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ABSTRACT 

 

Hybrid heterojunction between organic PEDOT:PSS and inorganic Silicon (Si) nanostructures 

is promising for high-performance self-powered photodetectors due to their favourable band 

energetics and ease of processing. Traditionally, Si nanostructures require additional 

passivation layers to reduce surface defect states, which adds complexity and involves the use 

of harmful organic solvents. Here in, we demonstrate a simple chemical polishing process to 

reduce defects and fabricate a conformable heterojunction between Si nanostructures and 

PEDOT:PSS. Si nanostructures fabricated by metal-assisted chemical etching (MACE) 

technique and subsequently treated by the chemical polishing process are spin-coated with 

PEDOT:PSS to form heterojunction and employed as self-powered broadband photodetector. 

The optimized device shows superior performance, such as high responsivity of 555.34 mA/W, 

quick rise/fall times of 79 ms / 81 ms, high External Quantum Efficiency (EQE) of 0.8 at zero 

bias (0V) and high photostability up to 500 illumination cycles. Dark I-V characteristics and 

carrier lifetime measurements reveal that the enhanced performance of chemically polished 

devices is attributed to the formation of a conformable heterojunction and reduction in defects 

in the Si nanostructures. Given the scalability and simplicity of the demonstrated passivation-

free approach, this work may aid the fabrication of high-performance hybrid Si nanostructured 

photodetectors. 

Keywords: hybrid heterojunction, Silicon nanostructures, PEDOT:PSS, self-powered 
photodetector, Metal-assisted chemical etching, chemical polishing 

  



1. INTRODUCTION 

Self-powered photodetectors, also known as self-driven photodetectors, are devices capable of 

detecting photons without any external power or bias. These self-powered devices have gained 

significant research interest in recent years owing to its potential for energy efficient and low-

power applications. Self-powered photodetectors find wide range of usage in applications such 

as wireless sensors, gesture proximity sensing, energy-efficient lighting, security systems, 

medical devices, consumer electronics and energy harvesting devices etc.1–4 Self-

photodetectors majorly rely on photovoltaic effect to detect the light, where the incoming 

photons create electron-hole pairs and are separated by built-in electric in the device, giving 

rise to photocurrent.  

Among the various self-powered device architectures, hybrid heterojunctions based on 

Organic-Inorganic interfaces have garnered significant research attention and have 

demonstrated potential in fabricating high performance and low-cost devices. Organic 

materials such as conducting polymers have been extensively employed as charge transport 

layers in photonic devices. PEDOT:PSS, a p-type conducting polymer, owing to its excellent 

solution processability and high conductivity is employed as hole transport layer. A 

heterojunction between the Organic PEDOT: PSS and inorganic silicon (Si) is widely 

employed for solar cell applications due to their excellent band level offset and Schottky 

junction characteristics5–10. However, despite its potential, the research on Silicon-PEDOT:PSS 

hybrid junction for photodetection is still limited.  

Typically, conventional planar Si based hybrid junction photodetectors, exhibit retarded 

performance due to the limited interfacial contact area between Si and PEDOT:PSS. Hence, in 

order to increase the interfacial contact area,  Si is etched to form nanostructures such as 

nanowires, porous structures, periodic structures and quantum dots using techniques such as 



chemical etching, reactive ion etching etc 11–14 . Nano structuring of Si results in increased 

surface area and significant decrease in the reflectivity due to increased light optical path.  

However, surface nano structuring of Si results in some serious impediments such as a) 

enhanced electron-hole pair recombination due to high specific surface area, b) decrement in 

electrical conductivity due to quantum confinement effect and c) accelerated surface oxidation 

rates. To address the above-mentioned issues with the Si nanostructures, passivation layers or 

surface treatments are performed, which serve to decrease surface dangling bonds, trap states, 

surface states and control the parasitic carrier recombination rate. Lian et. al. demonstrated a 

interfacial engineered photodetector using PEDOT:PSS/Si heterojunction, where Si 

nanostructures are passivated with a methyl terminated surface groups (~CH3), which resulted 

in a device performance of 37 mA/W.15 Though passivation layers tend to enhance the device 

performance, they introduce particular challenges and limitations.16 Inclusion of passivation 

layer increases the complexity of device fabrication process and also involves harmful organic 

solvents.  

