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Hybrid nanostructures for applications in photonics: photovoltaic and 

light-sensing devices 
 

Abstract 

 

Subwavelength nanostructures are of great interest for the manipulation of the effective 

refractive index of the materials used in photonic and plasmonic devices. In the current work, 

we decided to explore the use of nanostructured porous silicon (nanoPS) and hybrid 

nanostructures aiming at enhancing the optoelectronic properties of photonic devices based on 

silicon. First, we fabricated nanoPS and hybrid nanostructures of nanoPS combined with Ag 

metallic nanoparticles (nanoPS+AgNPs) onto silicon substrates. The optical characteristics as 

functions of the wavelength, angle of incidence, and polarization state of incident light were 

studied. The experimental results show a broadband optical absorption characteristic of the 

hybrid layers, which will be useful in light-harvesting devices. In addition, an accurate 

determination of the electrical properties of Si-based metal–insulator–semiconductor (MIS) 

Schottky barrier diodes was carried out. The results show a remarkable improvement in the 

performance of the MIS Schottky barrier diodes upon the addition of hybrid nanoPS layers 

with embedded Ag nanoparticles, opening the way to their use as photovoltaic devices. The 

key performance parameters of the MIS Schottky-junction solar cells were determined. A 

remarkable enhancement in the overall performance of the solar cells upon the addition of 

nanoPS and AgNPs layers to the basic structure is observed. 

 

From another perspective, hybrid organic-inorganic self-powered photodetectors with three 

different configurations were fabricated and their optoelectronic performance was determined. 

In these devices, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is the 

organic layer and the inorganic layer is based on Si. The performance of the devices was greatly 

improved by modifying the structure of the active layer to be Si+nanoPS micro-arrays instead 

of single nanoPS layers or flat Si layers. This improved behavior is associated to the combined 

effect of an effective reduction of the reflectance due to the presence of nanoPS and an 

improvement of the electrical conduction given by the presence of heavily-doped Si regions. 
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Nanoestructuras híbridas para aplicaciones en fotónica: dispositivos 

fotovoltaicos y sensores de luz 

Resumen 

 

Las nanoestructuras con dimensiones inferior que la longitud de onda son de gran interés para 

la manipulación del índice de refracción efectivo de los materiales utilizado en dispositivos 

fotónicos y plasmónicos. En este trabajo, decidimos explorar el uso de silicio poroso 

nanoestructurado (nanoPS) y nanoestructuras híbridas con el objetivo de mejorar las 

propiedades optoelectrónicas de varios dispositivos fotónicos basados en silicio. Primero, 

fabricamos silicio poroso nanoestructurado (nanoPS) y nanoestructuras híbridas de nanoPS 

combinadas con nanopartículas metálicas Ag (nanoPS + AgNP) sobre sustratos de silicio. Se 

estudiaron las características ópticas en función de la longitud de onda, el ángulo de incidencia 

y el estado de polarización de la luz incidente. Los resultados experimentales muestran una 

característica de absorción óptica de banda ancha de las estructuras híbridas, que será útil en 

dispositivos de captación de luz. Además, se llevó a cabo la determinación precisa de las 

propiedades eléctricas de los diodos de barrera Schottky de metal-aislante-semiconductor 

(MIS). Los resultados muestran una mejora notable en el rendimiento de los diodos de barrera 

MIS Schottky tras la adición de capas nanoPS híbridas con nanopartículas de Ag integradas, 

abriendo el camino para su uso como dispositivos fotovoltaicos. Se determinaron los 

parámetros clave de rendimiento de las células solares de unión Schottky MIS. Se observó una 

mejora notable en el rendimiento general de las células solares tras la adición de capas nanoPS 

y AgNPs a la estructura básica. 

 

Desde otra perspectiva, se fabricaron fotodetectores híbridos orgánicos-inorgánicos 

autoamplificados con tres configuraciones diferentes y se determinó su rendimiento 

optoelectrónico. En estos dispositivos, PEDOT: PSS es la capa orgánica y la capa inorgánica 

se basa en Si. El rendimiento de los dispositivos mejoró en gran medida al modificar la 

estructura de la capa activa para que sean micromatrices Si+nanoPS en lugar de capas de 

nanoPS individuales o capas planas de Si. Este comportamiento mejorado está asociado al 

efecto combinado de una reducción efectiva de la reflectancia debido a la presencia de nanoPS 

y una mejora de la conducción eléctrica dada por la presencia de regiones de Si fuertemente 

dopadas. 
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Global summary and outline  

Nanostructured porous silicon (nanoPS) shows many additional properties beyond photo- and 

electro-luminescence, which have led to several successful applications in different fields 

ranging from microelectronics to biomedicine [1]. NanoPS can be described quite simply as an 

amorphous matrix in which silicon nanocrystals are embedded [2-5]. The morphology of 

nanoPS depends strongly on the specific fabrication parameters, including electrolyte 

composition and fabrication current density [6]. The complex-valued effective refractive index 

of nanoPS is therefore dependent on the electrochemical fabrication parameters [7]. Control 

over the refractive index allows the use of nanoPS in tunable photonic structures made entirely 

of silicon [8]. However, two primary competing recombination mechanisms are possible after the 

fabrication of nanoPS on Si, namely radiative recombination through the surface states (surface 

recombination) and radiative recombination through oxygen vacancies [9]. This way, passivating 

the surface of nanoPS would lead to an enhancement of the generation of electron/hole pairs by 

reducing the surface recombination rates. Moreover, nanoPS shows low surface electrical 

conduction, most likely due to the formation of the nanopores in the heavily-doped regions of 

the Si substrate, leading to an effective reduction of the doping concentration [10]. 

 

Nanoparticles (NPs) of nobel metals usually enhance the efficiency of photovoltaic devices by 

reducing reflection and increasing light trapping. However, the specific optical behavior 

depends on the density of NPs, as well as their shape and size [11]. In some cases, the presence 

of metal NPs results in high reflectivity due to a large surface density, which can reach their 

percolation threshold and even form a quasi-continuous thin film [12, 13]. Nevertheless, a large 

surface density of nanoparticles would result in improved electrical conduction.  

 

Within this context and given the increasing attention being received by subwavelength 

nanostructures for photonic and plasmonic applications [14, 15], we decided to explore the use 

of nanoPS and Ag nanoparticles (AgNPs) in hybrid nanostructures for the development of 

enhanced photovoltaic devices. Furthermore, TiO2 thin films are used as a passivation layers 

to prevent nanoPS from oxidation.  

 

Self-powered photodetectors possess high potential for use in numerous applications in such 

diverse fields as optical communications, biomedicine, gas sensing, and video imaging [16]. 

Depending on their wavelength response, there are selective and broadband photodetectors. 
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Part of the present work was devoted to combine in one device the good electrical properties 

of Si and the optical enhancement provided by nanoPS. In this line, integrated micro-

nanostructures consisting of ordered micro-arrays of nanoPS on the surface of Si, i.e., 

Si+nanoPS micro-arrays were fabricated for their subsequent use as self-powered 

photodetectors. Moreover, PEDOT:PSS layers serve at the same time as a transparent 

conductors, anti-reflective coatings and hole transport layers [17].  

 

In Chapter 2: “Effect of electrolyte pH value and current density on the electrodeposition of 
silver nanoparticles into porous silicon’’ 

 

Nanostructured porous silicon (nanoPS) layers effectively reduce the overall reflectance of 

bulk silicon, due to a reduction of the effective refractive index as a consequence of combining 

silicon with air. The reflectance of hybrid nanoPS+AgNPs structures can be lower than that of 

nanoPS due to plasmonic effects or higher if a continuous Ag layer is formed. This will depend 

on the size, shape and density of the infiltrated AgNPs. In this study, a combination of 

electrochemical etching of Si and electrodeposition of silver nanoparticles (AgNPs) for the 

development of hybrid structures (nanoPS+AgNPs), is presented. In particular, AgNPs with 

different sizes and shapes were infiltrated into nanoPS layers using different electrolyte pH 

values and infiltration current densities. Furthermore, the effect of the fabrication parameters 

on the optical properties of the nanoPS layers and the hybrid nanoPS+AgNPs structures was 

studied. Accordingly, this work establishes a relationship between the size and morphology of 

the AgNPs and the optical properties of the hybrid nanoPS+AgNPs structures. Depending on 

the intended application, the characteristic features of the deposited AgNPs can be optimized 

by setting the appropriate electrolyte pH value and infiltration current density. 

 

In Chapter 3: “Hybrid nanostructured porous silicon-silver layers for wideband optical 

absorption’’ 

 

 Given the increasing attention being received by subwavelength nanostructures for photonic 

and plasmonic applications, the use of nanoPS and hybrid nanoPS+AgNPs layers grown onto 

silicon as wideband optical absorbers is explored. Therefore, it was experimentally investigated 

the dependence of optical absorption characteristics of nanoPS and hybrid nanoPS+AgNPs 

layers on the thickness and porosity of nanoPS layers and the amount of silver infiltrating the 
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pores of nanoPS. More specifically, the reflection and absorption characteristics of the nanoPS 

and hybrid nanoPS+AgNPs layers were measured as functions of the wavelength, angle of 

incidence, and polarization state of incident light. The experimental data show that the 

absorption characteristics of the hybrid nanoPS+AgNPs layers can be controlled by selecting 

the appropriate combination of thickness and porosity of the nanoPS layers, together with the 

density of infiltrant silver nanoparticles. The wideband optical absorption characteristics of the 

hybrid nanoPS+AgNPs  layers are expected to contribute to increased efficiency of light-

harvesting devices and photodetectors given by increased field-of-view for both s- and p-

polarization states of incident light over a broad spectral regime. 

 

In Chapter 4: “Electrical characterization of MIS Schottky barrier diodes based on 

nanostructured porous silicon and silver nanoparticles with applications in solar cells’’ 

 

The electrical properties of photovoltaic devices are of utmost importance to predict and 

optimize their overall optoelectronic performance. Within this context, alternating current (AC) 

and direct current (DC) electrical characteristics of Si-based metal–insulator–semiconductor 

(MIS) Schottky barrier diodes with the basic structure Al/Si/TiO2/NiCr were studied, aiming 

at using them as photovoltaic devices. The basic diode structure was modified by adding 

nanoPS layers and by infiltrating AgNPs into the nanoPS layers, leading to 

Al/Si+nanoPS/TiO2/NiCr and Al/Si+nanoPS+AgNPs/TiO2/NiCr structures, respectively. The 

AC electrical properties were studied using a combination of electrochemical impedance 

spectroscopy and Mott–Schottky analysis, while the DC electrical properties were determined 

from current-voltage measurements. From the AC electrical characterization, an equivalent 

electric model was proposed. Additionally, Mott–Schottky analysis allowed the determination 

of such parameters as the flat-band potential, carrier doping density, and the type of the 

conduction (p or n). While, the DC electrical properties allowed us to determine several key 

diode parameters, namely reverse saturation current, ideality factor, parasitic series and shunt 

resistances, and barrier height. 

 

In Chapter 5: “Hybrid porous silicon/silver nanostructures for the development of enhanced 

photovoltaic devices’’ 

 

In the present work, the optoelectronic performance of the three different MIS Schottky diodes 

studied in the previous chapter are analized. The diodes include a device with the structure 
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Al/Si/TiO2/Au and two modified ones. The first variation includes a nanoPS layer, leading to 

the structure Al/Si/nanoPS/TiO2/Au, while the second one includes AgNPs embedded into the 

nanoPS layer, leading to the structure Al/Si/nanoPS+AgNPs/TiO2/Au. The modified devices 

constitute two strategies that are implemented to improve light absorption and minimizing the 

carrier recombination rates of flat Si.  

 

In Chapter 6: ‘’Self-powered broadband hybrid organic-inorganic photodetectors based on 

PEDOT: PSS and silicon micro-nanostructures’’ 

 

The main aim of this work is to combine the good electrical properties of Si and the optical 

enhancement provided by nanoPS in one device. In this line, integrated micro-nanostructures 

consisting of ordered micro-arrays of nanoPS on the surface of Si, i.e., Si+nanoPS micro-

arrays, were fabricated for their subsequent use as self-powered photodetectors. Three 

configurations of hybrid organic-inorganic PEDOT:PSS (poly(3,4- ethylenedioxythiophene) 

polystyrene sulfonate)-Si self-powered photodetectors were fabricated and studied. The basic 

structure is Au/PEDOT:PSS/Si/Al, and two variants aimed at improving the optical 

performance of the devices: Au/PEDOT:PSS/nanoPS/Si/Al and Au/PEDOT:PSS/(Si+nanoPS 

micro-arrays)/Si/Al. The PEDOT:PSS layer serves at the same time as a transparent conductor, 

anti-reflective coating and hole transport layer [17], while Si, nanoPS/Si, and (Si+nanoPS 

micro-arrays)/Si are the photodetector active layers, respectively. The morphology, optical 

properties, and electrical transport properties of the three different photodetector configurations 

were analyzed. Furthermore, we compared their photoresponse in a wide range of incident light 

powers. The stability and reproducibility to pulsed light were examined at 0 V. Finally, the 

spectral responsivity was analyzed in a broad wavelength range. 
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1. General introduction 
 

Photonics is the science of light. It is the technology of manipulating light by generation, 

emission or control [18]. Photonic technology is applicable in a variety of electronic 

engineering fields. For instance, photovoltaics (PVs), light-emitting diodes, optical 

communications, laser, optical amplifiers, smart windows and photodetectors [19].  

 

Solar cells are mainly based on semiconductor materials, which are classified into two classes. 

(1) Elemental semiconductors (group IV in the periodic table), i.e. silicon, germanium, 

diamond, etc. (2) Compound semiconductors, i.e. IV-IV (SiC), III-V (GaAs, InP, InSb, GaN), 

and II-VI (CdTe, ZnS, ZnSe, etc.). Furthermore, impurities (p or n) can introduce into the 

intrinsic semiconductor material to improve its electrical properties, i.e boron-doped Si or 

phosphorus-doped Si [20-22]. Light absorption by the semiconductor materials in PV 

applications is one of the main requirements to obtain a high conversion efficiency.  

1.1. Energy bandgap of semiconductor materials and Light trapping 

 
Absorption of light by a semiconductor material is mainly depend on its energy bandgap (Eg). 

When the energy of the incident photon equals or greater than the bandgap of the 

semiconductor, the photon will be absorbed and an electron will be excited into the conduction 

band [23]. That generation of charge carriers (electron-hole pair) is the basis of the photovoltaic 

effect. Moreover, semiconductor materials are divided into direct bandgap and indirect 

bandgap semiconductors [23]. Direct bandgap semiconductors characterized by a large 

absorption coefficient (α) due to the minimum of the conduction band occurs at the same 

wavevector (k) as the maximum of the valence band. However, the indirect bandgap 

semiconductors characterized by a smaller α due to the minimum of the conduction band 

doesn’t occur at the same wavevector as the top of the valence band (conduction and valence 

bands are not vertically aligned) as illustrated in figure 1.1. 



1. General introduction 
 

2 
 

 

Figure 1.1. Illustration of energy band structure and light absorption. (a) Direct bandgap 

semiconductor. (b) Indirect bandgap semiconductor assisted with phonon absorption. 

 

Absorption of light is larger for direct bandgap semiconductors than indirect bandgap materials. 

Regarding a direct bandgap semiconductor, light absorption occurs when the energy and 

momentum of an empty state in the conduction band equals that of an electron in the valence 

band plus that of the incident photon. While, for an indirect bandgap semiconductor, the energy 

and momentum of the empty state in the conduction band are not equal to that of an electron 

in the valence band plus the energy of the incident photon. As a result, light absorption needs 

the help of another particle, namely a phonon to cause light trapping [24]. 

 

1.2. Crystalline silicon and photodetection applications 
 

Despite all the available alternatives and the intense research in the field of photodetection, 

silicon is likely to remain the dominant PV material for the foreseeable future, given its 

abundance in the earth’s crust, long-term stability, well-established technology (having its 
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origins in the semiconductor industry), and relatively low cost [25]. However, crystalline 

silicon still has several drawbacks that limit its performance. These include optical losses and 

the indirect bandgap character of Si, which causes an increase of the carrier recombination rates 

[26, 27], as well as thermal and quantum losses [27]. These drawbacks can be tackle by using 

multi-bandgap devices or adjusting the bandgap of silicon. Multi-junctions as p-n 

hetrojunctions, metal-semiconductor (MS) Schottky junctions and MIS Schottky junctions. A 

different approach to achieve an efficient photovoltaic conversion of solar energy goes through 

the development of MS Schottky junction solar cells based on crystalline Si, basically because 

of their structural simplicity and therefore convenient realization [28]. Moreover, these solar 

cells are inexpensive compared to solar cells based on diffused p-n junctions. Moreover, they 

overcome the issues related to high temperature diffusion. However, MS solar cells usually 

show lower conversion efficiencies compared to p-n junction solar cells of the same materials 

due to their typically low open-circuit voltage [29]. However, MIS junctions show increased 

open-circuit voltage due to tunnelling through the insulating layer of the majority carriers or 

diffusion current due to the minority carriers [30, 31], thus improving the overall conversion 

efficiency of Schottky-barrier solar cells. As for the bandgap of silicon can be adjusted by 

performing nanostructures on the silicon surface. In particular, various nanostructures were 

performed on the Si wafer surface, including Si nanowires [32-34], quantum dots [35], and 

porous silicon [36], as well as periodic, random, and pyramidal surface texturing [37, 38]. 

