum system with a base pressure of <5.0 × 10−4 Pa. 

The current density-voltage-luminance (J-V-L) and EL characteristics of the OLEDs were measured 

using a spectrophotometer (Photo Research PR650, Photo Research Inc., Chatsworth, CA, USA) and a 

computer-controlled, programmable source meter (Keithley 236 source measure unit, Keithley 

Instruments, Inc. Cleveland, OH, USA). The current density-voltage (J-V) characteristics of the OPDs 

were measured under air mass 1.5 global (AM1.5G) irradiation of 100 mW/cm2 (300W SAN-EI  

XEC-301S solar simulator, beam size: four inch diameter). The intensity of light was calibrated using a 

silicon detector (with a KG-5 filter, Newport, Irvine, CA, USA) to minimize spectral mismatch. 

The modulated optical source, e.g., light from the Xenon lamp (Newport, Irvine, CA, USA), is 

modulated using an optical chopper at 133 Hz and is synchronized with a lock-in amplifier before 

entering the monochromator, and it was used to analyze the spectral response of the OPDs. The time 

response of the OPD to the OLED in the sensor was measured by operating the OLED using a square 

wave pulse voltage source, generated by a function generator (BK precision 3026, BK Precision,  

Yorba Linda, CA, USA) and recorded using an oscilloscope (Agilent infiniium 600 MHz, Agilent, Santa 

Clara, CA, USA). 

3. Results and Discussion 

3.1. Operation Principle of the Organic Optical Sensor 

The schematic diagram of the cross-sectional view of the integrated sensor is shown in Figure 1. Light 

emitted by the front OLED unit passes through the ITO/glass substrate and is reflected from the object 

underneath the glass substrate of the sensor. The reflected light is absorbed by the integrated OPD, with 

an active area between the stripe-shaped electrodes to generate the photocurrent signal. The change in 

photocurrent thus generated in the OPD is a function of the reflectivity of the object. 

Figure 2 shows the top view of the electrode layout in the organic optical sensor. The width of the  

stripe-shaped cathode electrodes used for the OLED is 0.1 mm. The distance between the two adjacent 

stripe electrodes is 0.45 mm. A MoO3 (5 nm)/Ag (15 nm) bi-layer inter-electrode was overlaid on the 
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stripe electrodes prior to the fabrication of the upper OPD. The region between the opaque area of the 

stripe electrodes defines the active area of the OPD, e.g., 2.7 mm × 4.15 mm in this case, with an aperture 

ratio of ~81%. The bi-layer inter-electrode serves a dual purpose to act as the cathode for the front OLED 

and an anode for the upper OPD. The emission comes from the stripe-shaped OLED; it prevents the 

OLED emission from going directly to the OPD, hence maintaining a high signal-to-noise ratio. 

 

Figure 1. Schematic diagram of the organic optical sensor based on monolithic integration 

of OLED and OPD units, showing the operation principle of the sensor. 

 

Figure 2. Schematic layout of the stripe-shaped front OLED components and the upper 

OPDs covered in regions between the stripes in the organic optical sensor. 

3.2. Characteristics of the OPD and OLED Units 

The J-V characteristics measured for the OPD in the organic optical sensor and a control OPD, 

measured under AM1.5G irradiation of 100 mW/cm2, are shown in Figure 3. The control OPD had  

a short-circuit current density of 4.27 mA/cm2. The corresponding value for the OPD in the organic 

optical sensor was 1.6 mA/cm2. The dark photocurrent density of the OPD in the integrated sensor 

measured in the dark is considered as the noise or the reference. The photocurrent generated by the OPD 

when the OLED is emitting light and a light-reflecting object is placed in front of the sensor is then 

considered as the signal. The integrated organic optical sensor is designed to simultaneously achieve a 

high extraction of light emitted by the OLED unit and a high spectral responsivity of the OPD in the 

sensor, thereby increasing the signal-to-noise ratio. For comparison, the J-V characteristics of both the 
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OPD in the organic optical sensor and the control OPD measured under AM1.5G and in the dark are also 

plotted in Figure 3 for comparison. The results show that OPD has a low noise or dark current density of 

<3.0 × 10−5 mA/cm2. It has a photocurrent density of ~2.0 × 10−3 mA/cm2, measured for the integrated 

OLED unit operated at 5.0 V, without an object present in the front of the organic optical sensor. 