In this work, we demonstrate the fabrication of a high performance self-powered broadband 

photodetector employing hybrid heterojunction between Si nanostructures and PEDOT:PSS, 

without any additional passivation layer. Si nanoholes are fabricated using a metal assisted 

chemical etching technique and subsequently, the nanoholes are chemically polished to form 

nanotips, which result in the formation of a conformable junction with the PEDOT:PSS. To the 

best of authors knowledge, this is the first report demonstrating the chemical polishing-based 

passivation-free approach to boost the photoresponse of a self-powered photodetector. 

  



2 Experimental 

2.1 Materials 

N-type Silicon wafer (100) with a resistivity of <10Ω and thickness 280 micron was procured 

from Aki Electronics. PEDOT:PSS and Silver Nitrate are procured from Sigma Aldrich. 

Sulfuric Acid, Hydrogen Peroxide, Nitric Acid and Ethylene Glycol were procured from 

FUJIFILM Wako Chemical Corporation. 

2.2 Instrumentation 

Reflectance was measured using an UV Vis spectrophotometer (Shimadzu UV-2450). Surface 

morphology and cross-section of the substrates were imaged using a scanning electron 

microscope (FE-SEM, Hitachi SU-8000). Device responsivity and External quantum 

efficiency were measured using a Spectral response measurement system (Bunkoukeiki BQE-

100 F). Device transient photocurrent response at individual wavelengths was recorded using 

a Monochromator (Bunkoukeiki BSD-60Z), with a beam spot size of 2 cm2. The irradiation 

intensity of the light sources was calibrated using a single-crystalline Si photodiode 

(Hamamatsu Photonics S1337–1010BQ). I-V characteristics of the devices were measured 

under an AM 1.5 simulated solar light from Xenon Arc lamp, with a beam size of 2 cm2. 

Keithley 2400 semiconductor analyser was used to record the electrical measurements. Dark 

Current measurements were performed using a room temperature prober (Hisol HMP-400) 

coupled with a semiconductor analyser (Keithley 4000). Minority carrier lifetime of the 

samples was recorded using a carrier lifetime measurer (Sinton WCT-120). The active area of 

illumination in all the devices are maintained as 0.162 cm2, using a mask. 

 

 



 

2.3 Fabrication of Si nanostructures by metal assisted chemical etching and 

chemical polishing 

 

Si nanostructures such as nanoholes and nanotips were fabricated by a two-step metal assisted 

chemical etching technique (MACE)11–14 . Initially, the Si wafer (280 microns) was cleaned 

with acetone, DI water, Piranha solution, isopropanol, and water, under sonication for 10 

minutes each. Silver ions were used as metal catalysts for the etching process. The cleaned 

wafers were immersed in a AgNO3/HF solution for 5s, where the Ag ions get reduced over the 

surface of the Si wafer. The wafer with Ag ions was again, immersed in a HF/H2O2 solution 

for 30s, to preferentially remove the oxide layer present under the Ag ions and result in the 

formation of nanoholes. Further the Si wafers were immersed in a HNO3 solution to remove 

the residual Ag particles and then subsequently treated in a diluted HF solution to remove the 

oxide formed during the etching process. Since the nanoholes offer poor infiltration for the 

PEDOT:PSS, the prepared nanohole samples were further chemically polished by immersing 

in a HNO3/HF (40:1) etching solution for 5s-20s to form nanotips. Nanotips decrease the 

density of the nanostructures and thus offering enhanced infiltration for PEDOT:PSS. 

PEDOT:PSS solution is prepared by mixing the stock solution with isopropanol and ethylene 

glycol, which improves the infiltration and conductivity of the PEDOT:PSS. The diluted 

PEDOT:PSS was spin coated over the Si nanostructures at 4000 rpm for 60s and annealed at 

140oC for 10 minutes. For device fabrication, the Silver and Titanium, were deposited on rear 

side and finger patterned silver electrode was deposited on front side. Si nanostructure 

synthesis, PEDOT:PSS heterojunction formation and device fabrication is illustrated in Figure 

1. 

