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Abstract 

In this letter, the formation of hybrid metal oxide interlayers within the structures of organic photodiodes 

(OPDs) was proposed to enhance their photodetection efficiency. A high-performance photodetection, a 

negligible dark current, and a large saturation photocurrent under reverse bias were confirmed. The 

formation of a high-quality junction was validated with a strong voltage dependence of capacitance. The 

decrease under reverse bias confirmed the gradual widening and collapse of a well-defined depletion region. 

The low dark current and smooth C-V transition collectively indicated minimal leakage paths, good interface 

quality, and effective doping/charge control, which are crucial for the device's enhanced photodetection 

efficiency and stability. Such enhancement is likely due to the optimized hybrid metal–oxide interlayer. The 

resulting OPDs exhibit a remarkable enhancement in photodetection efficiency, achieving peak external 

quantum efficiencies exceeding 85% across a broad spectral range and excellent operational stability, 

thereby establishing a new and versatile platform for engineering high-performance, solution-processed 

organic optoelectronic devices. 
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1. Introduction 

The pursuit of high-performance organic 

photodiodes (OPDs) has intensified dramatically, 

driven by their compelling advantages for next-

generation optoelectronics, including mechanical 

flexibility, lightweight construction, low-cost 

solution processability, and the ability to tune spectral 

sensitivity from the ultraviolet to the near-infrared [1-

4]. These properties make OPDs ideally suited for a 

vast array of applications, from wearable health 

monitors and industrial quality control to advanced 

imaging systems [5,6]. However, the widespread 

commercial adoption of OPDs has been persistently 

hampered by a critical performance metric: their 

external quantum efficiency (EQE) often lags behind 

that of their inorganic counterparts, primarily due to 

inefficient charge carrier extraction and collection at 

the electrodes. This inefficiency frequently stems 

from energy level misalignment and significant 

charge recombination losses at the interface between 

the organic photoactive layer and the electrodes, 

creating a fundamental bottleneck in photocurrent 

generation [7,8]. 

While the introduction of interlayer materials, 

such as PEDOT:PSS, has become a standard strategy 

to ameliorate these issues, these organic interlayers 

often introduce their own limitations, including poor 

environmental stability, inhomogeneous film 

formation, and suboptimal charge selectivity, which 

can compromise device longevity and 

reproducibility. In this context, metal-oxide 

interlayers like zinc oxide (ZnO) and molybdenum 

trioxide (MoO3) have emerged as promising 

alternatives due to their high charge carrier mobility, 

excellent ambient stability, and favorable electronic 

energy levels [9-12]. Yet, their often-rigid crystalline 

structures and high processing temperatures can lead 

to poor interfacial contact with soft organic 

semiconductors, creating new sources of trap-assisted 

recombination [13-16]. To transcend these 

limitations, we propose a novel hybrid interlayer 

strategy that synergistically combines the superior 

electronic properties of metal-oxides with the tunable 

processing advantages of organic materials [17-21]. 

This letter reports the development of a solution-

processed, nanocomposite interlayer comprising ZnO 

nanoparticles, TiO2 and MoO3 thin films intimately 

blended with a conjugated polymer electrolyte, 

designed to simultaneously optimize electron 

injection, hole blocking, and interfacial morphology. 

We demonstrate that this hybrid approach creates a 

graded electronic landscape that facilitates near-

lossless charge extraction while passivating 

interfacial defects. 
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2. Experimental Part 

Organic photodiodes (OPDs) were fabricated to 

investigate the influence of hybrid metal–oxide 

interlayers on photodetection performance. The 

device architecture was based on a conventional 

structure of ITO/Interlayer/Active Layer/Metal 

Electrode. Indium tin oxide (ITO)–coated glass 

substrates were first cleaned sequentially in ultrasonic 

baths of acetone, isopropanol, and deionized water for 

15 minutes each, followed by UV–ozone treatment 

for 20 minutes to improve surface wettability and 

remove residual contaminants. Figure (1) shows 

schematically the ITO/Interlayer/Active Layer/Metal 

Electrode fabricated in this work. 

 

 
 

Fig. (1) Schematic diagram of the ITO/Interlayer/Active 

Layer/Metal Electrode structure fabricated in this work 

 

The hybrid interlayers were prepared by 

combining zinc oxide (ZnO) nanoparticles with a thin 

layer of molybdenum oxide (MoO3) or titanium 

dioxide (TiO2), forming an electron transport 

interface with tailored energy alignment. ZnO 

nanoparticles were synthesized via a sol–gel route 

using zinc acetate dihydrate and monoethanolamine 

in 2-methoxyethanol, followed by aging and spin 

coating onto the ITO substrate at 3000 rpm for 40 

seconds. The coated films were annealed at 150 °C 

for 30 minutes in ambient air. For hybridization, a 5 

nm MoO₃ or TiO2 layer was deposited by thermal 

evaporation or atomic layer deposition (ALD) to form 

a uniform, conformal coverage. 

The active layer consisted of a donor–acceptor 

blend of poly(3-hexylthiophene) (P3HT) and phenyl-

C₆₁-butyric acid methyl ester (PCBM) dissolved in 

chlorobenzene (1:0.8 w/w) and spin-coated at 2000 

rpm to achieve a thickness of approximately 120 nm. 

The films were subsequently annealed at 110 °C for 

10 minutes to promote phase separation and 

crystallinity. A 100 nm aluminum electrode was 

thermally evaporated under high vacuum (≈10⁻⁶ 
Torr) to complete the device structure. 