 

1.3. Nanomaterials and hybrid nanostructures for enhancing optoelectronic behavior 
 

There are several number of ways that nanostructures can potentially improve the 

optoelectronic performance by improving light trapping. The mechanism behind the increase 

in light trapping by the nanostructures depends on the shape and size of the intended 

nanostructures [39]. This section focuses on the advantages of applying mono and hybrid 

nanostructures for enhancing the performance of photovoltaic devices. In more details, the 

nanoPS, metallic NPs, and hybrid nanostructures. 

 

1.3.1. Fundamentals of nanostructured porous silicon 
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Uhlir is the first scientist who discover porous silicon in 1956 by chance. He was performing 

electropolishing experiments on silicon wafers in hydrofluoric (HF) acid electrolyte. He 

noticed that, under the appropriate conditions of applied current density and electrolyte 

composition, a nanostructured porous silicon (nanoPS) layer was produced [40]. Since then, 

NanoPS material was investigated as a good candidate in different fields ranging from 

microelectronics to biomedicine [1].  

 

Electrochemical etching in hydrofluoric acid is one of the most common methods to perform 

nanoPS with different dimensions [41]. The reaction during anodization process can be 

expressed as: 
Si + 6HF → H2SiF6 + H2 + 2H+ + 2e                    (1.1) 

During the pores formation, two of the four available silicon electrons participate in an interface 

charge transfer. While the remaining two electrons affected by corrosive hydrogen formation. 

There are three classifications of porous materials according to the diameter of the pores as 

shown in figure 1.3. Accordingly, the size of the pores can be adjusted as a function of the 

applied current density (J). Where the size of the pores increases with increasing J. 

 

Figure 1.3. Classifications of porous materials according to the diameter of the pores. 

 

NanoPS can be described quite simply as an amorphous matrix in which silicon nanocrystals 

are embedded [2-5]. The morphology and optical absorption of a nanoPS sample depends 

strongly on the specific fabrication parameters, including electrolyte composition and 

fabrication current density [6]. The complex-valued effective refractive index of nanoPS is 

therefore dependent on the electrochemical fabrication parameters [7]. Control over the 
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refractive index allows the use of nanoPS for tunable photonic structures made entirely of 

silicon [8]. However, the electrical conduction decreases by creating voids in the crystal 

structure of Si. Moreover, nanoPS undergoes a spontaneous oxidation under ambient 

atmosphere, which cause a degradation of surface structures and electrical conduction over 

ageing [42] . In addition to two recombination mechanisms are possible after the fabrication of 

nanoPS on Si, namely radiative recombination through the surface states (surface recombination) 

and radiative recombination through the oxygen vacancies [9]. This way, passivating the surface of 

nanoPS leads to an enhancement of the generation of electron/hole pairs by reducing the surface 

recombination rates. Therefore, passivation of nanoPS surfaces stabilize the functional 

properties of porous silicon based devices. Chemical modification of nanoPS surface is an 

effective method for surface passivation. For instance by oxidation [43, 44], nitradation [45], 

or by halogenation processes [46]. Metals as In, Cu and Ag is an alternative method to stabilize 

the physical properties of nanoPS, as previously studied [47, 48]. Moreover, surface treatment 

by noble metal ions as Pt and Pb showed an effective way to passivate the surface of nanoPS 

[49].  

 

 1.3.2. Noble metal nanoparticles for light trapping applications 
 

Noble metal nanoparticles (NPs) (i.e. Ag, Au, Pt) with sizes ranging from a few nanometers to 

several hundreds of nanometers, have properties that differ significantly from those of bulk 

materials [50]. The unique physical and chemical properties of noble metals NPs allow them 

to be exploited in a wide variety of applications in such diverse fields as biomedicine, energy 

harvesting and gas sensing [51-54]. In the case of low-dimension materials, these properties 

greatly depend on the surface to volume ratio [55]. Since NPs possess a large surface to volume 

ratio, their electrical, optical, and magnetic properties remarkably depart from their bulk 

properties [56-58]. Accordingly, the size and shape of NPs need to be precisely controlled for 

the target application. However, other features such as their size distribution, state of 

aggregation, and arrangement over a surface need also to be accurately controlled. In this 

regard, numerous physical and chemical methods have been developed to synthesize noble 

metal NPs with controlled properties [59, 60].  

 

Nobel metal NPs usually enhance the efficiency of photovoltaic devices by reducing reflection 

and increasing light trapping within the device. The strong interaction between metal NPs and 
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light leads to an increase in the electric field around the particles. As a result, the particles 

effectively concentrate the light in the surrounding medium and electron-hole pair are 

generated. This phenomena is called surface plasmon resonance (SPR), figure 1.2.a. However, 

the specific optical behavior depends on the density of NPs, as well as their shape and size [11]. 

In some cases, the presence of metal NPs results in high reflectivity due to a large surface 

density of nanoparticles, which can reach their percolation threshold and even form a quasi-

continuous thin film [12, 13], figure 1.2.b. Nevertheless, a large surface density of 

nanoparticles would result in improved electrical conduction.  

 

 
 
Figure 1.2. Effect of density of metal NPs on light trapping. a) Generation of SPR effect by NPs and b) 

Backscattering of light by the metal NPs due to percolation threshold. 

 

1.3.3. Hybrid materials and photovoltaic properties 
 

There is a wide range of materials that are used in hybrid systems to improve the optoelectronic 

performance of photovoltaic applications. These materials include metals nanostructures, metal 

oxides, organic materials, etc. The morphology of these materials is versatile. There are zero-

dimensional (0D) (i.e. quantum dots or nanoparticles), one-dimensional (1D) (i.e. nanowires 

or nanorods), two-dimensional (2D) (i.e. nanosheets) and three-dimensional (3D) as networks 

or thin films [61-63][64-66]. So far, hybrid nanostructures could be an integration between 

0D/1D, 1D/1D, 0D/2D, 1D/2D, 2D/2D and 3D materials, figure 1.3. 
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Figure 1.3. Schematic representation of different hybrid nanostructures suitable for enhancing optoelectronic 

performance of photonic devices. 

 

Owing to the advantages of low cost, simple fabrication, compact size, and device stability, 

hybrid nanostructures greatly improve the optoelectronic performance of photodetectors 

compared with a single structure. For instance, the combination of two structures with good 

electrical conduction and the other has a good optical absorption leads to an integrated system 

combining good electrical conduction and optical absorption in the same device. As a result, 

an enhancement in the optoelectronic performance of the photodetectors. Another strategy is 

the combination between two materials and one of them contribute to passivating the surface 

of the other material from oxidation. This leads to an improvement in the stability of the 

devices. From another perspective, the combination of two nanostructures can facilitate the 
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separation between charge carriers and increase the charges lifetime. As a result, an 

enhancement in the photodetection performance in terms of photocurrent and efficiency. 

Moreover, a combination of two nanostructures of different photoemission has a great effect 

on light-emitting diodes. In this case, broadband emission will result from the combination 

between two different structures, instead of narrow emission by single nanostructured material. 
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1.5. Abbreviations in the general introduction 

 

NanoPS Nanostructured porous Silicon 

AgNPs Silver nanoparticles 

MIS metal-insulator-semiconductor 

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

NPs                     Nanoparticles 

AC Alternating current 

DC Direct current 

PV photovoltaic 

Eg Energy gap 

α absorption coefficient  

K wavevector  

MS metal-semiconductor 

HF hydrofluoric 

J current density 

SPR surface plasmon resonance 

0D zero-dimensional 

1D one-dimensional 

2D two-dimensional 

3D three-dimensional 
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Abstract. Nanostructured porous silicon (PS) can be used as a template for the growth of noble
metal nanoparticles for the subsequent development of metal/semiconductor hybrid structures
with application in several fields. The current work reports on the electrodeposition of silver
nanoparticles (AgNPs) into columnar PS layers. In particular, the size, morphology, and surface
density of the AgNPs grown into PS were studied as a function of the electrolyte pH value and
the infiltration current density. Furthermore, the optical properties of the hybrid PS + AgNPs
structures were analyzed. The experimental results show a remarkable reduction in the size of
AgNPs and increased growth rate upon reducing the acidity of the electrolyte and upon increas-
ing the current density. In addition, a remarkable reduction of the average reflectance is observed
under specific fabrication conditions. In particular, as the pH values of the electrolyte increase,
the optical reflectance decreases. This relation is attributed to the reduction in the AgNPs size.
On the other hand, increasing the infiltration current density increases the average reflectance
due to increasing surface density of the AgNPs. These results demonstrate that the size and shape
of AgNPs can be controlled by adjusting the applied infiltration current density and the pH value
of the electrolyte depending on the intended application. © 2020 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JNP.14.040501]

Keywords: porous silicon; silver nanoparticles; electrolyte pH value; infiltration current density;
optical properties.

Paper 20085L received Jun. 24, 2020; accepted for publication Oct. 20, 2020; published online
Nov. 3, 2020.

1 Introduction

The unique physical and chemical properties of noble metals allow them to be exploited in a
wide variety of applications in such diverse fields as biomedicine, energy harvesting, and gas
sensing.1–4 In the case of low-dimension materials, these properties greatly depend on the sur-
face-to-volume ratio.5 Since nanoparticles (NPs) possess a large surface to volume ratio, their
electrical, optical, and magnetic properties remarkably depart from their bulk properties.6–8

Accordingly, the size and shape of NPs need to be precisely controlled for the target appli-
cation. But other features such as their size distribution, state of aggregation, and arrangement
over a surface need also to be accurately controlled. In this regard, numerous physical and
chemical methods have been developed to synthesize noble metal NPs with controlled
properties.9,10 Electrochemical infiltration is one of the most effective techniques used to
control the characteristic features of the synthesized material. Some of the key fabrication
parameters include time of infiltration, electrolyte pH value, infiltration current density, and
processing temperature.11–14

NPs can be deposited on a variety of materials, flat or rough, such as glass, ceramic, silicon
wafers, aluminum foil, copper sheet, and plastic.15 In particular, porous silicon (PS) has been
extensively used for the infiltration of several NPs, including silver, gold, copper, dielectric
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materials, and liquid crystals.16–20 The optical, electrical, and thermal properties of PS can be
rather easily adjusted by changing its porosity and pore shape.21,22 For this reason, PS has been
demonstrated as a versatile material with applications in fields ranging from optoelectronics to
biomedicine.

In this study, a combination of electrochemical etching of Si and electrodeposition of silver
nanoparticles (AgNPs) for the development of hybrid structures PS + AgNPs is presented. In
particular, AgNPs with different sizes and shapes were infiltrated into PS layers using different
electrolyte pH values and infiltration current densities. Furthermore, the effect of the fabrication
parameters on the optical properties of the PS layers and the hybrid PS + AgNPs structures was
studied. Accordingly, this work will serve to establish a relationship between the size and mor-
phology of the AgNPs and the optical properties of the hybrid PS + AgNPs structures.

2 Experimental

2.1 Fabrication of Porous Silicon Layers

PS layers were electrochemically etched from heavily boron-doped (p-type) crystalline silicon
wafers, with orientation h100i and resistivity 0.01 to 0.02 Ω · cm. Typically, a silicon chip with
an area of 1.5 × 1.5 cm2 was mounted in a sample holder with a circular area of about 1.23 cm2,
exposed to the etching solution. The etching solution consists of a 1:2 HF (48%)/ethanol
(99%) mixture. Before the etching process, the substrate was cleaned by immersion in ethanol
to remove any contaminations. The applied current density was fixed at 80 mA∕cm2 and
the anodization time was 11 s, leading to columnar nanostructured PS layers. After the fabri-
cation process, each sample was rinsed in ethanol and dried with a mild stream of dry nitrogen.
The fabrication process of the experimental setup was schematically described in a previous
work.23

2.2 Infiltration of AgNPs into PS

AgNPs were infiltrated into the nanostructured columnar PS layers by the electrochemical dep-
osition method. The AgNPs were cathodically electrodeposited using a Bio-Logic SP-150 poten-
tiostat. The aqueous solution was composed of 0.1 mM silver nitrate (the salt), 0.25 mM sodium
citrate (the stabilizer), 0.01 M to 0.02 M nitric acid (control the electrolyte acidity), and 1000 ml
distilled water (the solvent). The current work is devoted to study the effect of the electrolyte pH
value and infiltration current density on the morphology, size, and density on the infiltrated
AgNPs. For that, three different target pH values of the electrolyte were selected as (1.7, 2.0,
and 3.0). The pH values were controlled by adjusting nitric acid concentration. Regarding the
electrodeposition parameters, the infiltration current density (J) was varied between 10 nA∕cm2

and 1 μA∕cm2. Meanwhile, the infiltration time was fixed constant at 12 min.

2.3 Morphological Characterization

Cross-sectional and top-view images of the samples were acquired using a Philips XL 30S-FEG
field emission scanning electron microscope (FESEM) operated at 10 kV. An energy dispersive
spectroscopy (EDS) x-ray analyzer (Inca X-sight 7558, Oxford Instruments, London, UK)
coupled to the microscope was used to determine the elemental compositions of the hybrid
PS + AgNPs structure. The structure and sizes of the pores of PS and the AgNPs were deter-
mined from these FESEM images using the ImageJ software.

2.4 Optical Reflectance Measurement

The overall reflectance spectra in the wavelength range (250 to 900 nm) were acquired using a
double-beam spectrophotometer (V-560, JASCO International, Tokyo, Japan) equipped with an
integrating sphere in order to collect both diffuse and specular reflections, with unpolarized light
being 10 deg (i.e., almost normal incidence) on the sample.
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3 Experimental Results

3.1 Morphology

3.1.1 Effect of the electrolyte pH value

The morphology, size, distribution, and growth rate of metal NPs grown by electrochemical
deposition methods generally depend on several factors. These include the specific fabrication
parameters, electrolyte pH value, and the surface of growth. The current work is devoted to
studying the effect of pH values and infiltration current density on the characteristic features
of AgNPs, grown into columnar PS layers. Figure 1 shows typical cross-sectional FESEM
images of hybrid PS + AgNPs structures for various electrolyte pH values (1.7, 2.0, and
3.0). Since alkaline media are well-known to degrade PS, acidic electrolytes controlled by nitric
acid solvent were used for the infiltration of the AgNPs into the PS layers. Figure 1(a) shows that
for pH ¼ 1.7, relatively large agglomerates of AgNPs grow on the surface of the PS layers.
Additionally, the size of the infiltrated AgNPs has been observed to decrease upon the reduction
in the electrolyte acidity (pH values increasing from 2.0 to 3.0), as shown in Figs. 1(b) and 1(c).
This behavior is attributed to increased reaction rate upon increasing the pH values and a sub-
sequent increase in the nucleation rate.6 In other words, the increase in the reaction rate leads to
increased dissolution rate by reducing the chelating agent concentration (nitric acid).24 In the
aqueous electrolyte, chelating agents have a ring-like center to form at least two bonds with
the metal ions. Therefore, increasing the electrolyte acidity hinders the release of small particles,
given a reduction in the nucleation rate and growth of large NPs [Fig. 1(a)]. The same behavior
was previously observed for AgNPs synthesized by green chemistry methods for a wide range of
pH values (3, 5, 7, 9, and 11).6 The EDS analysis shown in Fig. 1(d) confirms the infiltration of
the large AgNPs into the PS layer.

Fig. 1 Cross sectional FESEM images of hybrid PS + AgNPs structures. The aqueous solutions
were prepared at different pH values: (a) pH ¼ 1.7, (b) pH ¼ 2.0, and (c) pH ¼ 3.0. (d) Typical EDS
spectrum of a PS layer conjugated with AgNPs.
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3.1.2 Effect of the infiltration current density

In electrodeposition processes, the infiltration current density (J) is one of the key parameters
and has a direct effect on the size and morphology of the deposited nanostructures. Figure 2
shows the effect of J on the size and distribution of the electrodeposited AgNPs. When the
lowest deposition current density (10 nA∕cm2) is used, the AgNPs tend to aggregate, as
observed in Fig. 2(a). However, under a higher current density (30 nA∕cm2), the dissolution
rate increases and NPs with sizes in the 20- to 55-nm diameter range start to cover the PS surface
more homogeneously, as shown in Fig. 2(b). Furthermore, at 1 μA∕cm2, the infiltrated AgNPs
have spherical shapes with typical diameters between 6 and 30 nm. In summary, the size and
distribution of the AgNPs remarkably changes with increasing current density.