 



 

 

Figure 1. Si nanostructure synthesis by etching – polishing process and formation of junction 

with PEDOT:PSS for device fabrication 

3 Results and discussion 

3.1 Morphological Studies 

FE-SEM images of Si substrates after metal-assisted chemical etching process and subsequent 

spin coating of PEDOT:PSS is shown in Figure 2a. Initially, substrate is immersed in a 

AgNO3/HF solution for 5s. This immersion results in the oxidation of Si to Si di-oxide and 

subsequent reduction of Ag ion over the surface. Upon immersion in H2O2/HF solution for 30s, 

the Silicon dioxide underneath the Ag particle is rapidly dissolved to form dense nanostructures 

resulting in nanoholes. It is seen that roughly 500 nm-deep nanoholes were formed during the 

etching process. It is clearly visible from the image that the PEDOT:PSS layer is spread over 

the surface of nanoholes without any infiltration, which results in limited interfacial contact 

area between PEDOT:PSS and Si nanoholes. Thus, the performance of nanoholes device is 



expected to be inferior owing to the poor infiltration. To alleviate this problem, an additional 

step of chemical polishing process is performed by immersing the nanoholes substrate in a 

HF/HNO3 (1:40) solution to convert highly dense nanoholes to tapered nanotips. The nanohole 

samples are chemically polished for different timings from 5s to 20s. As seen in Figure 2b, 

polishing for 5s, the PEDOT:PSS infiltration inside the nanostructures has minimally increased, 

thus resulting improved contact between Si and PEDOT:PSS. Similarly, the polishing for 10s, 

further slightly increased the PEDOT:PSS infiltration (Figure 2c). Interestingly, with increased 

polishing time of 15s, the nanoholes are visibly tapered to form nanotips and the interfacial 

contact between the PEDOT:PSS and Si nanotips are very conformable (Figure 2d). For the 

sake of clarity, high magnification cross-sectional images of nanotips-15s sample are included 

in supplementary information (Figure S1). This results in a highly enhanced contact area 

between PEDOT:PSS and Si nanostructures. However, Figure 2e shows, with the further 

increase in polishing time to 20s, the nanotips seems to be tapered excessively, which is not 

desirable. Thus, we have obtained a highly conformable PEDOT:PSS/Si heterojunction by 

introducing an additional chemical polishing step and found optimized polishing duration of 

15s. 



 

 

Figure 2. FE-SEM tilted cross-sectional images of a) nanoholes b) nanotips-5s c) nanotips-

10s, d) nanotips-15s and e) nanotips-20s samples coated with PEDOT:PSS  



3.2  Reflectance 

Nano structuring of Si has profound effect on its optical properties. Hence, to probe the effect 

of etching on the optical characteristics of Si, the reflectance is measured. For the sake of 

reference, the reflectance of pristine planar Si is measured, as seen in Figure 3a. Surface 

roughness of the active layer significantly determines the light absorption characteristics in the 

device. Higher is the roughness of the layer, larger is the light trapping effect. Typically, 

pristine Si possess very low surface roughness, which results in the higher reflectance of the 

light. However, upon chemical etching process, surface roughness of the Si increases 

significantly, thus leading to decrease in the reflectance and enhanced light trapping effect. The 

planar Si has shown reflectance of around 40% in most of the measured spectral range, due to 

the smoother surface. Upon etching the reflectance of the Si substrates have drastically 

decreased to lesser than 10% over entire spectral range. As in the Figure 3a, nanoholes sample 

shows reflectance around 10% in 800 nm -1000 nm range and less than 5% in 350 nm – 800 

nm. Further, it is to be noted that, with the chemical polishing process the reflectance has 

further reduced slightly lower than the nanohole samples. Lower reflectance in the etched Si 

nanostructured samples is due to the gradual change of refractive index at the surface.17,18  The 

significant decrease in the reflectance after the chemical etching is attributed to the increased 

roughness, which is also seen in the SEM images (Figure 2). Thus, the reflectance studies reveal 

that the nano structuring of the Si has drastically decreased the reflectance of photons over 

wide spectral range. And, with the chemical polishing process, the reflectivity is further 

reduced slightly. Hence, the nanostructured Si is expected to boost the device performance 

owing to the enhanced light trapping effect.  

I-V and Transient photocurrent response 

To assess the device performance, testing is done under simulated light and monochromatic 

light conditions. As shown in the Figure 3b the device characteristics are studied by measuring 



the I-V characteristics under simulated solar light with an intensity of 100 mW/cm2. It is seen 

that all the fabricated detectors exhibit photo response to the white light. The nanoholes device 

has exhibited a short circuit current (Isc) of 26.6 mA/cm2. However, the chemically polished 

devices have exhibited enhanced short circuit current values of 27.97 mA/cm2, 28.51 mA/cm2, 