 

Figure 3. J-V characteristics measured for the control OPD and the OPD in the integrated 

organic optical sensor. 

As the width of the stripe-shaped OLED components in the organic optical sensor is only 100 μm, 

the performance of the OLED in the organic optical sensor was then evaluated using a control OLED 

with an active area of 3.3 mm × 3.3 mm. The J-V-L characteristics, luminous efficiency, and EL spectrum 

measured for the control OLED are given in Figure 4. The luminance and luminous efficiency of the 

control OLED operated at 5 V are 1200 cd/m2 and 7 cd/A, respectively. From Figure 4b it can be seen 

that the normalized EL spectrum for the control OLED has a peak wavelength at 628 nm with a  

full-width-half-maximum of 78 nm, which matches well with the spectral response of the  

ZnPc:C60-based OPD over the wavelength range from 520 nm to 750 nm. This ensures a good coupling 

between the EL emission of the OLED and the spectral response of the OPD in the organic optical sensor. 

The thicknesses of the functional organic layers in the OPD and OLED were optimized to achieve 

the maximum photo response of the integrated organic sensor [21,22]. In the organic optical sensor, the 

reflected light enters into the OPD through the MoO3/Ag interlayer. The critical angle of the incident 

light at the MoO3/Ag interface is ~4 degrees due to a significant change in the refractive index between 

MoO3 (n = 1.86, at 625 nm) and Ag (n = 0.13, at 625 nm). Therefore, the reflected light with a small 

angle normal to the surface can be detected by the OPD unit in the integrated organic sensor. 

Enhancement in light out-coupling in the normal direction from the OLED, therefore, helps enhance the 

signal/noise ratio of the sensor. For the planar front OLED, most of the light is trapped inside the OLED 

due to the different waveguide losses in the substrate and organic layers and the surface plasmon 

polariton modes at the metal/organic interface. The enhancement in light out-coupling was realized by 

optimizing the thickness of the hole transporting and electron transporting layers in the integrated sensor. 
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Figure 4. (a) Current density-voltage and luminance-voltage characteristics of the control 

OLED; (b) EL spectrum of the control OLED and external quantum efficiency (EQE) of the 

integrated OPD. 

In this work, the optical admittance analysis was used for analyzing the emission behavior of the 

OLED in the organic sensor. In the optical simulation, it is assumed that the multi-layered OLED 

possesses a smooth interface between the adjacent layers. The point dipole emission characteristics  

were used in the simulation. The spatial dimension of the dipoles is considered rather small in 

comparison with the wavelength of the radiation as well as the space between the emitter and the 

individual interfaces in the OLED. As an approximation, the orientation of emitting molecules is 

isotropic with homogeneous emission in all directions in the OLED. In the organic optical sensor,  

the front OLED is optimized to achieve the maximum output luminance as illustrated in Figure 5a, thus 

producing an optimized signal/noise ratio of the sensor. In addition, the angular-dependent emissions of 

the control OLED (solid line) and OLED in the sensor (red square symbol) are also shown in Figure 5b. 

It is clear that the angular-dependent emissions of the control OLED and the OLED unit in the integrated 

sensor are very similar. 