This behavior might be attributed to three main mechanisms.25 (1) The nucleation rate
increases with increasing current density. (2) Generation of a nonuniform electric field due
to the unequal conductivity of PS given by its typical random distribution of nanopores.
Upon increasing the applied current density, the generated electric field increases. This leads
to an increased growth rate of smaller NPs on the PS surface. (3) Shift in reaction control from
kinetic control (charge transfer control) to mass transfer control (diffusion control). Charge trans-
fer control is defined by activation control because at specific applied current densities, ions tend
to move fast toward the cathode surface. As a result, the growth rate becomes higher than the
nucleation rate so that agglomeration of NPs takes place. However, mass transfer control results
in the formation of diffusion-limited aggregates or dendrites so that small AgNPs grow.26 In
addition, the interaction between the infiltrated NPs with the surface of PS is very low at low
infiltration current densities, which is attributed to the low electrical conductivity of PS. As a
result, the infiltrated NPs tend to agglomerate. Increasing the electrical current density helps the
NPs to localize into the surface of PS and increases the growth rate. These observations agree
with previous results on electrodeposited maghemite (γ-Fe2O3) NPs. In this case, the sizes of the
NPs decreased from ∼23 to 7 nm after increasing the current density from 150 to 2000 mA∕cm2,

Fig. 2 Tilted cross-sectional FESEM images of hybrid PS+AgNPs structures. The AgNPs were
synthesized at different infiltration current densities (J) for 12 min, with constant electrolyte pH
value (pH ¼ 3.0). (a) J ¼ 10 nA∕cm2, (b) J ¼ 30 nA∕cm2, and (c) J ¼ 1 μA∕cm2
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and the production rate increased from 0.1 to 2.5 g h−1 cm−2.25 These results demonstrate that
the size and shape of AgNPs can be controlled by adjusting the applied infiltration current den-
sity and the pH value of the electrolyte depending on the intended application.

3.2 Optical Behavior

Figure 3 shows the reflectance spectra of PS layers grown onto silicon substrates, as well as
different hybrid PS + AgNPs structures. As previously discussed, changing the pH value of the
silver nitrate electrolyte (2.0 or 3.0) results in AgNPs with different sizes and distributions, as
shown in Fig. 1.

PS is described as a mixture of silicon nanocrystallites, air (the nanopores), and amorphous
silicon.27,28 Therefore, PS can be used to fabricate antireflective coatings since its effective
refractive index can be controlled by adjusting its constituents.29 As such, a remarkable reduction
of the average reflectance can be obtained using the appropriate fabrication conditions.
Furthermore, an additional reflection reduction in specific wavelength ranges can be obtained
taking advantage of plasmonic effects produced by metallic NPs, such as Au or Ag.17,23

However, the specific optical behavior depends on the density and morphology of the infiltrated
NPs.30 Nevertheless, in some cases, the presence of metal NPs leads to increased reflectance, as
is the case of hybrid PS + AgNPs structures fabricated using solutions with pH ¼ 2.0. This
increase in reflectance is attributed to a large surface density of the AgNPs as portrayed in
Fig. 1(b). A large increase in the surface density of the AgNPs leads to reaching the percolation
threshold or even to form a quasicontinuous film,31 thus preventing the manifestation of plas-
monic effects and effectively increasing reflectance.

Figure 4 shows the effect of the infiltration current density on the average reflectance in the
250- to 900-nm wavelength range for samples fabricated using electrolytes with pH values of 2.0
and 3.0. The experimental results show that increasing the infiltration current density for a con-
stant deposition time (12 min) leads to increased average reflectance for the two pH values. The
reason behind this effect is that under the appropriate infiltration current density, the deposited
AgNPs interact with the PS surface and the dissolution rate increases. As a result, the growth rate
on the PS surface increases and the AgNPs are more regularly distributed, which might lead to
reaching the percolation threshold. On the other hand, at low values of deposition current den-
sity, the NPs tend to agglomerate and clusters of AgNPs appear in defined areas over the PS
surface. As a result, the average reflectance decreases according to the distribution and surface
density of AgNPs on the PS surface. In addition, the average reflectance decreased with increas-
ing pH values of the electrolytes used for NP infiltration. This behavior is attributed to a reduc-
tion of the size of the infiltrated NPs for higher pH values due to increased dissolution rate.

Fig. 3 Overall reflectance of PS and hybrid PS + AgNPs structures using electrolytes with pH
values of 2 and 3. Both the infiltration current densities of the AgNPs and the electrodeposition
times were the same, i.e., 1 μA∕cm2 and 12 min.
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4 Conclusions

Nanostructured columnar PS layers were used as templates for the subsequent electrodeposition
of AgNPs. It was found that changing the electrodeposition parameters led to the growth of
AgNPs with different characteristics. The effect of the electrolyte pH values and infiltration cur-
rent densities were analyzed by FESEM and UV–visible spectrometry. The experimental results
show that the size of the infiltrated AgNPs decreases upon the reduction in the electrolyte acidity
as well as upon increasing the infiltration current density. This behavior is a result of the increase
in the reaction rate by reducing the electrolyte acidity and the increase in the dissolution rate
upon increasing the infiltration current density. By increasing the nucleation rate, the AgNPs
start to distribute more homogeneously on the PS surface.

Additionally, the overall optical reflectance of the hybrid PS + AgNPs structures was studied
as a function of the AgNPs fabrication parameters (electrolyte pH values and infiltration current
densities). PS layers effectively reduce the overall reflectance of bulk silicon, due to a reduction
of the effective refractive index as a consequence of combining silicon with air. The reflectance
of the hybrid PS + AgNPs structures can be lower than that of PS due to plasmonic effects or
higher if a continuous Ag layer is formed. This will depend on the size, shape, and density of the
infiltrated AgNPs. Increasing the acidity of the electrolyte or the infiltration current density leads
to higher overall reflectance of the hybrid nanostructures. This behavior is attributed to the
increase in the size of the deposited AgNPs upon increasing the electrolyte acidity. In addition,
increasing the infiltration current density leads to higher dissolution rate which in turn results in
larger density of AgNPs.

In all, the hybrid PS + AgNPs structures might be of interest for use in different fields, such as
solar energy harvesting or biomedicine. Depending on the intended application, the character-
istic features of the deposited AgNPs can be easily optimized by setting the appropriate electro-
lyte pH value and infiltration current density.
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Fig. 4 Average reflectance in the 250 to 900 nm wavelength range as a function of the infiltration
current density for hybrid PS + AgNPs structures. The AgNPs were infiltrated using electrolytes
with pH values of 2 and 3. The deposition time remained constant (12 min).
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Hybrid Nanostructured porous 
silicon-silver Layers for Wideband 
optical Absorption
Raúl J. Martín-palma  1,2, Patrick D. McAtee3, Rehab Ramadan  2,4 & Akhlesh Lakhtakia3

As subwavelength nanostructures are receiving increasing attention for photonic and plasmonic 
applications, we grew nanostructured porous silicon (n-PS) and hybrid n-PS/Ag layers onto silicon 
substrates and measured their reflection and absorption characteristics as functions of the wavelength, 
angle of incidence, and polarization state of incident light. The experimental results show that the 
absorption characteristics of the hybrid n-PS/Ag layer can be controlled by selecting the appropriate 
combination of its thickness and porosity, together with the density of infiltrant silver nanoparticles. 
The observed wideband optical absorption characteristics of the hybrid n-PS/Ag layers might be useful 
in light-harvesting devices and photodetectors, since the overall efficiency will be increased as a result 
of increased field-of-view for both s- and p-polarization states of incident light.

Although nanostructured porous silicon (n-PS) was discovered by Uhlir in 1956 while studying electropolishing 
of silicon and germanium in HF-based solutions1, it was not until the observation visible photoluminescence from 
room-temperature n-PS by Canham in 19902 that this material was envisaged as a good candidate for applications 
in the field of photonics. Since then, its many additional properties beyond photo- and electro-luminescence have 
resulted in several successful applications in different fields ranging from microelectronics to biomedicine3.

Nanostructured porous silicon can be described quite simply as an amorphous matrix in which silicon nano-
crystals are embedded4–7. The morphology of a n-PS sample depends on strongly on the specific fabrication 
parameters, including electrolyte composition and fabrication current density8. The complex-valued effective 
refractive index of n-PS is therefore dependent on the electrochemical fabrication parameters9. Control over the 
refractive index allows the use of n-PS for tunable photonic structures made entirely of silicon10. It is worth point-
ing out that the electrochemical technique used for the fabrication of n-PS is compatible with current CMOS fab-
rication processes, thus enabling the potential integration of n-PS into circuits using microelectronics-compatible 
procedures.

Within this context and given the increasing attention being received by subwavelength nanostructures for 
photonic and plasmonic applications11,12, we decided to explore the use of n-PS and hybrid n-PS/Ag layers grown 
onto silicon as wideband optical absorbers. Therefore, we experimentally investigated the dependence of optical 
absorption characteristics of n-PS and hybrid n-PS/Ag layers on the thickness and porosity of n-PS layers and 
the amount of silver infiltrating the pores of n-PS. More specifically, we measured the reflection and absorption 
characteristics of the n-PS and hybrid n-PS/Ag layers as functions of the wavelength, angle of incidence, and 
polarization state of incident light.

Experimental
Fabrication of n-PS and hybrid n-PS/Ag layers. Nanostructured porous silicon layers were formed 
by the electrochemical etching of boron-doped (p-type) silicon wafers of <100> orientation, resistivity in the 
0.01–0.02 Ω·cm range, and surface roughness on the order of 0.1 nm. The wafers were cut into 1.5 × 1.5 cm2 
pieces. Each piece was mounted in a sample holder with about 1.23 cm2 area exposed to the etching solution, 
which was formulated as a 1:2 HF (48 wt %):ethanol (98 wt %) mixture. The anodization times, ranging from 
18–46 s, were adjusted to obtain layers of three different thickness. Two different current densities — namely, 20 
and 60 mA/cm2 — were used, leading to two different porosities arising from the creation of nanocolumnar pores 
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of two different average diameters. After fabrication, each sample was rinsed in ethanol and blown dry with a mild 
stream of dry nitrogen. The experimental setup used for the fabrication of n-PS layers by the electrochemical etch 
of silicon wafers is schematically depicted in Fig. 1.

The n-PS layer was used as a template for the subsequent growth of silver nanoparticles inside the porous 
structure. For this task, a modified electrochemical deposition process13 was implemented. This process was car-
ried out using a Bio-Logic SP-150 potentiostat at a fixed current density of 1 μA/cm2 for different electrodepo-
sition durations (2, 4, 6 or 15 min) in an aqueous solution of silver nitrate (0.1 mM), sodium citrate (0.25 mM), 
and nitric acid (0.01 M), with pH = 3. Afterwards, the sample was rinsed in ethanol for 5 min and subsequently 

Figure 1. Experimental setup used for the fabrication of n-PS layers by the electrochemical etch of silicon 
wafers.

Figure 2. (a) Top-view and (b) cross-sectional FESEM images of a typical high-porosity n-PS layer (fabrication 
current density of 60 mA/cm2).
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distilled in water for another 5 min and finally dried with a mild stream of dry nitrogen. This process leads to the 
formation of a hybrid n-PS/Ag thin film.

In all, four different sets of n-PS and hybrid n-PS/Ag layers were prepared as detailed in Table 1, to study the 
effects of porosity, thickness, and the volumetric proportion of silver on the optical response characteristics.

Morphological characterization. Top-view and cross-sectional images of every sample were acquired 
using a Philips XL 30S-FEG field emission scanning electron microscope (FESEM). The sizes of the pores of n-PS 
and the Ag nanoparticles were determined from these FESEM images using the ImageJ software.

Optical characterization. Specular reflection. White light from a halogen source (HL-2000, Ocean 
Optics, Dunedin, Florida, USA) was passed through a fiber-optic cable and then through a linear polarizer 

Current density 
(mA/cm2)

Duration of 
anodization (s)

Thickness 
(µm)

Duration of 
electrodeposition (min)

n-PS and hybrid n-PS/Ag layers

20 (low porosity)

22 0.33 0

33 0.60 0

46 0.77 0

60 (high porosity)

18 0.70 0

28 1.00 0

40 1.40 0

60 (high porosity)

18 0.70 2, 4, 6, or 15

28 1.00 2, 4, 6, or 15

40 1.40 2, 4, 6, or 15

Table 1. Summary of the fabrication conditions of the n-PS layers and hybrid n-PS/Ag layers.

Figure 3. Top-view and cross-sectional FESEM images of a typical hybrid n-PS/Ag layer. The n-PS layer was 
grown using a current density of 60 mA/cm2 and the silver nanoparticles were electrodeposited for 4 min. The 
Ag nanoparticles (bright areas) are rounded with diameters in the 30–65 nm range.
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(GT10, ThorLabs, Newton, NJ, USA) to be incident upon the sample to be characterized. The reflected light was 
passed through a second linear polarizer (GT10, ThorLabs) and then through a fiber-optic cable to a CCD spec-
trometer (HRS-BD1-025, Mightex Systems, Pleasanton, CA, USA). All measurements were taken in a dark room 
and background noise was removed from the measured data. Co-polarized specular reflectances (Rss and Rpp) and 
cross-polarized specular reflectances (Rps and Rsp) were measured for the angle of incidence θinc in the 10°−70° 
range as functions of the free-space wavelength λo in the 400–900 nm visible and near-infrared spectral regimes. 
The angle of incidence is measured with respect to the perpendicular to the illuminated face of the sample, with 
θinc = 0° for normal incidence. The first subscript on a specular reflectance denotes the linear polarization state of 
light collected by the detector, while the second subscript denotes the linear polarization state of light impinging 
on the sample. Care was taken to remove the effects of ambient light, as described elsewhere14.

Overall reflection. The overall reflectance spectrum for λo in the 250–900 nm wavelength regime was acquired 
using a double-beam spectrophotometer (V-560, JASCO International, Tokyo, Japan) equipped with an integrat-
ing sphere in order to collect both diffuse and specular reflections, with unpolarized light being incident at angle 
θinc = 10° (i.e., almost normally) on the sample. The photometric accuracy is specified by the manufacturer to be 
better than 0.3%.

Figure 4. Overall reflectance spectra of 1.4-µm-thick high-porosity n-PS and hybrid n-PS/Ag layers for 
different durations of infiltration of silver nanoparticles by electrodeposition (2, 4, and 6 min).

Figure 5. Overall reflectance spectra of bulk silicon substrate, a 1.4-µm-thick high-porosity n-PS layer on 
a silicon substrate, and a 1.4-µm-thick high-porosity n-PS layer (on a silicon susbtrate) infiltrated by silver 
nanoparticles during 4-min electrodeposition.
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Experimental Results
Figure 2 shows top-view and cross-sectional FESEM images of a typical n-PS layer grown by the electrochemical 
etch of a monocrystalline silicon wafer. Clearly, the electrochemical fabrication process delivers a porous colum-
nar structure. For low-porosity n-PS layers (fabrication current density of 20 mA/cm2), the pore diameter is in 
the 5–15 nm range, as determined from FESEM image analysis, but that range changes to 15–35 nm in the case of 
high-porosity n-PS layers (60 mA/cm2).

Figure 6. Dependences on λo and θinc of the measured specular reflectances of (a) a 1-µm-thick high-porosity 
n-PS layer, (b) a 1-µm-thick high-porosity hybrid n-PS/Ag layer after silver infiltration for 15 min, and (c) a 
1-µm-thick high-porosity hybrid n-PS/Ag layer after silver infiltration for 4 min.
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In Fig. 3, top-view and cross-sectional FESEM images of a typical hybrid n-PS/Ag layer grown onto silicon 
are presented. The sample comprises a high-porosity n-PS layer (current density 60 mA/cm2) in which silver 
nanoparticles were infiltrated for 4 min. The FESEM images show that the fabrication process leads to a quite 
homogeneous distribution of silver nanoparticles on the surface and inside the n-PS layer, the nanoparticle diam-
eter ranging from 30–65 nm as determined by image analysis. Accordingly, given their characteristic small feature 
sizes, both the n-PS and the hybrid n-PS/Ag layers can be treated as homogeneous media from an optical stand-
point at any wavelength λo exceeding about 200 nm.

Aiming at increasing optical absorption in the hybrid n-PS/Ag layers, we controlled the volumetric fraction of 
silver nanoparticles by using three different electrodeposition durations: namely, 2, 4, and 6 min. From the overall 
reflectance spectra shown in Fig. 4, we concluded that the differences between neighboring maxima and minima 
are the least when the electrodeposition duration was 4 min.

Figure 7. Dependences on λo and θinc of the absorptances of (a) a 1-µm-thick high-porosity n-PS layer, (b) a 
1-µm-thick high-porosity hybrid n-PS/Ag layer after silver infiltration for 15 min, and (c) a 1-µm-thick high-
porosity hybrid n-PS/Ag layer after silver infiltration for 4 min.