31.18 mA/cm2
, and 30.51 mA/cm2 for nanotips 5s, 10s, 15s and 20s samples, respectively. The 

device polished for 15s has shown the highest short circuit current density. As we have seen 

earlier in the SEM images (Figure 2), the nanohole sample has exhibited poor infiltration of 

PEDOT:PSS, resulting in limited interfacial contact area. And, upon chemically polishing, 

PEDOT:PSS infiltration was enhanced and the sample etched for 15s and 20s, has shown 

profound improvement in PEDOT:PSS infiltration. Thus, the short circuit current density of 

the devices, which reflect the device performance, seems to agree with the observations made 

in the FE-SEM images. Hence, it can be asserted that the PEDOT:PSS infiltration inside the 

Silicon nanostructures significantly affect the device performance. Further, the chemical 

polishing of the nanoholes to nanotips drastically improves the device performance, where the 

sample polished for 15s shows the best performance. It is also worth mentioning that, as we 

have seen in the Figure 3a, the reflectance of the samples have decreased with chemical 

polishing. Thus, the enhancement in device performance is also contributed by the decrease in 

reflectance due to the chemical polishing step.  

Apart from the short circuit current density, fill factor and open-circuit voltage are also 

important parameters that are useful in assessing the performance of an opto-electronic device. 

High fill factor (FF) of a device indicates that the detector is effectively balancing the voltage 

and current outputs, resulting in a higher power output. The FF of a device is affected by the 

presence of unintended current paths (shunt resistance) and resistance in the electrical contacts 

(series resistance). 19,20  As we can see in the Figure 3a, the nanotips-5s sample seems to have 

the largest FF. Due to the short duration (5s) of chemical polishing, nanotips-5s sample is 



expected to possess comparatively smoother surface morphology than other nanotips samples 

of longer duration. Thus, in the nanotips-5s sample, both the current pathways (shunt 

resistance) and contact resistance tend to be lower, which might have resulted in the higher FF. 

However, it is worth mentioning that, despite nanoholes also possessing smoother surface 

morphology, the FF is low. This can be attributed to the significantly high reflectance (Figure 

3a) and poor light trapping by nanoholes. 

Open-circuit voltage (Voc) is the maximum voltage that can be extracted from the device, when 

the current through the device is zero. As we can see from the Figure 3b, the Voc of nanoholes 

device is 0.35 V. However, with the chemical polishing process, the nanotips devices have 

shown increase in the Voc. Nanotips-5s and nanotips-10s devices have shown Voc of 0.40 V 

and 0.42V, respectively. But, the nanotips-15s and nanotips-20s devices shown slight decrease 

in the Voc to 0.38 V. Voc is affected by the cumulative effect of factors such as energy gap of 

semiconductor, temperature, reverse saturation current and the presence of recombination 

centres. 21–23   

For power generating opto-electronic device such as solar cell, the Isc, Voc, and FF are 

collectively crucial in ensuring both sufficient current and voltage, to meet the specific 

requirements of the efficient power generation. However, in the context of a zero-bias operated 

photodetector, the Isc is often more crucial than the Voc and fill factor. In a photodetector, the 

magnitude of change in the device current upon light illumination is the key metric. Isc is of 

primary importance because it determines the amount of electrical current that can be generated 

in the detector. In our case, the nanotips-15s device has shown the highest Isc, which makes it 

the ideal for an efficient photodetector. Responsivity measurements (Figure 3c) also reveal 

that nanotips-15s sample shows highest photoresponsivity.  

In comparison with the similar Si nanostructure/PEDOT:PSS heterojunction based 

photodetectors, our fabricated device shows superior performance. In a report based on Methyl 



(~CH3) passivated Si nanowires and PEDOT:PSS, the detector shows responsivity of 37 

mA/W.15 In another work, micro-nanostructure of porous Si (P-Si) is fabricated using etching 

and lithographic technique and formed heterojunction with PEDOT:PSS.24 These P-Si micro 

nanostructures exhibit decent responsivity of 470 mA/W, however, fabrication process 

employed is complex and scalability is limited. Our fabricated optimized Si nanotips based 

device shows as an excellent responsivity of 555 mA/W at 0 V using a simpler device 

fabrication, without an extra passivation layer. 

Figure 3. a) Reflectance of planar and nanostructured Si samples, b) I-V characteristics 

of the devices under solar simulator and c) Transient photo response of devices under 

monochromatic light (900 nm-2 mW/cm2). 

 



Further, to assess the device performance, transient photo response measurement is performed. 