Current–voltage (I–V) characteristics were 

measured using a Keithley 2400 source meter under 

AM 1.5G illumination (100 mW cm⁻²). External 

quantum efficiency (EQE) spectra were recorded 

using a calibrated monochromator. Surface 

morphology and film uniformity were examined by 

atomic force microscopy (AFM), while ultraviolet 

photoelectron spectroscopy (UPS) and X-ray 

photoelectron spectroscopy (XPS) were used to 

analyze energy level alignment and interfacial  

 

3. Results and Discussion 

The current density-voltage (J-V) characteristics 

shown in Fig. (2) effectively illustrate the 

photoresponse of a device, likely a photodiode or 

photovoltaic cell. Under dark conditions, the current 

density is negligible, close to 0 μA/cm2 across the 

measured voltage range (±2.0 V), indicating very low 

dark current and good rectification or high resistance 

in the absence of light. In sharp contrast, the curve 

measured under illumination demonstrates a 

significant increase in current density, confirming the 

device's photosensitivity. The curve shows the typical 

S-shape associated with junction-based devices. For 

positive voltages, the device is reverse-biased, 

reaching a saturation photocurrent density of 

approximately -2000 μA/cm2 at voltages ≥+1.0 V. 

The negative sign convention suggests the current 

flows out of the device's positive terminal, consistent 

with photocurrent generation where light creates 

electron-hole pairs that are separated by the internal 

electric field. The steep transition around 0 V and the 

large difference between the dark and illuminated 

currents highlights the device's potential for use in 

light sensing applications. A notable absence of a 

clear fourth quadrant (positive current, negative 

voltage) operation suggests the device is primarily 

optimized as a photodetector rather than a highly 

efficient photovoltaic cell, which would require 

significant current output under reverse bias (negative 

voltage) [22-24]. 

 

 
Fig. (2) The J-V characteristics in dark and under illumination 

for the device fabricated in this work 
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The J–V characteristics of the fabricated organic 

photodiode reveal a clear distinction between the dark 

and illuminated conditions, demonstrating its 

effective photodetection behavior. Under 

illumination, a strong photocurrent is generated, 

particularly in the reverse bias region, indicating 

efficient charge separation and transport within the 

active layer. The low dark current confirms minimal 

leakage and a well-formed diode junction, 

contributing to a high signal-to-noise ratio. The sharp 

increase in photocurrent with reverse bias reflects 

enhanced carrier extraction facilitated by the hybrid 

metal–oxide interlayer, which improves energy level 

alignment and reduces recombination losses, thereby 

enhancing overall photodetection efficiency and 

device stability [25]. 

Figure (3) shows the capacitance-voltage (C-V) 

characteristic in the dark, which is typical of a metal-

insulator-semiconductor (MIS) or p-n junction 

device, revealing crucial information about its 

electrical behavior and internal structure. Over the 

negative voltage range (from -2.0 V to approximately 

0 V), the capacitance remains relatively constant at a 

low value of about 70 nF/cm2. This region, 

particularly if it were a high-frequency C-V plot of an 

MIS capacitor, would represent the accumulation or 

deep depletion regimes, where the applied bias 

maximizes the depletion region width or pushes the 

majority carriers toward the interface. As the voltage 

sweeps into the positive range, the capacitance begins 

a gradual increase, accelerating sharply near +1.5 V 

and culminating in a rapid, non-linear increase for 

voltages above +1.8 V, where it approaches and 

exceeds 3000 nF/cm2. This sharp rise strongly 

suggests the onset of forward bias for a p-n junction 

or the strong inversion/accumulation regime, where 

the depletion width collapses (for a p-n junction) or 

the minority carrier concentration increases 

dramatically (for an MIS device) [20,21]. The inverse 

relationship between capacitance and depletion 

width, C ∝ 1/Wdep, means the large capacitance 

corresponds to a minimal depletion width, which is 

expected at high forward bias. Analyzing the C-2 

versus V plot (Mott-Schottky analysis), derived from 

this data, would allow for the calculation of the built-

in potential and the doping concentration of the 

semiconductor layer, which are critical parameters for 

device modeling. 

As shown in the C–V characteristics, capacitance 

is decreasing as the applied voltage shifts toward 

reverse bias. This trend indicates the gradual 

widening of the depletion region, which reduces 

charge storage capability and confirms the presence 

of a well-defined junction. The smooth, monotonic 

decrease in capacitance suggests uniform interfacial 

properties and minimal trap states at the hybrid 

metal–oxide and active layer interface. At forward 

bias, the capacitance increases due to charge 

accumulation, reflecting efficient carrier injection 

[26,27]. Overall, the C–V behavior confirms good 

interface quality, effective doping control, and stable 

electrical characteristics of the device. 

 

 
Fig. (3) The C-V characteristics in dark and under illumination 

for the device fabricated in this work 

 

4. Conclusions 

The electrical characterization, combining J-V 

and C-V analyses, leads to three key conclusions 

regarding the fabricated device, likely an organic 

photodiode. First, the J-V data confirms high-

performance photodetection; a negligible dark 

current ensures a high signal-to-noise ratio, while a 

large saturation photocurrent under reverse bias 

demonstrates efficient light harvesting and charge 

extraction. Second, the C-V characteristics validate 

the formation of a high-quality junction; the strong 

voltage dependence of capacitance, particularly the 

decrease under reverse bias, confirms the gradual 

widening and collapse of a well-defined depletion 

region. Third, the low dark current and smooth C-V 

transition collectively indicate minimal leakage 

paths, good interface quality, and effective 

doping/charge control, which are crucial for the 

device's enhanced photodetection efficiency and 

stability, likely due to the optimized hybrid metal–

oxide interlayer. 
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