29

https://doi.org/10.1038/s41598-019-43712-7


7Scientific RepoRts |          (2019) 9:7291  | https://doi.org/10.1038/s41598-019-43712-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

Reflection reduction after electrodeposition for 2 min can be attributed to increased absorption due to a 
strong interaction between free electrons in the silver nanoparticles and the incident electromagnetic radiation15. 
Reflection reduction is enhanced after electrodeposition for 4 min, as a consequence of increased absorption due 
to a larger number density of silver nanoparticles. However, increasing the electrodeposition duration to 6 min 
results in increased reflection, because the even larger number density of silver nanoparticles leads to the perco-
lation effect16,17, the hybrid n-PS/Ag layer acquiring a strongly metallic character that inhibits refraction into the 
layer.

The overall reflectance spectra of the high-porosity n-PS layers and the best hybrid n-PS/Ag layers are shown 
in Fig. 5 in addition to the overall reflectance spectrum of a silicon wafer. It is evident that the fabrication of 
n-PS onto silicon substrates results in a remarkable reduction of the average overall reflectance and that further 
reflection reduction occurs on infiltration by silver nanoparticles. This effect is attributable to increased optical 
absorption provided by the silver nanoparticles in consequence of the high values of the imaginary part of the 
refractive index of silver in the chosen spectral regime18–20. Additionally, the observed shifts in the reflectance 
maxima and minima can be attributed to the changes in the spectrum of the complex-valued effective refractive 
index as a consequence of: first, due to the creation of pores due to electrochemical etching and, second, to the 
electrodeposition of silver nanoparticles.

Figure 6 shows characteristic two-dimensional density plots of co-polarized and cross-polarized specular 
reflectances as functions of λo and θinc for a n-PS layer and two hybrid n-PS/Ag layers grown onto monocrystal-
line substrates. First, it is worth noticing that the two cross-polarized reflectances (Rps and Rsp) are negligible for 
all n-PS layers and hybrid n-PS/Ag layers, independently of their porosity and thickness. Therefore, materials of 
both types can be considered to be isotropic in the plane normal to the thickness direction. Second, we found 
that the reflectance spectra did not change when the sample was translated transversely to the path of the incident 
light beam. Therefore, materials of both types can be considered to be effectively homogeneous, as also indicated 
by the FESEM images.

The reflectance spectra in Fig. 6 contain several bands having their origin in classical interference effects. The 
bright bands (or fringes) correspond to interference maxima while the dark bands correspond to interference 
minima. We ascertained from the reflectance spectra of all 18 samples mentioned in Table 1 that the number of 
bright bands increases with the sample thickness. Also, there is an evident dependence of the width of the bright 
bands on the angle of incidence, which is a consequence of increased optical path for larger angles of incidence.

In the plots of Rpp in Fig. 6, we see a dark horizontal region corresponding to low reflection in the vicinity of 
θinc = 60°, but a similar dark region is absent in the plots of Rss. This is indicative of the pseudo-Brewster effect21. 
As θinc increases further, both Rpp and Rss increase rapidly towards unity.

We ascertained experimentally that no light was transmitted through any of the samples. Therefore, we 
defined the absorptances Ap = 1− (Rpp + Rsp) and As = 1− (Rss + Rps) and plotted them as functions of λo and θinc 
in Fig. 7 for a n-PS layer and two hybrid n-PS/Ag layers grown onto silicon substrates. Clearly in this figure, Ap is 
larger than As for all three samples. Besides, the comparison of Fig. 7a,b allows the conclusion that infiltration of 
n-PS layers by silver nanoparticles results in increased absorption, given that broader and more intense absorp-
tion bands are displayed. This enhancement is observed for both Ap and As, although it is more pronounced for 
As. Absorption is further increased once the density of silver particles in the nanoporous structure is optimized, 
as shown in Fig. 7c. Accordingly, it can be concluded that the infiltration of n-PS by silver nanoparticles results 
in increased absorption and, additionally, optical absorption can be controlled by controlling the density of the 
infiltrant silver nanoparticles.

Concluding Remarks
The use of nanostructured porous silicon (n-PS) and hybrid n-PS/Ag layers grown onto silicon as wideband 
optical absorbers with potential applications in the fields of light sensing and light harvesting was experimentally 
explored by investigating the dependences of the optical reflectances and absorptances on the thickness and 
porosity of n-PS and hybrid n-PS/Ag layers and the number density of the infiltrant silver nanoparticles.

Our data show that the absorption characteristics of the hybrid n-PS/Ag layers can be controlled by selecting 
the appropriate combination of thickness and porosity of the n-PS layers, together with the density of infiltrant 
silver nanoparticles. The wideband optical absorption characteristics of the hybrid n-PS/Ag layers are expected to 
contribute to increased efficiency of light-harvesting devices and photodetectors given by increased field-of-view 
for both s- and p-polarization states of incident light over a broad spectral regime.
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n-PS Nanostructured porous Silicon 

FESEM Field emission scanning electron microscope 

J current density 

(Rss and Rpp) Co-polarized specular reflectances  

(Rps and Rsp) cross-polarized specular reflectances  

θinc  Angle of incidence 

λo the free-space wavelength  
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Abstract: The accurate determination of the electrical properties of photovoltaic devices is of
utmost importance to predict and optimize their overall optoelectronic performance. For example,
the minority carrier lifetime and the carrier diffusion length have a strong relationship with the carrier
recombination rate. Additionally, parasitic resistances have an important effect on the fill factor
of a solar cell. Within this context, the alternating current (AC) and direct current (DC) electrical
characteristics of Si-based metal–insulator–semiconductor (MIS) Schottky barrier diodes with the basic
structure Al/Si/TiO2/NiCr were studied, aiming at using them as photovoltaic devices. The basic diode
structure was modified by adding nanostructured porous silicon (nanoPS) layers and by infiltrating
silver nanoparticles (AgNPs) into the nanoPS layers, leading to Al/Si+nanoPS/TiO2/NiCr and
Al/Si+nanoPS+AgNPs/TiO2/NiCr structures, respectively. The AC electrical properties were studied
using a combination of electrochemical impedance spectroscopy and Mott–Schottky analysis, while the
DC electrical properties were determined from current–voltage measurements. From the experimental
results, an AC equivalent circuit model was proposed for the three different MIS Schottky barrier diodes
under study. Additionally, the most significant electrical parameters were calculated. The results
show a remarkable improvement in the performance of the MIS Schottky barrier diodes upon the
addition of hybrid nanoPS layers with embedded Ag nanoparticles, opening the way to their use as
photovoltaic devices.

Keywords: MIS Schottky barrier diodes; nanoporous silicon; silver nanoparticles; electrochemical
impedance spectroscopy; Mott–Schottky theory

1. Introduction

During the past few years, there has been a great interest towards the integration of nanostructured
porous silicon (nanoPS) with silicon micro- and optoelectronic devices [1,2]. For applications in these
fields, including as photodiodes and solar cells, the efficiency and performance of the electrical contacts
to nanoPS is a key factor. In particular, it is of great importance to determine the specific mechanisms
of carrier transport, since these will play a crucial role in the performance of nanoPS-based devices.
Previous low-temperature DC studies of metal/nanoPS/Si structures showed rectifying behavior,
and the subsequent analysis of their current-voltage (I-V) characteristics allowed identification of them
as metal–insulator–semiconductor (MIS) Schottky junctions [3,4].

MIS Schottky junctions have found important applications in the broad fields of micro- and
optoelectronics, including diodes [5], near-infrared (NIR) photodetectors [6], photoelectrochemical
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water oxidation devices [7], and photovoltaic solar cells [8]. In the particular case of Schottky barrier solar
cells, the presence of an insulator thin film avoids the principal shortcoming of metal–semiconductor
(MS) Schottky barriers, which is their typically low open-circuit voltage, Voc [9]. In fact, it has been
found by several authors that the use of MIS junctions results in increased Voc, compared to that of MS
Schottky barrier solar cells [10–13]. This increase in Voc leads to (1) decreased reverse saturation current
density associated with thermionic emission in the Schottky barrier, (2) increased value of the diode
ideality factor, and/or (3) increased effective Schottky barrier height [14]. In fact, the key transport
mechanisms of MIS Schottky barrier diodes are tunneling through the insulator or the interfacial layer
by the majority carriers or diffusion current due to the minority carriers [15,16]. This effect is drastically
manifested in nanoPS, given its high specific surface area.

A thorough study of the AC and DC electrical properties of MIS Schottky barrier diodes is
essential to understand their fundamental electrical conduction properties. In this line, electrochemical
impedance spectroscopy (EIS) enables determination of the electrical parameters which characterize the
electrical conduction properties of the interfaces of a device in a given frequency range [17]. EIS has been
previously used to investigate the internal electrical properties of the interfaces of multilayer structures,
such as light-emitting diodes [18], electrochromic smart windows [19,20], Li+-ion batteries, [21] and
photovoltaic devices [17], by establishing an equivalent circuit model. Capacitance-voltage (C-V)
characterization at a fixed frequency allows evaluation of other essential electrical parameters. Within
this context, the Mott–Schottky model [22] allows determination of the built-in potential, semiconductor
type, and doping density. Since not all the electrical conduction parameters for a given device can be
obtained from EIS and C-V measurements, DC current–voltage (I-V) analysis provides some additional
semiconductor device electrical parameters, including diffusion and recombination currents in dark
and bulk resistances [23].

The main aim of the present work is to study the AC and DC electrical conduction properties
of three different Si-based MIS Schottky barrier diodes to assess their potential use in the field of
photovoltaics. The optoelectronic properties of similar structures were recently studied [24]. The basic
structure of the MIS Schottky barrier devices is Al/Si/TiO2/NiCr, with the Al/Si interface behaving as
an ohmic contact. A variation of the basic device includes a nanoPS layer grown on the Si substrate,
leading to diodes with the structure Al/Si+nanoPS/TiO2/NiCr. The last modification includes a
layer consisting of silver nanoparticles (AgNPs) embedded into nanoPS, resulting in the structure
Al/Si+nanoPS+AgNPs/TiO2/NiCr. The AC electrical properties were determined using a combination
of EIS and C-V measurements, while the DC electrical properties were obtained from I-V measurements.
From the experimental EIS results, an AC equivalent circuit model was proposed for the three different
MIS Schottky devices, and the internal resistance and capacitance associated to each interface were
calculated. Additionally, both the minority carrier lifetimes and minority carrier diffusion coefficients
were calculated. From the C-V results at fixed frequencies, the built-in potential, doping concentration,
and the type of the semiconductor were determined. Finally, the reverse saturation current, ideality
factor, parasitic resistances, and built-in potential were obtained from the experimental I-V data.

2. Experimental

2.1. Fabrication of the Si-Based MIS Schottky Barrier Diodes

2.1.1. Fabrication of the NanoPS Layers

Low-resistivity ohmic back contacts to boron-doped (p-type) silicon wafers (100) orientation and
resistivity of 25–30 Ω·cm) were fabricated by electron beam evaporation of 150 nm-thick Al layers
and subsequent thermal annealing in a nitrogen atmosphere for 5 min. The Si wafers were cut into
1.5 × 1.5 cm2 pieces, each of which were mounted in a sample holder and exposed to the etching
solution, consisting of a 1:6 HF (48 wt%):dimethyl formamide (99 wt%) mixture. The native oxide layer
was removed before starting the etching process by immersing, for 60 s, the Si pieces in a HF:H2O (1:20)
solution. The anodization process was carried out under an applied current density of 10 mA/cm2
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and a fixed anodization time of 120 s, leading to nanoPS layers with thickness of around 120 nm.
Once the etching process was completed, the nanoPS layers grown onto Si were cleaned with ethanol to
remove any residuals from the HF solution, and finally blown dry with a mild stream of dry nitrogen.
The experimental setup of the anodization process has previously been described and is schematically
presented in [25].

2.1.2. Infiltration of Silver Nanoparticles (AgNPs)

Silver nanoparticles (AgNPs) were grown inside the nanoPS layers using an electrochemical
deposition process described in previous work [25]. An aqueous solution of silver nitrate, sodium
citrate, and nitric acid (pH = 3) was used. The current density was, in all cases, 1 µA/cm2 and the
infiltration time was 4 min. The electrochemical deposition process led to the formation of hybrid
layers composed of nanoPS and silver nanoparticles (nanoPS+AgNPs).

2.1.3. Spin Coating of TiO2 Thin Films

A solution of titanium isopropoxide (Ti[OCH(CH3)2]4) in ethanol was prepared with a 0.4 M
concentration. Afterwards, 115 µL of HCl acid was added to the solution to induce an acid catalysis
to prevent nanoPS from damage. The solution was stirred at 3000 rpm at room temperature for
30 min to obtain a clear solution. A total of 60 µL of the solution was cast on either the Si substrate,
the nanoPS layers, or the nanoPS+AgNPs hybrid layers at a spinning speed of 3000 rpm for 30 s.
Finally, the resulting TiO2 thin films were annealed on a hot plate at 150 ◦C for 5 min to evaporate the
remaining solvents.

2.1.4. Ni/Cr Top Contact

Electron beam evaporation was used to deposit 100 nm-thick Ni/Cr (80%/20%) top contacts on the
TiO2 thin films. The base pressure was 2.5 × 10−5 mbar, and the evaporation time was 5 min. A metallic
mask was used to define the geometry at the microscale of the Ni/Cr front contacts. The area was 0.15 cm2.

Figure 1 shows the final structure of the Al/Si+nanoPS+AgNPs/TiO2/NiCr Schottky barrier diodes.
In addition to this basic device, two other Schottky barrier diodes were fabricated to compare their
performance, namely Al/Si/TiO2/NiCr and Al/Si+nanoPS/TiO2/NiCr.
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In summary, the structure of the three different Si-based MIS Schottky barrier diodes analyzed
in this work is Al/active layer/TiO2/NiCr, the active layer being respectively Si, Si+nanoPS,
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or Si+nanoPS+AgNPs. Therefore, the electrical conduction properties of the different active layers are
expected to have a pivotal role in the overall performance of the diodes.

2.2. Characterization

The morphologies of the different layers and interfaces were analyzed by field emission scanning
electron microscopy (XL-40 FEG, Philips, Eindhoven, The Netherlands) operated at 5 kV.

Alternating current (AC) and direct current (DC) electrical measurements were carried out using
a potentiostat instruments (SP-150, BioLogic, Seyssinet-Pariset, France).

For electrochemical impedance spectroscopy (EIS) measurements, a voltage amplitude of 500 mV
and a frequency range between 1 Hz and 1 MHz were used. Capacitance-voltage (C-V) characterization
was performed at three specific frequencies, 1 KHz, 5 KHz, and 10 KHz, under reverse bias from 0 V
to −1 V with a scan rate of 20 mV/s. For current–voltage (I-V) measurements, the applied potential
was varied between −1.5 and +1.5 V, and the scan rate was set at 5 mV/s. All the measurements were
carried out at room temperature in a Faraday cage to shield the electrical measurements from any
external signals.

3. Experimental Results

3.1. Morphology

Typical field emission scanning electron microscopy (FESEM) images of the nanoPS layers after
the electrochemical deposition of Ag nanoparticles (AgNPs) are presented in Figure 2a,b. These images
confirm the infiltration of these nanoparticles inside the pores. It was determined that the diameter of
the AgNPs typically ranges between 5 and 15 nm. Figure 2c,d portray cross-sectional and top views of
characteristic nanoPS+AgNPs layers coated with a very thin layer of TiO2. The images confirm the
extremely small thickness of the TiO2 layer (∼10 nm), given the notable conformality observed.
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3.2. Electrical Characterization

3.2.1. AC Electrical Measurements

EIS analysis, given its power and versatility, was used to determine the electrical transport
properties through the interfaces of the three different Si-based MIS Schottky diodes. From the
fitting of the Nyquist plots (Figure 3), a full equivalent circuit model for these devices was proposed.
The equivalent circuit, which includes an intricate combination of resistances (R), capacitors (C),
and a constant phase element (Q), is depicted in Figure 4. For the interpretation of the results, it must
be kept in mind that resistance is a parameter which is strongly related to the carrier transport
properties, while capacitance is linked to the carrier accumulation and distribution and to the presence
of defect traps [17]. Furthermore, a constant phase element (CPE) is a circuit element that models
an imperfect capacitor. The “anomalous” capacitive behavior is generally attributed to thickness
and/or composition inhomogeneity, leading to variations in conductivity, and/or to roughness at the
interfaces [26]. Thus, its characteristic capacitance, C, can be calculated with the following equation [27]:

C = Q
1
a ·R

1−a
a (1)

where Q is the CPE and the factor a is an index which indicates the degree of “perfection” of this
element. This index can vary between 0 and 1, with 0 describing a perfect resistor, and 1 a perfect
capacitor [26]. The differences in the impedance of the interfaces of the three MIS Schottky barrier
diodes analyzed in this work will be analyzed in the following paragraphs.
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Figure 3 shows the Nyquist plots for the three MIS Schottky barrier diodes, i.e., Al/Si/TiO2/NiCr,
Al/Si+nanoPS/TiO2/NiCr, and Al/Si+nanoPS+AgNPs/TiO2/NiCr. As each MIS structure has three
different interfaces, every interface has been attributed to a semicircle in the corresponding Nyquist plot
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so that each semicircle is associated to an individual electrical transport process. Table 1 summarizes
the interfaces under study for the three Si-based Schottky diodes.