Transient photo response analysis (TPA) is a technique employed to measure the magnitude of 

photocurrent generated in the device upon light illumination.25 TPA also provides information 

related to how does the photocurrent in the device varies with time and how fast does the device 

respond to the photons, which are crucial for the assessment of photodetector devices. The 

transient photo response of all the devices was measured under a monochromatic light of 

wavelength 900 nm with an intensity of 2mW/cm2. As the Figure 3c shows, all the fabricated 

devices respond to incident light, confirming the functioning of the device as a photodetector. 

The rise in the photocurrent is instantaneous and this reflects the ability of our device to 

function as a fast-response photodetector. The nanoholes device exhibited a responsivity of 

498.35 mA/W. However, the chemically polished devices have exhibited enhanced 

responsivity values of 500.47 mA/W, 501.51 mA/W, 555.34 mA/W and 527.98 mA/W for 

nanotips 5s, 10s, 15s and 20s samples, respectively. Again, the transient photocurrent 

measurement confirms that the chemical polishing of the samples after etching, enhances the 

device performance. 

To further analyse the exact phenomenon behind the enhanced device performance in the 

chemically polished samples, dark current and carrier lifetime measurements were performed. 

This was done to extract reverse saturation current density and carrier lifetime. I-V 

characteristics are measured under the dark conditions to study the charge transport and 

current-voltage relationship. Initially, to confirm the nature of the interfaces between Si and 

PEDOT:PSS with their electrodes, respective devices were fabricated and the I-V 

characteristics were studied. Figures S2a and S2b shows the I-V characteristics of Ti/Ag – Si 

– Ti/Ag device and Ag-PEDOT:PSS-Ag device, respectively. Both the fabricated devices 

showed linear I-V relation, which reveals the existence of ohmic transport mechanism and no 

energy barriers at the interfaces. Figure 4a shows the semi-logarithmic plots of I-V 



characteristics under dark condition. It is seen that all the devices exhibit asymmetric I-V 

curves indicating the formation of a Schottky hybrid heterojunction between PEDOT:PSS and 

Si.26,27 The measured I-V curves are fitted using ideal diode equation as per the thermionic 

emission model: 

--- Equation -1 

 

where q is electronic charge, V is voltage across the device, n is diode ideality factor, kB is 

Boltzmann constant, T is absolute temperature, and Io is reverse saturation current. 

Reverse saturation current and diode-ideality factor were estimated using a linear fit to the 

straight-line segment of ln(I)-V plot.28 Estimated reverse saturation current and diode ideality 

factors are plotted in the Figure 4b. Reverse saturation current values are found to be 6.3 µA, 

0.69 µA, 3.42 µA, 0.42 µA, and 0.50 µA for nanoholes, nanotips-5s, nanotips-10s, nanotips-

15s and nanotips-20s, respectively. Similarly, the diode ideality factor is estimated to be 2.38, 

2.52, 2.49, 1.98 and 2.56 for nanoholes, nanotips-5s, nanotips-10s, nanotips-15s and nanotips-

20s, respectively. The reverse saturation current (Io) is a critical parameter in semiconductor 

diodes, which indicate the small and inherent current that flows through the diode under reverse 

biased conditions. Reverse saturation current is affected by the presence of defect and trap states 

in the diode. Larger is the defect density in the device, higher is the reverse saturation current. 

Hence, reverse saturation current serves as an indicator for the quality of the diode.29 As seen 

in the Figure 4b, Io has decreased by one order of magnitude after the chemical polishing 

process. This denote that the nanoholes sample has inherently larger defect density such as 

dangling bonds and surface states due to the etching process. Upon chemically polishing the 

nanoholes to nanotips, the defects are reduced due to the polishing process, which is reflected 

in the reverse saturation current. 



Another device parameter, which also provides information regarding the defects, traps and 

recombination characteristics in the semiconductors is the minority carrier lifetime.30,31 

Transient photoconductivity (TPC) method is used to measure the minority carrier lifetime. TPC 

technique involves generating excess charge carriers in a semiconductor using a short pulse of 

LASER. The LASER illumination increases the conductivity in the material. The subsequent 

decay of the photogenerated carriers is monitored over the time. The rate at which the excess 

charge carriers recombine and photoconductivity decays infers about the minority carrier 

lifetime in the material. Figure 4c shows the measured minority carrier lifetime values in the 

plot. Minority carrier lifetime values are measured to be 38.21 µs, 39.27 µs, 39.53 µs, 51.18 µs 

and 45.32 µs for nanoholes, nanotips-5s, nanotips-10s, nanotips-15s and nanotips-20s samples, 

respectively. It is clearly seen that nanohole sample shows low carrier lifetime. The carrier 

lifetime has increased with the chemical polishing, as seen in the nanotips samples. This clearly 

validates that the process of chemical polishing defects states and thus improving the minority 

carrier lifetime. 