Figure 5. (a) The calculated normalized EL output of the control OLED and the OLED in 

the sensor, in the normal direction, as a function of the thickness of the TAPC hole transport 

layer and the TmPyPB electron transport layer. The color shown in the vertical bar in the 

plot indicates the magnitude of luminance (arb. unit); (b) The spatial emission profiles of the 

control OLED (solid line) and OLED unit (red square symbol) in the organic optical sensor. 
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3.3. Photo Responses and Frequency Responses of the Organic Optical Sensor 

To demonstrate the performance of the organic optical sensor, the photo responses of the sensor 

measured for objects with different reflections were recorded by measuring the photocurrent of the OPD 

with the OLED operated at 5 V. Figure 6 showed the normalized photo responses of the OPD in the 

organic optical sensor measured for objects with different reflection surfaces including white paper, 

orange paper, red paper, green paper, and blue paper. In this work, the EL emission of the OLED 

component in the sensor has a peak wavelength of 628 nm. White paper, orange paper, and red paper 

have relative higher reflection to the red illumination than that reflected from the green paper and blue 

paper, which is shown in Figure 6a. The measured photo responses of the organic optical sensor therefore 

follow the order of white paper, orange paper, red paper, green paper, and blue paper, as illustrated in 

Figure 6b. 

Figure 6. (a) The reflection spectra measured for the different reflection surfaces of  

white paper, orange paper, red paper, green paper, and blue paper; (b) Normalized photo 

responses of the organic optical sensor measured for different colored paper placed 

underneath the sensor. 

The response time of the organic optical sensor was characterized by the frequency response of the 

OPD with the integrated OLED operated with a square wave pulse voltage, generated by a functional 

generator with an output modulated at 1 kHz or 10 kHz and amplitude of around 6 V. A sheet of white 

paper was placed in the front of the organic optical sensor to reflect the modulated OLED emission back 

to the OPD for frequency response measurements. The photocurrent generated in the OPD was estimated 

by measuring the voltage across a 1 kΩ resistor, connected in parallel with the OPD unit in the integrated 

sensor. Figure 7 shows the time response measurement results for the organic optical sensor. It is clear 

that the photo response of the OPD can be clearly identified for frequencies up to 10 kHz. 

In the time response measurement, the OLED was operated with a square wave voltage, generated by 

a functional generator with an output modulated at different frequencies. The pulsed light from the 

OLED unit provides a binary output (with and without light) light source. In this way, light emitted from 

the OLED is modulated to a frequency designated by the functional generator. The photocurrent of the 

OPD, with the white paper placed in the front of the organic sensor, was measured using an oscilloscope 
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to capture the photo response. By evaluating the current response of the OPD at different frequencies of 

the modulated OLED output, the speed of the signal response for the OPD can then be characterized. 

The decay and rise components in the time response profiles, shown in Figure 7, reflect the modulation 

speed of the OPD in the organic sensor, following an exponential characteristic, which is a function of 

the resistive-capacitive time constant of the measurement system. The results in Figure 7 demonstrate 

that the organic optical sensor, based on the monolithic integration of ZnPc:C60-based OPD and 

CBP:Ir(piq)2acac-based phosphorescent OLED, is capable of signal processing up to a 10 kHz regime. 

Figure 7. Typical time response profile for the integrated ZnPc:C60-based OPD and 

CBP:Ir(piq)2acac-based phosphorescent OLED, operated by square wave pulse voltage  

(~6 V) with different frequencies of (a) 1 kHz and (b) 10 kHz. 

The organic optical sensor based on the integrated organic light transmissible devices, such as OPDs 

and OLEDs, provides the functional superiority for a broad range of applications. The integrated device 

uses OLED as light source for illumination of the coupled OPD to create an optical signal. Such an 

integrated organic sensor can be a building block for application in optical and waveguide sensors. The 

design and fabrication flexibility provided by the organic semiconductors and processes also have 

significant cost benefits, making it possible for new application in finger print identification, image 

sensors, and other organic photonic logical circuits and monitoring sensors. 

4. Conclusions 

The monolithic integration of organic components forming an OPD/OLED functional system for 

sensor application has been demonstrated. The performance of the functional organic sensors was 

analyzed, relating to the optimization of light coupling between the OLED and OPD components, as 

well as the examination of the optical and frequency responses. It reveals that the organic sensors are 

capable of signal processing in the 10 kHz regime. The design and fabrication flexibility provided by 

the material and process could readily construct multilayered organic sensor arrays for application in 

wearable units, disposable point of diagnosing, low cost bioassay devices, lab-on-chip, and vital sign 

monitoring and compact information systems. 
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