Table 1. Summary of the interfaces for the three Schottky junction diodes under analysis.

Schottky Diode Structure 1st Interface 2nd Interface 3rd Interface

Al/Si/TiO2/NiCr Al/Si Si/TiO2 TiO2/NiCr

Al/Si+nanoPS/TiO2/NiCr Al/Si+nanoPS Si+nanoPS/TiO2 TiO2/NiCr

Al/Si+nanoPS+AgNPs/TiO2/NiCr Al/Si+nanoPS+AgNPs Si+nanoPS+AgNPs/TiO2 TiO2/NiCr

The best fitting of the equivalent circuit for the three Si-based devices was obtained using a series
resistance and three parallel resistor-capacitor (RC) circuits, as shown in Figure 4, where each RC circuit
shows a semicircle in the Nyquist plots portrayed in Figure 3. The semicircle present at low frequencies
is attributed to the Al/active layer interface (1st interface), while the semicircle at mid frequencies
is associated to the active layer/TiO2 interface (2nd interface). The last semicircle, observed at high
frequencies, is attributed to the TiO2/NiCr interface (3rd interface). It must be pointed out that for the
Al/Si+nanoPS/TiO2/NiCr Schottky barrier diodes, the active layer is just represented by one semicircle,
given that we assume that there are no rectifying interfaces between Si and nanoPS. In this regard,
we consider that this is a heterostructure formed between two p-type semiconductors with different
bandgaps, the bandgap of nanoPS being larger than that of Si [28,29]. It is also important to notice that
electrical conduction through nanoPS is much lower than through Si, which is attributed to their very
different conductivities [30,31]. What is more, since the silver nanoparticles do not form a continuous
layer (as shown in Figure 2), we assume that the Si+nanoPS+AgNPs structure also represents just one
active layer.
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MIS Schottky barrier diodes analyzed in this work. Depending on the particular diode, the active layer
will be Si, Si+nanoPS, or Si+nanoPS+AgNPs.

Table 2 portrays a comparison between the RC elements for the interfaces of each device.
Due to the very different active layer for each device, the electrical RC parameters are rather
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dissimilar. It is observed that for the three active layer/TiO2 interfaces, the electrical conduction
of the Al/Si+nanoPS/TiO2/NiCr devices is lower than that of the Al/Si/TiO2/NiCr devices, most likely
due to the formation of the nanopores in the heavily-doped regions of the Si substrate, leading to
an effective reduction of the doping concentration [29]. The experimental results also show that the
electrical conduction is notably increased in the devices based on nanoPS combined with metallic Ag
nanoparticles. This behavior is attributed to increased electrical conduction due to the presence of the
AgNPs embedded into the nanoPS layers. A comparable enhancement in the electrical conduction of
silica nanofiber structures was recently observed upon incorporation of gold nanoparticles [32].

Table 2. Comparison between the electrical RC elements for the three Si-based MIS Schottky barrier
diodes studied in this work.

Calculated Parameter
Device Structure

Al/Si/TiO2/NiCr Al/Si+nanoPS/TiO2/NiCr Al/Si+nanoPS+AgNPs/TiO2/NiCr

Rs (Ω) 173 51 23.2

C1 (nf)

Al/active layer Interface

5.7 2.3 15.5

R1 (kΩ) 0.6 0.7 0.05

τ1 (µs) 3.42 1.61 0.77

Q (nS)

Active layer/TiO2 Interface

54 16.8 21

a 0.9 0.89 0.8

C2 (nf) 4.01 0.91 0.04

R2 (kΩ) 1.3 3.4 0.7

τ2 (µs) 5.21 3.09 0.03

C3 (nf)

TiO2/NiCr Interface

19.7 31.5 13.2

R3 (kΩ) 1.5 3.4 0.518

τ3 (µs) 29.55 97.65 5.52

Additionally, the changes in the structure of the active layer could have an important effect on
the electrical conduction properties of all the interfaces of the devices. The electrical conduction for
the interface’s Al/active layer and TiO2/NiCr decreases for the Al/Si/TiO2/NiCr devices, due to the
large thickness of the TiO2 thin films. Also, the reduction for the Al/Si+nanoPS/TiO2/NiCr devices is
attributed to the lower conduction of nanoPS, compared to Si. However, the improved conduction
for the Al/Si+nanoPS+AgNPs/TiO2/NiCr devices is attributed to the combination of the nanoPS and
metallic nanoparticles.

The minority carrier lifetime (τ) for every interface can be obtained from the well-known
relationship [33]:

τ = RC (2)

where R is the electrical resistance and C is the electrical capacitance at each interface. The results
are compiled in Table 2. It can be observed that the Al/Si+nanoPS+AgNPs/TiO2/NiCr device shows
the lowest values for τ1, τ2, and τ3, which are associated with increased conduction. The observed
increase in τ1, τ2, and τ3 for the Al/Si/TiO2/NiCr devices is related to the large thickness of the
TiO2 thin films and the large carrier recombination rates of Si [34], as previously indicated in the
analysis of the Nyquist plots. The values obtained for τ1, τ2, and τ3 for the Al/Si+nanoPS/TiO2/NiCr
devices are attributed to conduction losses associated with the porous structure of the nanoPS layers,
as well as with the formation of defects on their surface [35]. The combination of the nanoPS layers
with metallic nanoparticles has a notable effect on the electrical conduction at the active layer/TiO2

interfaces, which leads to a small value of τ2. More specifically, τ2 decreases from 3.09 µs for the
Al/Si+nanoPS/TiO2/NiCr devices to 0.03 µs for the Al/Si+nanoPS+AgNPs/TiO2/NiCr devices.

Table 2 shows that C1 and C2 are lower for the Al/Si+nanoPS/TiO2/NiCr devices than for the
Al/Si/TiO2/NiCr devices. The observed decrease in the capacitance at the two nanoPS interfaces could
be due to the particular structure of the nanoPS layers, which would induce quite large leakage currents.
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However, at the TiO2/NiCr interface, the capacitance increased from 19.7 nF for the Al/Si/TiO2/NiCr
devices to 31.5 nF for the Al/Si+nanoPS/TiO2/NiCr devices. This variation could be due to a more
homogeneous TiO2 thin film when grown on the nanoPS layers, as discussed above.

The minority carrier diffusion coefficient can be calculated using the thickness of the interfaces (L)
and τ, by means of the following relationship [36]:

D =
L2

τ
(3)

Since the smallest values for τ are obtained for the Al/Si+nanoPS+AgNPs/TiO2/NiCr Schottky
devices, D will show the largest values. A higher diffusion coefficient indicates a larger average
length for a carrier between generation and recombination [33]. These results are further confirmed by
the improvement of the optoelectronic performance of the Al/Si+nanoPS+AgNPs/TiO2/NiCr devices,
as demonstrated in a previous work [24].

Figure 5 shows the Bode diagrams for the three Si-based MIS Schottky barrier diodes analyzed
in this work. These curves allow studying of the variation of the impedance with frequency in the
1 Hz to 1 MHz range. The experimental results show that, in all cases, the impedance is approximately
constant in the low frequency range, while a notable reduction with increasing frequency (1 KHz
to 1 MHz) is observed. The inverse relation between impedance and frequency is attributed to a
parallel configuration of RC elements. The impedance of a parallel RC circuit is given by the following
equation [37]:

1
Z

=
1
R
+

1
Xc

, Xc =
1

2π f C
(4)

where XC is the capacitive reactance in Ohms, ƒ is the frequency in Hertz, and C is the AC capacitance
in Farads. From that, the capacitive reactance itself is inversely proportional to the applied frequency.
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Mott–Schottky analysis allows determination of several parameters of semiconductors, such
as the flat-band potential, carrier doping density, and the type of the semiconductor. Aiming at
determining these parameters, C-V measurements were recorded at the three specific frequencies where
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the impedance shows a noticeable change with frequency in the Bode plot, namely 1, 5, and 10 kHz.
From the experimental values, the Mott–Schottky plots shown in Figures 6–8 were generated for
the three MIS Schottky barrier devices. The AC electrical parameters were calculated using the
Mott–Schottky equation [38]:

1
C2 =

2
(εε0A2qND)

(
V −V f b −

KBT
q

)
(5)

where C (F) is the space charge capacitance, A (cm2) the active geometric area, ND (cm−3) the
semiconductor doping density, q the electron charge (1.602 × 10−19 C), ε the relative permittivity
(19.8 for p-type silicon), ε0 the vacuum permittivity (8.854 × 10−12 F·m−1), V (V) the applied potential,
V f b the flat-band potential, at which there is no band bending or field inside the semiconductor [22],
KB is the Boltzmann constant (1.381 × 10−23 J·K−1), and T the absolute room temperature.
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Figure 6. Mott–Schottky diagram for the Al/Si/TiO2/NiCr Schottky junction device at 1, 5, and 10 kHz.
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The negative slope of the straight line from the three C−2-V plots confirms the p-type character
of the electrical conductivity in all cases. According to Equation (5), the intercept of this straight line
to the voltage axis gives the value of the flat-band potential, while the carrier concentration can be
calculated from the value of the slope. The built-in potential (Vbi) can be determined from the flat-band
potential, according to the following equation [39]:

Vbi = V f b −
KBT

q
(6)

All the Mott–Schottky diagrams confirm the decrease of capacitance with increasing frequency in
the 1 KHz to 10 KHz range. Likewise, in all cases, the flat-band potential decreases with increasing
frequency. Since all the MIS Schottky barrier devices have the same behavior with frequency,
the results at 1 KHz are compared in Table 3. The values for Vbi, which opposes the flow of the
carriers across the junction, slightly decreased in the case of the Al/Si+nanoPS/TiO2/NiCr devices,
in comparison with the Al/Si/TiO2/NiCr devices. This reduction is attributed to the wider band
gap of the nanoPS structures, compared to Si [28]. It is also observed that ND decreased from
0.617 × 1015 cm−3 for the Al/Si/TiO2/NiCr devices to 0.121 × 1015 cm−3 for the Al/Si+nanoPS/TiO2/NiCr
devices, probably due to the formation of a porous Si layer in the heavily-doped regions of the Si
substrate [28]. For the Al/Si+nanoPS+AgNPs/TiO2/NiCr devices, a remarkable decrease in Vbi from
0.515 V for the Al/Si/TiOx/NiCr devices to 0.115 V for the Al/Si+nanoPS+AgNPs/TiO2/NiCr devices is
observed. The notable decrease in Vbi for the Al/Si+nanoPS+AgNPs/TiO2/NiCr devices is probably
due to the improvement of the electrical RC parameters, which is indicative of low τ and large
D, as determined from EIS measurements. An improvement in the electrical conduction has also
been demonstrated through the values calculated for the carrier doping concentration, which were
0.61 × 1015 cm−3 for the Al/Si/TiO2/NiCr devices, and notably increased to 8.6 × 1015 cm−3 for the
Al/Si+nanoPS+AgNPs/TiO2/NiCr devices.
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Table 3. AC electrical parameters for the three structures determined from the Mott–Schottky plots at 1 KHz.

Device Structure Vfb (V) Vbi (V) ND × 1015 (cm−3)

Al/Si/TiO2/NiCr −0.9 −0.515 0.617

Al/Si+ nanoPS/TiO2/NiCr −0.44 −0.465 0.121

Al/Si+nanoPS+AgNPs/TiO2/NiCr −0.09 −0.115 8.620

3.2.2. DC Electrical Measurements

Current-voltage (I-V) measurements of Schottky barrier devices can be used to determine some
of their essential parameters, which allows for describing and optimizing their overall performance.
This study is aimed at determining the reverse saturation current (I0), diode ideality factor (n),
parasitic series (Rs) and shunt resistances (Rsh), and barrier height (ϕB). Figure 9 portrays the
experimental I-V curves in the −1.5 V to +1.5 V range for the three Schottky barrier devices.
The experimental results confirm the rectifying behavior for all the devices, which is consistent
with a thermionic emission carrier transport mechanism, with a variation in the particular values of
the reverse saturation current in the dark.
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Figure 9. Current-voltage (I-V) curve for the three MIS Schottky junction devices under forward and
reverse bias, showing in all cases a rectifying behavior. The inset portrays a typical I-V curve for
Al/Si/NiCr devices (metal–semiconductor diodes), showing a notable increment in the values of current.

An ideal diode has low resistance (ideally zero) under forward bias, and high resistance
(ideally infinite) under reverse bias. The Schottky ideal diode equation is given by [40]:

ID = I0

[
e

qV
nKBT − 1

]
(7)

where ID is the current in the dark, I0 is the reverse saturation current, n is the diode ideality factor
(equal to one for a Si ideal diode and 2 for Ge), KB is the Boltzmann constant, and T is the absolute
junction temperature. The ideal diode equation assumes that all recombination processes occur via
band-to-band transitions or through traps in the bulk of the device. However, recombination could

44



Energies 2020, 13, 2165 12 of 15

occur in other areas of the device, leading to losses in the overall performance of the diode. As such,
a modified equation widely used for non-ideal diodes is given by the expression [40]:

ID = I0

[
e

q(V−IRs)
nKBT − 1

]
+

V − IRs

Rsh
(8)

Large values of Rs cause power to be dissipated in solar cells, while low Rsh leads to power losses
by providing an alternate current path for the light-generated current.

The Al/Si/TiO2/NiCr devices show the lowest values of ID, probably as a consequence of coating
the Si substrates with a compact and continuous interfacial thin film of TiO2, which acts as a very
effective insulating thin film. To analyze the effect of the TiO2 thin film on the reduction in the current
through the device, the inset of Figure 9 shows the I-V curve corresponding to the Al/Si/TiO2/NiCr
devices without TiO2 layer. The Al/Si+nanoPS/TiO2/NiCr devices show larger ID values than those of
the Al/Si/TiO2/NiCr devices. This effect, similar to the case of the series resistance determined from
the Nyquist plots, is attributed to a much thinner TiO2 layer covering the nanoPS layer than when
TiO2 is grown over flat Si, or even to the presence of small pits or pores. As pointed out before, this is
probably a consequence of the filling of the pores of nanoPS with TiO2 during the spin coating process.
The combination of nanoPS with AgNPs remarkably improves the electrical conduction properties of
the active layer, as previously confirmed by EIS and C-V measurements.

Figure 10 shows the experimental I-V results under forward bias (up to 0.35 V) and the
corresponding fittings to Equation (8) (modified ideal diode). The very low values of ID under
reverse bias (of the order of 10−9 A) indicate that Rsh is very high for the three MIS Schottky barrier
diodes. Accordingly, the last part of Equation (8), which is related to Rsh, can be safely neglected for
the fittings. Table 3 provides the DC electrical parameters obtained from the fittings, in addition to the
barrier height (ϕB), which was calculated using the following equation [41]:

ϕB =
KBT

q
ln

(
AA∗ T2

I0

)
(9)

where A (cm2) is the active area of the device, and A* is the effective Richardson constant, which takes
the value 32 A/cm2K2 for p-type Si.
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Table 4 presents a comparison between the DC electrical parameters, namely I0, n, Rs, and ϕB for
the three MIS Schottky barrier devices. Since the values of ID are rather small for the Al/Si/TiO2/NiCr
devices compared with the other two Schottky barrier devices, I0 is very small. Likewise, n shows
the lowest value in this case. The increase in n observed for the Al/Si+nanoPS/TiO2/NiCr devices is
attributed to the higher porosity of the surface of Si after the etching process, which causes an increase
in the defects on the surface of the nanoPS layers [35]. The reduction of the value of the ideality factor
for the Al/Si+nanoPS+AgNPs/TiO2/NiCr devices (n = 3.29) is considered a consequence of a change of
the type of charge carrier recombination that is taking place in the active layer associated to the Ag
nanoparticles embedded into nanoPS.

Table 4. DC electrical parameters obtained from the fitting of the experimental I-V curves.

Device Structure I0 (mA) n Rs (kΩ) ϕB (V)

Al/Si/TiO2/NiCr 2.32 × 10−7 2.12 3.21 0.87

Al/Si+nanoPS/TiO2/NiCr 1.23 × 10−4 4.39 0.363 0.72

Al/Si+nanoPS+AgNPs/TiO2/NiCr 9.55 × 10−5 3.29 0.139 0.73

The values of ID are smaller for the Al/Si/TiO2/NiCr devices than those of the nanoPS-based
devices. This reduction is attributed to the large thickness of the TiO2 layer, so that I0 is very small
(2.32 × 10−7 mA). The presence of a porous layer on the Si substrate causes a decrease in the doping
concentration, due to the formation of the pores in the heavily doped regions, as mentioned in
the section devoted to EIS characterization. As a result, both I0 and n increase. The performance
improves upon infiltration of AgNPs into nanoPS, with I0 decreasing from 1.23 × 10−4 mA for
the Al/Si+nanoPS/TiO2/NiCr devices to 9.55 × 10−5 mA for the Al/Si+nanoPS+AgNPs/TiO2/NiCr
devices. Additionally, ϕB for the Al/Si+nanoPS+AgNPs/TiO2/NiCr devices slightly increases due
to the improvement in both I0 and n. Furthermore, the reduction in the value of Rs for the
Al/Si+nanoPS+AgNPs/TiO2/NiCr devices is most likely due to an improved internal electrical
conduction upon infiltration of metallic nanoparticles into the nanoPS layer. The large Rs value
for the Al/Si/TiO2/NiCr devices is presumed to be due to the large thickness of the TiO2 interfacial
layers grown on the Si surface, which decrease the internal conductivity of the device.