Apart from the reduction of defects in the semiconductor, the chemical polishing process also 

leads to formation of a conformable heterojunction between the PEDOT:PSS and Si 

nanostructures as seen in the FE-SEM images (Figure 1). Hence, measurements such as dark 

I-V characteristics and carrier lifetime, reveal that the chemical polishing process improve the 

device performance by reducing the defect, trap states and paving way for fabrication of a 

conformable heterojunction. Especially, the nanotips-15s device has shown the superior 

performance among all. Hence, the nanotips-15s device is taken up for further photodetector 

performance testing. 

 



 

Figure 4. a) I-V characteristics of the devices under dark conditions. b) Estimated reverse 

saturation current density and diode ideality factor of the devices. c) Measured minority 

carrier lifetimes of the PEDOT:PSS/Si nanostructures. 

3.3 Figures-of-merit 

Figures-of-merit are the parameters which are useful for comparison of photodetectors with 

each other. Some of the key figures-of-merit are responsivity, external quantum efficiency and 

rise/fall time. Rise time is defined as the time taken for the device to 90% of its saturated 

photocurrent value from the 10% of the initial value.32 Similarly, fall time is defined as the taken 

for the device to reach 90% of the dark current value from the 10% saturated photocurrent. Rise 

and fall time values indicate how fast does the photodetector respond to the incident photons. 



Rise and fall times are estimated from the transient photoresponse response curve as seen in the 

Figure 5a. The device has exhibited a rise and fall times of 79 ms and 81 ms, respectively. The 

quicker rise/fall times of the detector demonstrates its potential for use in applications 

demanding fast response such as image recognition, spectroscopy etc.33 Quicker rise and fall 

times of the detector is primarily attributed to the excellent crystallinity of the Si photoactive 

layer and hybrid junction between Si and PEDOT:PSS. Responsivity is defined as the ratio of 

photocurrent generated in the device to the photon intensity incident over the device per unit 

area. Responsivity indicates how efficiently the incident light intensity is being converted to 

photocurrent.34 External quantum efficiency (EQE) is defined as the ratio of number of free 

charge carriers collected from the device to the number of photons incident on the device.35 

Figure 5b depicts the responsivity and EQE curves of the detector, which reveal that the 

detector demonstrate response over broad spectral range of photons from 400 nm to 1000 nm, 

which can be useful for broadband detection applications. The device exhibits a peak 

responsivity of around >550 mA/W in the range of 850 nm to 950 nm. Device also exhibits 

superior external quantum efficiency of around 0.8 over broad spectral range of 500 to 900 nm, 

which indicates that the incident photons are efficiently contributing to the free charge carrier 

generation and are being subsequently being collected at the electrodes. The superior figures-

of-merit demonstrated by the detector is inherently attributed to the nano structuring of Silicon 

and the conformable junction between Si nanostructure and the PEDOT:PSS. The nano 

structuring of Si enhances the photon absorption due to the light trapping effect and leads to 

efficient charge carrier generation. The generated charge carriers are efficiently separated by 

the conformable PEDOT:PSS heterojunction and also transports the free charge carriers 

efficiently to the respective electrodes. As seen in the Figure 3a, after the chemical etching 

process, though the reflectance has decreased over wide spectral region covering 300-1000 nm, 

responsivity is minimal in the UV region (Figure 5b). Intrinsically, due to the narrower band 



gap of the Si (1.1 eV), high energy photons (especially in UV range) generate hot carriers with 

excess energy, which resulting in heating up of crystal lattice, without any significant 

contribution to the photo response of the detector.37 Further, the Si possess high UV absorption 

coefficient, thus the UV photons can penetrate only few nanometers and are absorbed within 

the shallow depth of Si.36  Due to the absorption at the shallow depths, the recombination rate 

of photo generated carriers is relatively higher. These above-discussed phenomena contribute 

to the poor performance of Si photodetectors in the UV region. 

Photocurrent of the detector with intensity varied from the 0.1 mW/cm2 to 2 mW/cm2 (900 nm) 

is measured to study the relation between photocurrent and light intensity, which reveals about 

the influence of defect states of the photoactive layers on the detector performance.38,39 Figure 

5c shows the intensity dependent transient photocurrent response of the device. The detector 

exhibits photocurrent values of 9.11 µA, 45.03, µA, 90.07 µA and 179.17 µA towards intensities 

of 0.1 mW/cm2, 0.5 mW/cm2, 1 mW/cm2 and 2 mW/cm2, respectively. The intensity dependent 

photocurrent values and corresponding responsivity values are plotted as shown in the Figure 

5d. It is observed that the photocurrent varies linearly with the increase in the incident light 

intensity and the responsivity nearly remains similar at all the intensities. The linear relationship 

between incident photon intensity and the photocurrent indicates that the influence of defect 

states on the photocurrent generation seems to be insignificant.40 The observed photocurrent 

linearity of the detector makes it suitable for applications which require high linear dynamic 

range such as intensity power meters, spectroscopy, ambient light detectors etc. 



  

 

Figure 5. a) Rise / Fall time estimation, b) Responsivity and External quantum efficiency 

(EQE), c) Transient photo response under varied light intensities and d) Intensity 

dependent photocurrent and responsivity of nanotip-15s device. 

3.4 Device Mechanism 

To explain the process of heterojunction formation, photon absorption, charge carrier 

generation and charge transport, band diagram is illustrated as shown in the Figure 6a. 

PEDOT:PSS is a heavily doped p-type conducting polymer, which comprises of conducting 

PEDOT molecules dispersed using an insulating PSS molecules. PEDOT:PSS has high hole 

mobility and excellent visible light transparency, which makes it ideal as charge transport 

material for solar cells and photodetectors. Due to the quasi-metallic nature of PEDOT:PSS, 

the junction between PEDOT:PSS and n-type Si is often treated as Schottky junction in the 



literature. Due to the p-type nature of the PEDOT:PSS, the Fermi level lies near the LUMO 

level. N-type Si is an indirect band gap semiconductor, with Fermi level lying near the 

conduction band. To physically form the heterojunction, PEDOT:PSS is spin coated onto the 

Si substrate. Upon the deposition, due to the Fermi level difference between the PEDOT:PSS 

and Si, the carriers start to flow from Si (high fermi level) to PEDOT:PSS (low Fermi level), 

until the charge carriers are equally distributed. Thus, the Fermi level lineup after reaching the 

equilibrium and results in the band bending at the interface, which denotes the generation of 

built-in field in the device. Under dark conditions, the current flowing through the device is 

very minimal. Under illuminated conditions, the photons are incident on the device from the 

top. Due to the highly transparent nature of the PEDOT:PSS, majority of the photons reach 

upto the Silicon and get absorbed at specific depth depending upon their absorption coefficient. 

High energy photons due to their higher absorption coefficient are absorbed near the top surface. 

Low energy photons, due to their poor absorption coefficient, are absorbed deep in the Silicon 

substrate. The absorbed photons generate free charge carriers in the Si and the charge carriers 

are readily transported to their respective electrodes readily due to the built-in in the device. 

The holes are collected by the PEDOT:PSS and the electrons reach the bottom Ti/Ag electrode 

due to the favourable band energetics. The transported free charge carriers are collected, which 

give rise to the photocurrent in the device. Due to the presence of built-in field, the device does 

not require any additional bias voltage, which makes it a self-powered photodetector. Figure 

6b schematically illustrates the photon absorption, charge carrier generation and carrier 

collection in the device.  



 

Figure 6. Schematic illustration of a) Heterojunction formation and band bending between Si 

and PEDOT:PSS, b) Photon absorption, charge generation and carrier transport process. 

3.5 Cyclic Stability 

For a photodetector to be useful for practical applications, the detector should possess high 

photostability. Photostability is the ability of the detector to retain its performance without any 

decrement, even after multiple cycles of photon illumination. Thus, to test the photostability of 

our fabricated photodetector, the device transient photocurrent analysis is performed, and 

responsivity is measured up to 500 illumination cycles. The device has exhibited a stable 

performance without significant difference from the initial throughout the entire testing 

photocycles, as seen in the Figure S2. This reveals that our fabricated detector possesses 

excellent photostability and can be used in applications where durability is required. 