4. Conclusions

The main aim of this study was to study the electrical conduction properties of three different MIS
Schottky barrier diodes, aiming at assessing their potential use as photovoltaic solar cells. With this
objective in mind, the AC and DC electrical conduction properties of the MIS Schottky barrier diodes
were studied and analyzed in detail.

The AC electrical properties were determined using a combination of electrochemical impedance
spectroscopy and capacitance–voltage measurements. From the AC electrical characterization, an
equivalent electric model was proposed. Additionally, Mott–Schottky analysis allowed determination
of such parameters as the flat-band potential, carrier doping density, and the type of the conduction
(p or n). The DC electrical properties were obtained from current–voltage measurements, which allowed
us to determine several key diode parameters, namely reverse saturation current, ideality factor,
parasitic series and shunt resistances, and barrier height.

In all, the electrical conduction properties of MIS Schottky barrier diodes with the structure
Al/Si/TiO2/NiCr were improved by including two modifications to the initial design. Firstly, by etching
the Si surface leading to nanoPS layers, which resulted in improving the electrical behavior of the
TiO2/NiCr interface. However, the presence of nanoPS layers leads to conduction losses at the
Si+nanoPS/TiO2 interface. To overcome this drawback, silver nanoparticles were infiltrated into the
nanoPS layers, which led to a notable enhancement in the overall electrical conduction properties
of the resulting Al/Si+nanoPS+AgNPs/TiO2/NiCr MIS Schottky barrier diodes. The enhancement
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observed in the electrical conduction and carrier separation for these devices was recently reported to
also improve their optoelectronic performance, thus enabling their use in the field of photovoltaics.
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Abbreviations in chapter 4 

AC Alternating current 

DC Direct current 

MIS metal-insulator-semiconductor 

NanoPS Nanostructured porous Silicon 

AgNPs Silver nanoparticles 

MS Metal–semiconductor 

Voc Open-circuit voltage 

EIS Electrochemical impedance spectroscopy 

Ti[OCH(CH3)2]4 Titanium isopropoxide 

R Resistance 

C capacitor 

CPE Constant phase element 

Rs Series resistance 

 τ Minority carrier lifetime 

D Minority carrier diffusion coefficient 

L Thickness of the interfaces 

XC Capacitive reactance 

f Frequency 

A The active geometric area 

ND Semiconductor doping density 

q Electron charge (1.602 × 10−19 C) 

ε Relative permittivity 

ε0 vacuum permittivity 

𝑽𝒇𝒃 Flat-band potential 

KB Boltzmann constant (1.381 × 10−23 J·K−1) 

Vbi Built-in potencial 

I0 Reverse saturation current 

Rsh Shunt resistance 

φB Barrier height 

ID The current in the dark 

A* The effective Richardson constant 
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ABSTRACT

Si-based metal–insulator–semiconductor (MIS) Schottky junction solar cells with

the basic structure Al/Si/TiO2/Au were fabricated. This structure was modified

by the addition of nanostructured porous silicon (nanoPS) layers and silver

nanoparticles (AgNPs), resulting in devices with the following structures: Al/

Si/nanoPS/TiO2/Au and Al/Si/nanoPS?AgNPs/TiO2/Au. The key perfor-

mance parameters of the three MIS Schottky junction solar cells were deter-

mined, including spectral photocurrent response, short-circuit current density,

open-circuit voltage, fill factor, and efficiency. The experimental results show a

remarkable enhancement in the overall performance of the solar cells upon the

addition of nanoPS and AgNPs layers to the basic structure. An energy band

model is proposed for the Si-based MIS Schottky junction solar cells to under-

stand the different photogeneration and conduction mechanisms.

Introduction

The unlimited availability of solar energy makes

photovoltaic (PV) technology an inexpensive,

renewable, clean, and reliable source of electricity

generation for both space and terrestrial applications

[1]. However, in spite of all the available alternatives

and the intense research in this area, silicon is likely

to remain the dominant PV material for the foresee-

able future, given its abundance in the earth’s crust,

long-term stability, well-established technology

(having its origins in the semiconductor industry),

and relatively low cost [2]. However, crystalline sili-

con (c-Si) still has several drawbacks which limit its

performance. These include optical losses and high

recombination rates, as well as thermal and quantum

losses [3]. Many efforts have been made by

researchers to reduce optical losses and carrier

recombination rates. In particular, various nanos-

tructures were grown on Si substrates, including Si

nanowires [4–6], quantum dots [7], and porous sili-

con [8], as well as periodic, random, and pyramidal

surface texturing [9, 10].
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A different approach to achieve an efficient pho-

tovoltaic conversion of solar energy goes through the

development of metal–semiconductor (MS) Schottky

junction solar cells based on c-Si, basically because of

their structural simplicity and therefore convenient

realization [11]. Moreover, these solar cells are inex-

pensive compared to solar cells based on diffused p–

n junctions and they also overcome the issues related

to high-temperature diffusion. However, MS solar

cells usually have lower conversion efficiencies

compared to p–n junction solar cells of the same

materials due to their typically low open-circuit

voltage [12]. However, metal–insulator–semiconduc-

tor (MIS) junctions show increased open-circuit

voltage due to tunneling through the insulating layer

of the majority carriers or diffusion current due to the

minority carriers [13, 14], thus improving the overall

conversion efficiency of Schottky barrier solar cells.

In the present work, we present our findings rela-

ted to the study of the optoelectronic performance of

three different MIS Schottky junction solar cells.

These include a device with the structure Al/Si/

TiO2/Au and two modified devices. The first varia-

tion includes a nanoporous silicon (nanoPS) layer,

leading to the structure Al/Si/nanoPS/TiO2/Au,

while the second one includes silver nanoparticles

(AgNPs) embedded into the nanoPS layer, leading to

the structure Al/Si/nanoPS?AgNPs/TiO2/Au.

The modified devices constitute two strategies

which are implemented to improve light absorption

and minimize the carrier recombination rates of c-Si.

In the first variation (Al/Si/nanoPS/TiO2/Au devi-

ces), nanoPS is used as a wideband optical absorber

[15]. However, this choice has two main drawbacks:

(a) The surface of nanoPS is rapidly oxidized upon

exposition to the atmosphere, leading to changes in

its optical properties [16], and (b) two main recom-

bination mechanisms can take place on the surface of

nanoPS, namely radiative recombination through

surface states (surface recombination) and through

oxygen vacancies [17]. In this line, thin layers of In2O3

[16], SiO2 or SiO2/SiN [18], TiO2 [19], and Al2O3 or

Al2O3/SiN have been used to passivate the surface of

nanoPS [20]. Thin layers with high resistivity or even

insulating nature in contact with the active layer of

solar cells limit the amount of current that can flow

into a small localized area, thus lowering the carrier

mobility which improves cell efficiency as a result of

an increase in the open-circuit voltage [21]. In par-

ticular, the use of TiO2 thin films has the great

advantage of serving at the same time as passivation

layers to prevent nanoPS from oxidation and to

increase the open-circuit voltage. At the same time,

the TiO2 thin films can be used as antireflective

coatings [22].

In the second variation (Al/Si/nanoPS?AgNPs/

TiO2/Au devices), plasmonic effects are used to

increase light absorption and short-circuit current

[23]. Furthermore, the immersion in noble metal ion

solutions during the growth of metal nanoparticles is

used to modify the surface properties of nanoPS

[24–26]. Anyhow, although the use of plasmonic

nanoparticles seems in principle attractive, it presents

significant challenges. For instance, an excessive

surface density of embedded nanoparticles in the

active layer would increase carrier recombination

rates and, as a result, decrease the overall solar cell

efficiency [27].

The experimental results show a remarkable

improvement in the photovoltaic performance of the

Al/Si/nanoPS/TiO2/Au devices. Furthermore, a

notable enhancement in the photocurrent response of

the devices based on nanoPS layers combined with

metallic AgNPs has been measured.

Experimental

Fabrication of the active nanoPS layers

NanoPS layers were fabricated by the electrochemical

anodization of boron-doped (p-type) silicon wafers of

\100[ orientation, resistivity in the 25–30 X cm

range, and surface roughness of the order of 0.1 nm.

Al bottom contacts were deposited by electron beam

evaporation. For the evaporation, the base pressure

was 1.25 9 10-5 mbar and the evaporation time was

4 min, resulting in 150-nm-thick Al thin films. The Al

thin films were subsequently annealed by rapid

thermal processing (RTP) in nitrogen atmosphere for

5 min to turn the initial rectifying behavior into an

ohmic one. Afterward, the wafers were cut into

1.5 9 1.5 cm2 pieces. Each piece was mounted in a

sample holder with an area of about 1.23 cm2

exposed to the etching solution (the active area of the

solar cell device). The etching solution consists of a

1:6 HF (48 wt%)/dimethyl formamide (99 wt%)

mixture. Before the etching process, the native oxide

layer was removed by immersing the Si substrates

into HF/H2O solutions (1:20 ratio) for 30 s. Next, the
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substrates were cleaned by immersion in acetone and

ethanol and then by distilled water to remove any

residuals from the HF solution. The applied current

density ranged between 5 and 15 mA/cm2, leading to

layers with different porosities and different dimen-

sions of the nanopores. The anodization time was

fixed at 120 s. After the fabrication process, each

sample was rinsed in ethanol and blown dry with dry

nitrogen. The experimental setup of the anodization

process was schematically described in a previous

work [15].

Infiltration of Ag NPs

The nanoPS layers were used as templates for the

subsequent growth of silver nanoparticles. For this

task, we used an electrochemical deposition process

previously implemented [15] at a fixed current den-

sity of 1 lA/cm2 and a fixed duration of 4 min

(without optimization of the density of the infiltrated

nanoparticles). The aqueous solution was composed

of silver nitrate, sodium citrate, and nitric acid, with

pH = 3. This process led to the formation of hybrid

nanoPS/Ag NPs layers.

Spin coating of TiO2 thin films

A solution of titanium isopropoxide

(Ti[OCH(CH3)2]4) in ethanol was prepared with a

0.4 M concentration. Next, 0.35 M concentration of

HCl acid was added to the solution to induce an acid

catalysis to prevent nanoPS from damage [28]. The

solution was stirred at 3000 rpm at room temperature

for 30 min to obtain a clear solution. Sixty microliters

of the sol was cast on either the Si substrate, nanoPS

layer, or the nanoPS?AgNPs hybrid layer at a spin-

ning speed of 3000 rpm for 30 s. Finally, the resulting

TiO2 thin films were annealed on a hot plate at 150 �C
for 5 min to evaporate the remaining solvents.

Furthermore, aiming at determining the energy

band gap of TiO2 thin films from optical absorption

measurements, 60 ll of TiO2 sol was cast on clean

glass substrates at the same previous spinning speed

and for the same time.

Fabrication of Au micropatterned top
contact by UV lithography

A negative photoresist (Ariston 20 series) was used

for the lithographic process on the Au thin films as

previously described [29]. The Au thin films were

deposited using a DC sputtering system in argon

atmosphere. The typical deposition pressure was

2 9 10-2 mbar, and the typical plasma current was

20 mA, leading to a thickness of around 90 nm. The

photoresist spin time was 30 s, and the spin speed

was 4000 rpm. Afterward, the samples were dried on

a hot plate at 70 �C for 15 min. The photoresist/Au

film stack was then exposed to UV radiation (Ha-

mamatsu LC-L1 UV–led spot light source,

1 W 9 cm-2) through a printed photomask for

3 min. The photoresist micropattern was subse-

quently developed by immersing the sample in a

0.25 M NaOH solution for 1 min. Next, any residuals

from the Au thin film were removed by wet etching,

i.e., by immersing the sample in HCl/HNO3 (1:3)

solution for 1 min. The photoresist was finally lift off

in acetone, and afterward, the device was cleaned

using ethanol and distilled water and dried in

nitrogen.

An illustration of the final structure of the different

devices is presented in Fig. 1, including FESEM

images of the active layer/TiO2 interfaces, where the

active layers are Si, Si/nanoPS, and Si/na-

noPS?AgNPs, leading to devices with the following

structures: Al/Si/TiO2/Au, Al/Si/nanoPS/TiO2/

Au, and Al/Si/nanoPS?AgNPs/TiO2/Au, respec-

tively, in addition to a real top-view image of the

fabricated devices.

Characterization techniques

The morphology of the thin films and interfaces was

studied by field emission scanning electron micro-

scopy (FESEM) using a Philips XL-40FEG microscope

operated at 5 kV.

Optical characterization in the UV–visible range

(250–900 nm) was carried out using a Jasco V-560

double-beam spectrophotometer, equipped with an

integrating sphere to avoid scattering losses.

The electrical characterization of the MIS Schottky

junction solar cells was carried out in a Bio-Logic SP-

150 potentiostat with a scan rate 5 mV/s and applied

potential in the ? 1.5 to - 1.5 V range. A homemade

cell consisting of two movable copper probes with a

diameter of 0.5 mm and a copper base (2 9 2 cm2)

was used. The measurements were carried out in a

Faraday box to shield them from any external signals.

A solar simulator (LCS-100 Solar Simulator-Model

94011A), with a calibrated illumination power
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density of 100 mW/cm2, was used as the light source

to measure the photovoltaic characteristics of the

fabricated MIS Schottky solar cells.

Photocurrent measurements were carried out at

0 V bias using a dual digital lock-in amplifier (Signal

Recovery 7225) at a chopper frequency of 300 Hz.

Illumination was provided by an Acton Research

Corporation Tungsten–Deuterium dual light source

(model TDS-429), and a SpectraPro 150 monochro-

mator equipped with three interchangeable diffrac-

tion gratings (1200 lines/mm) was used to select the

wavelength.

Experimental results

Morphology

The FESEM images portrayed in Fig. 2 show the

different layers which compose the final devices.

More specifically, Fig. 2a, b shows the microstructure

of the nanoPS layers and demonstrates the presence

of AgNPs inside its pores and on the surface. Besides,

it is observed that the nanoPS layers comprise macro-

pores, with typical diameters in the 500–600 nm

range, combined with meso-pores with diameters in

the 5–30 nm range. Furthermore, the diameter of the

AgNPs typically ranges between 5 and 15 nm. A

cross-sectional view of the Si/nanoPS?AgNPs/TiO2

interface is depicted in Fig. 2c, from which the

thickness of the nanoPS layer was determined to be

around 120 nm. Spin coating of TiO2 sol-gel leads to

the filling of the nanopores with the sol and the for-

mation of very thin films (* 10 nm) over the nanoPS

layers, as shown in Fig. 2c. The wavy shape of the top

surface of the devices, portrayed in Fig. 2d, confirms

the extremely low thickness of the TiO2 interfacial

thin film, which grows conformably following the

underlying structure of the nanoPS layer. Likewise,

the top Au metallic contact, with a thickness around

90 nm, follows the wavy surface shape of the TiO2

thin film, as presented in Fig. 2d.

Optical properties

Reflectance spectra

NanoPS may be described as a homogeneous mixture

of silicon nanocrystallites, amorphous silicon, and air

(pores), with typical feature sizes well below the

wavelength of infrared and visible light [30, 31].

Thus, in this wavelength range, the optical properties

of nanoPS will mainly depend on the composition of

this mixture [32]. In this section, we analyze the effect

of porosity on the overall reflectance (R) spectra of

the nanoPS layers grown onto Si. Figure 3 shows the

reflectance spectra of Si and of three different nanoPS

layers grown onto the Si substrate. From the

Figure 1 Schematic illustration of the structure of the Schottky junction solar cell devices fabricated for this study, with FESEM cross-

sectional images of the active layer/TiO2 interfaces for the three devices. In addition to a real top-view image of the fabricated devices.
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experimental results, it is evident that the growth of

nanoPS layers onto Si results in a significant reduc-

tion in the average reflectance. It is particularly

remarkable that the average reflectance in the

250–900 nm wavelength range decreases from 35 to

19% for anodization current densities increasing from

5 to 15 mA/cm2. (The average reflectance for the Si

substrate is 41%.) In particular, a drastic reduction of

R for wavelengths shorter than 400 nm is clearly

observed. As pointed out before, this effect has its

origin in a reduction in the effective index of refrac-

tion of the nanoPS layers with increasing porosity,

i.e., increasing anodization current density. At the

same time, increased porosity and reduced crystallite

size result in increased transparency.