 



4. Comparison of the fabricated Si/PEDOT:PSS detector with similar class of 
photodetectors 
 
In a report, Si nanowires are fabricated by metal assisted chemical etching technique and a 

conformable heterojunction is fabricated with PEDOT:PSS by tuning the spatial density of 

nanostructures.15 Further, the nanowires are passivated with ~CH3 group to reduce defects 

and improve the performance. Though, the device exhibited a quicker rise time of 2 µs, low 

responsivity of the detector is rather low (37 mA/W), despite the passivation. In another 

report, fabrication of Si microstructures based on porous-Si microarray is fabricated using 

an Electrochemical etching and lithographic technique is demonstrated.24 Si- P-Si micro-

nano structures are employed as a photodetector which exhibited a responsivity of 470 

mA/W. Though the device has shown decent responsivity, the detector fabrication involves 

complex lithographic based approach which limits the scalability of the device. In another 

work, Si nanowires are fabricated using metal assisted chemical etching technique and are 

sensitized with hydrothermally-synthesized Graphene QDs.44 Though, the device displays 

high responsivity of 25A/W due to photocarrier multiplication by Graphene quantum dots, 

the detector operates at higher bias voltage of 4V. Our work reports the fabrication of Si 

nanostructures by metal-assisted chemical etching technique and subsequent polishing 

process to reduce the surface defects. The chemical polishing process averts the requirement 

of passivation layer, thus simplifying the fabrication process. The fabricated Si 

nanostructures are formed conformable hybrid heterojunction with PEDOT:PSS and display 

excellent responsivity (555 mA/W), rise time (79 ms), EQE (0.8) and broad UV-Vis-NIR 

response at zero bias. Thus, our fabricated device shows superior performance in 

comparison with other photodetectors in literature in terms of responsivity as shown in 

Table 1. 

 
 



Table 1. Comparison of our fabricated Si/PEDOT:PSS hybrid heterojunction photodetector 
with similar class of detectors. 

Device Structure Fabrication  
technique 

Bias 
(V) 

Responsivity Rise 
Time 

Ref 

PEDOT:PSS/Si 
nanowire arrays 

Metal assisted Chemical 
Etching (MACE) 

0 37.8 mA/W 
(920) 

2.03 µs 15 

PEDOT:PSS/ 
Graphene 

Exfoliation 0 162 mA/W 
(500 nm) 

- 41 

PEDOT:PSS/Ga2O3 MOCVD 0 37.4 mA/W 
(254 nm) 

3.30 µs 42 

PEDOT:PSS/(Si + PSi 
micro-arrays) 

Electrochemical Etching 0 470 mA/W 
(900 nm) 

396 µs 24 

Si NW/Cs-FAPbI3 MACE  0 14.86 mA/W 
(850 nm) 

4 µs 43 

PEDOT:PSS-Graphene 
QDs 

MACE / Hydrothermal 4 25 A/W (750 
nm) 

79 ms 44 

CdS-PEDOT:PSS Chemical bath 
deposition 

5 374 µA/W 
(NIR) 

2.7 s 32 

Si 
nanotips/PEDOT:PSS 

MACE + Chemical 
polishing 

0 555 mA/W 79 ms This 
Work 

 

5. Conclusions 

The work demonstrates a passivation-free approach to enhance the performance of hybrid 

PEDOT:PSS/Si nanostructure based self-powered photodetector. Si nanostructures are 

fabricated by metal-assisted chemical etching technique. The fabricated Si nanostructures are 

subsequently chemically polished and heterojunction with PEDOT:PSS is fabricated by spin 

coating. It was found that the chemically polished samples exhibit improved PEDOT:PSS 

infiltration into Si nanostructures and formation of a conformable junction. The photodetector 

fabricated with chemically polished Si nanostructures demonstrated superior performance 

metrics such as high responsivity of 555.34 mA/W, quick rise/fall times of 79 / 81 ms and high 

EQE of 0.8 at zero bias (0V). Dark I-V characteristics and Carrier lifetime measurements were 

performed to study effect of chemical polishing on reverse saturation current and carrier lifetime. 

It is revealed that the chemical polishing has resulted in reduction of defects states, enhancement 

in carrier lifetime, formation of a conformable heterojunction in the device upon polishing. 



Simple chemical polishing approach demonstrated, removes the need for passivation and thus 

would be beneficial for large scale fabrication of hybrid Si photodetectors. 

 

Supporting information 

High magnification FE-SEM images of nanotips-15s sample; Transient photo response of the 

fabricated detector under 500 illumination cycles to study the photostability. 
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