The experimental results allowed us to select an

anodization current density of 10 mA/cm2 as the best

compromise between reflectance reduction and elec-

trical conductivity (studied in a previous work) [33]

for the subsequent fabrication of the photovoltaic

devices. This particular current density leads to

nanoPS layers with a porosity of 60.3% and quite low

values of average reflectance (29% in the 250–900 nm

wavelength range). Furthermore, a relatively small

decrease in the electrical conductivity was deter-

mined from AC and DC electrical characterization

[33].

Figure 4 shows the reflectance spectra of the Si

substrate and the following layers grown onto Si:

nanoPS, nanoPS?AgNPs, TiO2/nanoPS, and TiO2/-

nanoPS?AgNPs. It is clearly observed that the infil-

tration of silver nanoparticles into the nanoPS layers

resulted in increased reflectance, especially in the

UV–visible region. It is well known that the presence

of noble metal nanoparticles leads to the generation

of surface plasmon resonances (SPRs) which would

reduce or shift the transmittance and/or reflectance

spectra [34]. As such, metal NPs usually enhance the

efficiency of photovoltaic devices by reducing

Figure 2 a Top-view FESEM

images of a typical hybrid

nanoPS?AgNPs layer, b high

magnification image of a

hybrid nanoPS?AgNPs layer.

c Cross-sectional view

showing a TiO2 thin film

grown onto the

nanoPS?AgNPs layer.

d Cross-sectional image of the

Si/nanoPS?AgNPs/TiO2/Au

structure.

Figure 3 Overall reflectance spectra of bulk Si and nanoPS layers

grown onto Si substrates under different etching current densities

(5, 10, and 15 mA/cm2) and at a fixed anodization time (120 s).

5462 J Mater Sci (2020) 55:5458–5470

55



reflection and increasing light trapping within the

device. However, the specific optical behavior

depends on the density of NPs, as well as their shape

and size [35]. In some cases, the presence of metal

NPs results in high reflectivity due to the backscat-

tering of the NPs itself, or due to a large surface

density of nanoparticles, which can reach their per-

colation threshold and even form a quasi-continuous

thin film [36, 37]. Nevertheless, a large surface den-

sity of nanoparticles would result in improved elec-

trical conduction. As such, aiming at reducing the

reflectance produced by the metal NPs without

decreasing their density, which has a favorable effect

on the electrical conduction, very thin layers of TiO2

(* 10 nm) were deposited over the hybrid nanoPS

AgNPs layers. TiO2 was used given its low optical

absorption in the visible [38].

The experimental results, portrayed in Fig. 4, con-

firm that depositing thin films of TiO2 onto both

nanoPS and nanoPS?AgNPs layers has a notable ef-

fect in reducing R. As such, the average reflectance in

the 250–900 nm wavelength interval decreased from

29 to 14% upon deposition of TiO2 thin films on the

nanoPS layer and from 35 to 16% on the nanoP-

S?AgNPs hybrid layers.

Focusing on the average R of the devices with the

structures Al/Si/nanoPS/TiO2/Au and Al/Si/na-

noPS?AgNPs/TiO2/Au, a slight increment (from 14

to 16%) was observed upon the growth of silver NPs.

However, the addition of metallic AgNPs to the

nanoPS layers results in a notable reduction in the

average reflectance (from 23.8 to 17.5%) in the blue

region of the optical spectrum (k = 250–450 nm).

Thereby, we claim that SPR effects occur in this

region which are attributed to the small size of the

AgNPs (between 5 and 15 nm) [39].

Determination of the band gap of the TiO2 thin films

In addition to reducing reflectance, the TiO2 thin

films in the MIS Schottky junction solar cells serve as

interfacial layers. Accordingly, determining their

energy band gap (Eg) is a key step to create an energy

band diagram for the devices. This would also allow

us to analyze the electrical conduction mechanisms.

The optical band gap of the TiO2 thin films can be

determined from Tauc plots [40]. First, the spectral

behavior of the absorption coefficient (a) was calcu-

lated from the optical measurement; afterward, the

relationship between (a�d)2 and the photon energy

was plotted (Fig. 5), where d is the thickness of the

TiO2 thin films. By assuming that the TiO2 thin films

show a direct band gap character [41], its band gap

can be calculated by extrapolating the straight line of

the relationship between (a�d)2 and the photon energy

(ht), as shown in Fig. 5. The value of Eg for the TiO2

thin films was found to be 3.82 eV. This value is in

good agreement with previous results obtained for

TiO2 thin films prepared by the sol gel method [41]

and by sputtering [42].

Figure 4 Overall reflectance spectra of bulk Si, nanoPS layers

grown at 10 mA/cm2 for 120 s, nanoPS?AgNPs layers (infiltrated

at 1 lA/cm2 for 4 min), TiO2/nanoPS layers, and

TiO2/nanoPS?AgNPs layers. All the structures were grown onto

Si substrates.

Figure 5 Tauc plot for TiO2 thin film deposited on a glass

substrate to determine its Eg value.
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Energy band diagrams

Energy band diagrams allow understanding the

electronic and optoelectronic behavior of Schottky

junctions. Figure 6 shows the energy band diagrams

that we propose for the three different MIS Schottky

junction devices under study. In all cases, the TiO2

thin films, given their small thickness, behave as

tunneling interfacial regions between the active layer

and the front Au contact [43]. Although there are

different forms of TiO2, all of them are semiconduc-

tors with empty and filled band edges at * 4.0 eV

and 7.9 eV below the vacuum level, as shown in

Fig. 6 [43]. The electron affinity at the surface of Si

(100) is about 4.05 eV, and the valence band edge is

located at around 5.17 eV below the vacuum level

[43]. Anyhow, it is important to keep in mind that

these values would slightly change due to the par-

ticular processes and techniques used for the fabri-

cation of the different layers.

Accordingly, in the case of the Al/Si/TiO2/Au

structures (Fig. 6a), the interface between Si and TiO2

is expected to have a large valence band barrier

(DEv * 2.5 eV), which would block the transporta-

tion of holes from Si to TiO2 and would only allow

the transportation of minority carriers (electrons) to

Figure 6 Illustration of the proposed energy band diagrams for the different Si-based Schottky solar cells, namely a Al/Si/TiO2/Au

devices, b Al/Si/nanoPS/TiO2/Au devices, and c Al/Si/nanoPS?AgNPs/TiO2/Au devices, with indication of surface states.
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the Au contact, where the electron conductivity must

be large and the hole conductivity must be low.

Majority carriers (holes) move to the rear contact of

the solar cell to increase the hole conductivity, where

the hole conductivity is large and the electron con-

ductivity is low (Al contact). In all, the valence band

offset (DEv) between Si and the TiO2 thin film allows

using the TiO2 interlayer at the same time for electron

harvesting and hole blocking to the Au contact. As a

result, surface recombination is minimized, while the

open-circuit voltage increases [43]. Regarding the

interfacial layer in the MIS Schottky junctions, a very

thin film is the best option to avoid increasing the

series resistance of the device. That would lead to a

decrease in the fill factor and the overall efficiency of

the solar cells [12] in the case of the Al/Si/TiO2/Au

structures (Fig. 1). The main reasons for photore-

sponse reduction for this device are discussed in

detail in ‘‘Photocurrent response characterization’’

section.

Figure 6b shows the proposed energy band dia-

gram corresponding to MIS Schottky devices with the

structure Al/Si/nanoPS/TiO2/Au. The Fermi level

for nanoPS is located close to the middle of the

energy gap [44, 45] as a consequence of the formation

of pores at defects and dopant sites of Si [16, 44, 46],

thereby considerably reducing the doping concen-

tration of Si and widening the energy gap of PS with

respect to that Si (its energy band gap is 1.12 eV) [47].

We estimate the energy band gap value of nanoPS to

be around 1.65 eV, corresponding to a porosity of

60.3% [47, 48]. Deposition of TiO2 on the nanoPS

layers has the important effect of reducing the rate of

the different recombination mechanisms. Two pri-

mary competing recombination mechanisms are

possible after the fabrication of nanoPS on Si, namely

radiative recombination through the surface states

(surface recombination) and radiative recombination

through the oxygen vacancies [17]. This way, passi-

vating the surface of nanoPS leads to an enhancement

of the generation of electron/hole pairs by reducing

the surface recombination rates. However, as previ-

ously shown (see ‘‘Morphology’’ section), nanoPS

comprises pores of dimensions at two very different

scales, i.e., macro- and meso-pores. Coating nanoPS

with TiO2 results in an effective coverage of the

macro-pores with the sol. However, the meso-pores

may still have oxygen vacancies, given their small

dimensions with typical diameters in the 5–30 nm

range (see FESEM images in Fig. 2). Accordingly,

radiative recombination processes through the oxy-

gen vacancies in the meso-pores may still take place.

For this reason, in addition to using TiO2 thin films,

chemical interaction with noble metal ions during the

growth of the silver NPs has been used to further

passivate the surface of nanoPS.

Figure 6c shows the proposed energy band dia-

gram after growing AgNPs into the nanoPS layers.

Given the small size and low surface density of the

silver nanoparticles and based on previous experi-

ments with Ag-doped Si [49], we hypothesize that the

presence of the AgNPs leads to donor and acceptor

levels in the forbidden region of nanoPS. According

to this assumption, the addition of silver to the por-

ous layers results in a singly ionized donor level in

the lower half of the forbidden band of nanoPS ðEAg
D Þ

and an acceptor level in the upper half of the for-

bidden band of nanoPS ðEAg
A Þ. These ionized levels

might lead to increased generation of electron–hole

pairs by capture and emission of carriers in the

nanoPS?AgNPs layer.

In the case of the Al/Si/nanoPS?AgNPs/TiO2/Au

structures, we claim that the optoelectronic

enhancement is due to four mechanisms. (1)

Increased light absorption by the nanoPS layers in

addition to TiO2 thin films acting as antireflective

coatings and passivating layers. (2) Improved surface

passivation during the infiltration of the Ag NPs. (3)

SPR effects at the interface between the metallic

AgNPs and the TiO2 and nanoPS layers manifested in

the blue region of the electromagnetic spectrum

(Fig. 4). Moreover, the generation of electron/hole

pairs is greatly enhanced due to the electrical

enhancement in the active layer by the AgNPs. (4)

Improved electrical conduction given by the presence

of silver nanoparticles.

Photovoltaic properties

Photocurrent response characterization

Figure 7 shows the photocurrent response in the

300–1200 nm wavelength range for the three MIS

Schottky junction devices studied in this work. The

experimental results show that the photocurrent

presents a remarkable increase over all the wave-

length range due to the incorporation of nanoPS

layers, TiO2 dielectric thin films, and the infiltration

of silver nanoparticles into the porous structure. First,

for the Al/Si/TiO2/Au MIS Schottky junction solar
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cells, the photocurrent is very small, with values in

the range of 10-11 A. The small photocurrent levels

for this device are attributed to three main reasons,

namely (1) the indirect band gap character of Si,

which causes an increase in the carrier recombination

rates [3, 50], (2) a thicker TiO2 thin film than in the

other devices, because flat Si accepts more TiO2 sol

during spin casting due to surface tension and flu-

idics, as previously presented in Fig. 1, and (3) large

reflectance losses at the Si surface, especially at lower

wavelengths. The photovoltaic performance of the

device was improved by growing nanoPS layers,

which led to a radical decrease in the average

reflectance from 41% (Si substrate) to 29% for the

nanoPS/Si structure (see ‘‘Reflectance spectra’’ sec-

tion). However, texturing the surface of Si causes an

increase number of defects on the surface, leading to

increased recombination rates in addition to con-

duction losses [51]. However, the infiltration of Ag

nanoparticles inside the nanoPS layers results in a

drastic enhancement in the photocurrent response by

three orders of magnitude.

Three main reasons might be behind this remark-

able improvement. (1) The resonant oscillation of

conduction electrons (SPR) is in the blue region of the

electromagnetic spectrum. The SPR effect is stimu-

lated by the incident light at the interface between the

metallic nanoparticles (AgNPs) and the dielectric

films (TiO2 thin layers), which have negative and

positive permittivity. The intensity of the resonances

is determined by the dielectric properties of the metal

and the surrounding medium and by the particle size

and shape [39]. The large enhancement in the near

UV–blue region is attributed to the small size of the

AgNPs (diameters in the 5–15 nm range), leading to

higher absorption (Fig. 4) and generation of elec-

tron/hole pairs. (2) Surface passivation of nanoPS is

improved during the growth of the AgNPs by

reducing the radiative recombination induced by

oxygen vacancies in the meso-pores. (3) The electrical

conduction of nanoPS is highly improved by the

presence of the metallic nanoparticles, as previously

discussed for Au NPs [2]. From our recent study on

the AC and DC electrical properties of these struc-

tures, a large enhancement in the diffusion length of

the minority carriers was found, which led to

improving carrier separation and generation of elec-

tron/hole pairs [33].

Current–voltage characterization under illumination

The current density–voltage (J–V) characteristics of

the three MIS Schottky junction solar cells under

illumination (100 mW/cm2) were measured. The

experimental results are shown in Fig. 8. The differ-

ent electrical parameters which characterize the per-

formance of solar cells, i.e., open-circuit voltage (Voc),

short-circuit current density (Jsc), fill factor (FF), and

conversion efficiency (g), were determined from the

experimental J–V curves and are presented in

Table 1. A remarkable enhancement of both Voc and

Jsc for the Al/Si/nanoPS/TiO2/Au Schottky barrier

devices when compared to the Al/Si/TiO2/Au

devices is observed, most likely due to reduced

reflectance losses provided by the porous structure.

Also, filling the nanopores with the TiO2 sol led to

decreasing its thickness, making these thin films

more suitable as interfacial layers for the MIS solar

cells. It is also noticeable that electron/hole pair

generation is drastically improved by the infiltration

of AgNPs into the nanoPS layers, probably due to the

combined action of SPR effects, the reduction in R,

and increased conduction, as discussed in ‘‘Pho-

tocurrent response characterization’’ section. As a

result, the conversion efficiency (g) increased from

0.9% for the Al/Si/nanoPS/TiO2/Au devices to 1.9%

for the Al/Si/nanoPS?AgNPs/TiO2/Au structures

(Table 1).

Figure 9 shows the maximum power density val-

ues for the three devices, which allows to calculate

the fill factor (FF) and efficiency (g) from the follow-

ing well-known relations [12, 52]:

Figure 7 Spectral photocurrent response in the 300–1200 nm

wavelength range for the three MIS Schottky junction devices

studied in this work.
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FF ¼ ImVm

IscVoc

ð1Þ

g ¼ Pout

S�Pin

¼ ImVE

S�Pin

ð2Þ

where ImVm is the maximum power point, S is the

active area of the solar cell, and Pin is the power

density of the incident light (100 mW/cm2).

It is important to mention that the addition of TiO2

thin films to the Schottky junction devices has several

advantages. First of all, they serve as interfacial layers

to improve Voc by hole blocking and electron trans-

portation. As a result of the wide band gap of the

TiO2 thin films (3.82 eV, ‘‘Reflectance spectra’’ sec-

tion), the TiO2/active layer interfaces are expected to

have a large valence band barrier (DEv � 2:5 eV),

which would block the transport of holes from the

active layer to the TiO2 thin film. However, these

interfaces are expected to possess a small conduction-

band barrier (DEv � 0:1 eV), which would allow

transport of electrons from the active layer to the TiO2

thin film [43] (see energy band diagrams, Fig. 6).

Second, the TiO2 thin films serve as antireflective

coatings. Third, the TiO2 thin films passivate the

surface of the active layer and prevent it from oxi-

dation, in addition to the notable reduction in surface

recombination rates associated with nanoPS. This

enhancement was observed from the photovoltaic

parameters for the Al/Si/nanoPS/TiO2/Au and Al/

Si/nanoPS?AgNPs/TiO2/Au devices. Finally, in the

case of the latter devices, which have shown the

highest efficiency, the interaction between TiO2 (di-

electric layer) with AgNPs led to an enhancement in

the optoelectronic properties due to the manifestation

Figure 8 J–V characteristic of Al/Si/TiO2/Au, Al/Si/nanoPS/

TiO2/Au and Al/Si/nanoPS?AgNPs/TiO2/Au photovoltaic

devices.

Table 1 Photovoltaic

characteristics of the three MIS

Schottky solar cells under

study

Device structure Jsc (mA/cm2) Voc (V) FF g (%)

Al/Si/TiO2/Au 0.43 0.14 13.5 0.008

Al/Si/nanoPS/TiO2/Au 5.52 0.38 42.7 0.9

Al/Si/nanoPS?AgNPs/TiO2/Au 8.07 0.42 55.9 1.9

Figure 9 Maximum power

density point determination for

the Al/Si/TiO2/Au, Al/

Si?nanoPS/TiO2/Au, and Al/

Si/nanoPS?AgNPs/TiO2/Au

photovoltaic devices.
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of SPR effects in the blue region of the electromag-

netic spectrum (Fig. 4).

In conclusion, the optoelectronic enhancement for

the Al/Si/nanoPS?AgNPs/TiO2/Au devices shown

in Figs. 7 and 8 is attributed to five main factors: (1)

Reduction in the recombination rates by improving

surface passivation, (2) improved light trapping by

the use of TiO2 thin film as antireflective coating, (3)

increased light absorption by the nanoPS layer, (4)

SPR effects associated with the presence of AgNPs,

and (5) improved electrical conduction of the active

layer by the presence of AgNPs.

Finally, it is worth pointing out that the results here

presented are comparable to those obtained for sev-

eral Schottky barrier junction solar cells based on

crystalline Si and low-dimensional structures. For

example, Jsc = 0.396 mA/cm2 and Voc = 0.429 V have

recently been obtained for Schottky junction solar cell

based on Si nanowires and multi-layered graphene

after optimizing the number of graphene layers [53],

g = 1.25% was obtained for Schottky junction solar

cells based on patterned graphene and CdS nanobelts

[54], g = 1.65% for Au–graphene/CdS nanowires

Schottky junction solar cells [55], and plasmonic

enhancement in MIS Schottky junction solar cells by

introducing Ag NPs and SiOx spacer layers on top of

the junction, where Jsc improved from 13.7 mA/cm2

for the reference cell to 19.7 mA/cm2 after optimizing

the size, shape, and distributions of Ag NPs [56].

Conclusions

We have analyzed in detail the optoelectronic per-

formance of three different MIS Schottky junction

solar cells, namely Al/Si/TiO2/Au, Al/Si/nanoPS/

TiO2/Au, and Al/Si/nanoPS?AgNPs/TiO2/Au

structures. A remarkable improvement in the photo-

voltaic performance of the devices was found upon

the addition of nanoPS and AgNPs. To understand

the different photogeneration and conduction mech-

anisms, an energy band model was proposed for the

different devices.

The large increase in the overall photovoltaic per-

formance of the Al/Si/nanoPS?AgNPs/TiO2/Au

devices is attributed to two main reasons, in addition

to the reflectance reduction and the passivation pro-

vided by the nanoPS layers. First, the small size of the

AgNPs (5–15 nm) leads to the manifestation of SPR

effects in the blue region of the electromagnetic

spectrum. Second, the metallic AgNPs improved the

electrical conduction of the nanoPS layers.

It is worth pointing out that the growth of TiO2 thin

films most likely does not completely passivate the

surface of nanoPS due to the presence of small meso-

pores (5–30 nm). As such, radiative recombination

mechanisms through oxygen vacancies in the small

nanopores of the surface of nanoPS still may exist for

the Al/Si/nanoPS/TiO2/Au devices. However, sur-

face passivation of nanoPS was highly improved by

the chemical process used for the infiltration of silver

nanoparticles leading to the Al/Si/nanoPS?AgNPs/

TiO2/Au structures.
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Abbreviations in chapter 5 

 

MIS metal-insulator-semiconductor 

NanoPS Nanostructured porous Silicon 

AgNPs Silver nanoparticles 

PV photovoltaic 

C-Si Crystalline silicon 

MS Metal–semiconductor 

RTP Rapid thermal processing 

Ti[OCH(CH3)2]4 Titanium isopropoxide 

SPR surface plasmon resonance 

hυ Photon energy 

ΔEv Valence band offset 

𝑬𝑫
𝑨𝒈 Ionized donor level  

𝑬𝑨
𝑨𝒈 Ionized acceptor level 

Jsc Short circuit current density 

FF Fill factor 

η Conversion efficiency 

Pin Power density of the incident light 

∆𝑬𝒄 Conduction-band barrier 
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and silicon micro-nanostructures

Rehab Ramadan, *abc Vicente Torres-Costaac and Raúl J. Martı́n-Palma ac

Hybrid organic–inorganic self-powered photodetectors with three different configurations were fabricated

and their optoelectronic performance was determined. Si is the inorganic active layer and the transparent

conductor poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is the organic layer. The basic

photodetector structure under study is Au/PEDOT:PSS/Si/Al. This device shows high responsivity under

low irradiation levels, as well as a wideband response in the visible and near-infrared wavelength ranges.

To improve the performance of this basic device, its structure was modified by the addition of a

nanostructured porous silicon (PSi) layer on top of the Si substrate. The resulting Au/PEDOT:PSS/PSi/Si/Al

devices have been found to show improved photoresponse under high irradiation levels together with

narrowband spectral responsivity in the infrared region. To further improve the optoelectronic

performance of the photodetectors, Si + PSi micro-arrays were used instead of single PSi layers, leading

to devices with the structure Au/PEDOT:PSS/(Si + PSi micro-arrays)/Si/Al. These devices possess a much

improved performance, showing a responsivity of 1172.87 mA W�1, a specific detectivity of 5.81 � 1013

Jones, and a fast response speed of 396/412 ms at 0 V bias under white-light illumination (100 mW).

Furthermore, a broadband spectral responsivity was achieved, with a maximum value of 473 mA W�1 at

853 nm. This improved behavior is associated with the combined effect of an effective reduction of the

reflectance due to the presence of PSi and an improvement of the electrical conduction given by the

presence of heavily-doped Si regions.

1. Introduction

Self-powered photodetectors possess high potential for use in
numerous applications in diverse fields such as optical com-
munications, biomedicine, gas sensing, and video imaging.1

Depending on their wavelength response, there are selective
and broadband photodetectors. Broadband photodetectors with
high detection efficiency, fast speed, high operation stability,
small size, and low cost possess an enormous commercialization
potential.

In addition to the many semiconducting materials used for
photodetection, hybrid organic–inorganic structures are being
increasingly used due to their attractive optical and electrical
properties.2–6 Organic polymers like poly(3-hexylthiophene)
(P3HT),[6,6]-phenyl-C61-butyric acid methyl ester (PC61BM),7

poly(2,7-carbazole-alt-4,7-dithienyl-2,1,3-benzothiadiazole),8 and

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PED-
OT:PSS)9,10 are extensively used, not only in photodetectors,
but also in solar cells with a remarkable performance. In particular,
PEDOT:PSS is one of the most successful conducting polymers.
Thorough studies have been carried out on photodetectors based
on hybrid PEDOT:PSS/n-type inorganic semiconductor struc-
tures which show a promising photoresponse. For instance,
blue-sensitive photodetectors with the configuration PEDOT:PSS/
SnO2 microwires show a responsivity of 18.2 mAW�1 at 450 nm,10

while that of self-powered (PEDOT:PSS/Ga2O3) devices is
37.4 mA W�1 at 254 nm,11 and that of PEDOT:PSS/Si nano-
wire arrays based self-powered photodetectors is 37.8 mAW�1 at
920 nm.12

Aiming at their integration into the current CMOS technology,
it would be highly desirable to develop highly efficient silicon-
based photodetectors in the visible region of the electromagnetic
spectrum. However, Si has an indirect bandgap and high optical
losses.13 Structural modifications have been introduced to the
surface of Si by many researchers aiming at improving its optical
performance, including periodic nanostructures of Si (nanowires,
quantum dots and pyramidal shapes) and randomly-textured struc-
tures such as porous silicon (PSi).14–17 However, texturing the
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surface of Si leads to some key disadvantages, i.e., (1) an increased
surface-to-volume ratio leading to increased electron–hole recom-
bination rates, (2) fast surface oxidation rates, and (3) reduction
of the electrical conductivity due to quantum confinement
effects.18,19

The main aim of this work is to combine the good electrical
properties of Si and the optical enhancement provided by PSi in
one device. In this line, integrated micro-nanostructures con-
sisting of ordered micro-arrays of PSi on the surface of Si, i.e.,
Si + PSi micro-arrays, were fabricated for their subsequent use
as self-powered photodetectors. Three configurations of hybrid
organic–inorganic PEDOT:PSS-Si self-powered photodetectors
were fabricated and studied: the basic Au/PEDOT:PSS/Si/Al
structure, where Au and Al provide front and back contacts,
and two variants aimed at improving the optical performance of
the devices: Au/PEDOT:PSS/PSi/Si/Al and Au/PEDOT:PSS/(Si + PSi
micro-arrays)/Si/Al. The PEDOT:PSS layer serves at the same time
as a transparent conductor, anti-reflective coating and hole
transport layer,20 while Si, PSi/Si, and (Si + PSi micro-arrays)/Si
are the photodetector active layers. The morphology, optical
properties, and electrical transport properties of the three dif-
ferent photodetector configurations were analyzed. Furthermore,
we compared their photoresponse in a wide range of incident
light powers. Their stability and reproducibility to pulsed light
were examined at 0 V. Finally, the spectral responsivity was
analyzed in a broad wavelength range.

2. Experimental

Single-side polished phosphorous-doped (n-type) silicon wafers
with h100i orientation were used for the fabrication of three
different types of self-powered photodetectors. The properties
of the Si wafers are (1–10 O cm) resistivity, (300 � 15 nm)
thickness and surface roughness in the order of 0.1 nm. The
wafers were cleaned by ultrasonication in ethanol, acetone and
distilled water for 10 minutes each.

2.1 Electrochemical etching of the PSi layer

Before the electrochemical etching of the PSi layers, 100 nm
thick Al back contacts were deposited by electron beam evapora-
tion. The base pressure was 1.25 � 10�5 mbar and the evapora-
tion time was 2 minutes. The Al thin films were subsequently
annealed by rapid thermal processing (RTP) under a nitrogen
atmosphere for 5 minutes to turn the initial rectifying junction into
an ohmic one. Afterward, the wafers were cut into 1.5 � 1.5 cm2

pieces. Each sample was mounted in a sample holder with an
exposed circular area of 0.785 cm2. The native oxide layer was
removed by immersing the polished side of the Si substrate into
HF/H2O solutions (1 : 20 ratio) for 30 s. Afterwards, the samples
were immersed in the etching solution consisting of a 1 : 1 HF
(48 wt%)/methanol (99 wt%) mixture. The anodization current
density and time were set at 10 mA cm�2 and 10 s, respectively. The
etching process was carried out at room temperature under illumi-
nation with a halogen lamp (60 W). Schematic representation of the
electrochemical etching process was portrayed in a previous study.21

2.2 Fabrication of (Si + PSi micro-arrays) structures

Fabrication of (Si + PSi micro-arrays) micro-nanostructures was
executed in two steps. First, micropatterning of the photoresist
was carried out on Si substrates using a UV-lithography process.
Particularly, a negative photoresist thin film was deposited on a
pre-cleaned Si substrate by spin coating at 3000 rpm for 30 s,
followed by drying on a hot plate for 15 minutes at 70 1C. A
photomask with the desired structure (rectangular patterns of
55 � 70 mm2) was fixed on the photoresist/Si stack and exposed to
UV radiation for 3 minutes. Afterwards, the photoresist was
developed in a NaOH (0.15 M) solution for 6 minutes and washed
with distilled water. The developed micropattern of the photo-
resist/Si was then post-baked for 15 minutes at 70 1C to improve
the adhesion of the micropattern to the Si surface. The second
step consists of the electrochemical etching of the exposed Si
areas. Using the same etching conditions as described in sec. 2.1,
PSi was fabricated in the exposed areas of Si, resulting in photo-
resist + PSi micro-arrays which were thoroughly washed with
distilled water. The photoresist was lifted-off by immersing the
sample in acetone for 10 minutes, and finally the samples were
rinsed several times in ethanol and isopropanol to remove any
residues or contamination. Integrated micro-nanostructures of
(Si + PSi micro-arrays) were obtained as a result of the two
processes (photolithography and electrochemical etching). A sche-
matic view of the fabrication processes of the Si + PSi micro-array
structures is shown in Fig. 1.

2.3 Spin coating of PEDOT:PSS thin films

The poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PED-
OT:PSS 1.3 wt%) polymer was purchased from Sigma Aldrich.
Isopropyl alcohol (IPA) was used to increase the solubility of
PEDOT:PSS solution. Dimethylsulfoxide (DMSO) (99.5%) assisted
in improving the electrical conduction of the PEDOT:PSS films.
Sulphuric acid (98%) was used to improve the surface wettability
of the active layers. Distilled water, ethanol (99%) and methanol
(995) were used for cleaning purposes.

Highly transparent conducting layers of PEDOT:PSS were
grown on three types of substrates, i.e., Si, PSi, and Si + PSi
micro-arrays. The solution consisted of a 10 : 1 : 1 PEDOT:PSS/
IPA/DMSO mixture. Before the deposition of the PEDOT:PSS
thin films, 200 mL of sulphuric acid was dropped on the surface
of the substrate for 10 minutes to increase surface wettability.
Afterwards, the samples were cleaned by ultrasonication in a
distilled water bath for 10 minutes to remove any sulphuric
acid residues. 50 mL of the PEDOT:PSS/IPA/DMSO solution was
deposited on the pre-cleaned substrates by spin coating. For the
deposition, the spin speed was 1000 rpm and the spin time was
60 s. Then, samples were heated at 100 1C for 15 minutes to
evaporate any solvents in the PEDOT:PSS layer. The process was
repeated twice under the same conditions to obtain thicker
PEDOT:PSS films.

2.4 Device configurations

Self-powered photodetectors with three different configurations
were fabricated. These are Au/PEDOT:PSS/Si/Al, Au/PEDOT:PSS/
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PSi/Si/Al, and Au/PEDOT:PSS/(Si + PSi micro-arrays)/Si/Al. Au is
the top contact, which is grown by DC-sputtering under an argon
atmosphere using a patterned mask. The typical deposition
pressure was 2 � 10�2 mbar and the typical plasma current
was 20 mA, leading to a thickness of around 50 nm. The
PEDOT:PSS thin films serve as transparent conductors. Si, PSi/Si,
and (Si + PSi micro-arrays)/Si are the active layers in the self-powered
photodetectors, while Al is the back contact (the evaporation

conditions described in Section 2.1). An illustration of the final
structure of the three different photodetectors is presented in
Fig. 2, including FESEM images of the active layer of each device.

2.5 Characterization techniques

Themorphology of the PEDOT:PSS thin films and the active layers
were studied by field emission scanning electron microscopy
(FESEM) using a Philips XL-40FEG microscope operated at 5 kV.

Fig. 2 Schematic view of the self-powered photodetectors including top and bottom contacts and FESEM top-view images of the active layer of the
three devices.

Fig. 1 Schematic view of the photolithography process of the Si substrate and the electrochemical etching of PSi micro-arrays on the Si surface.
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Optical characterization in the UV-visible-near-infrared range
(250–900 nm) was carried out using a Jasco V-560 double-beam
spectrophotometer, equipped with an integrating sphere to avoid
scattering losses.

The electrical and optoelectronic analysis of the photode-
tectors were carried out in a BioLogic SP-150 potentiostat.
A homemade cell consisting of two movable copper probes with
a diameter of 0.5 mm and a copper base (2� 2 cm2) was used for
all the electrical measurements. Current–voltage (I–V) curves in
the dark were obtained at a scan rate 10 mV s�1 and applied
potential in the�0.5 to +0.5 V range. Electrochemical impedance
spectroscopy (EIS) measurements were executed without external
voltage in the 200 mHz to 1 MHz frequency range.

A solar simulator (LCS-100 Solar Simulator-Model 94011A),
with an adjustable illumination output power, was used for
photoresponse measurements. I–V curves under illumination
were recorded in a wide range of incident light powers: 0.1, 1, 5,
15, 30, 50, 80, and 100 mW cm�2. Time-dependent current (I–t)
curves (ON/OFF response) were recorded under the same inci-
dent light powers (0.1, 1, 5, 15, 30, 50, 80, and 100 mW cm�2),
every 2 mA with time steps of dt = 0.15 s at 0 V bias. The response
speed of the photodetectors was examined every 20 ms using a
light source with an intensity of 400 mW.

The spectral responsivity in the 300 to 1200 nm wavelength
range was determined at 0 V bias using a dual digital lock-in
amplifier (Signal Recovery 7225) at a chopper frequency of 300 Hz.
Illumination was provided by an Acton Research Corporation
Tungsten-Deuterium dual light source (model TDS-429) and a
SpectraPro 150 monochromator equipped with two interchange-
able diffraction gratings (1200 lines per mm) was used to select
the wavelength. The photoresponse of the devices to single-
wavelength light was examined by analysing the I–t curves (i.e.,
ON/OFF response) at 0 V bias in different wavelength regions by
adjusting the monochromatic light.

3. Results and discussion

Self-powered photodetectors with three different configurations
were fabricated for the subsequent evaluation of their optoelec-
tronic performance. The structure of these devices is described
in the Experimental section.

3.1 Morphological characterization

As a first step toward the analysis of the overall performance of
the self-powered photodetectors, their morphology was analyzed
by FESEM, as depicted in Fig. 3 and 4. Fig. 3a shows a typical
cross-sectional image of the PEDOT:PSS layer grown on the flat
Si surface, which confirms a uniform coverage of the underlying
Si substrate with a 90 nm thick film. Fig. 3b shows a character-
istic cross-sectional view of the PEDOT:PSS/PSi/Si interface, from
which it can be noted that a 30 nm PSi layer shows a columnar
structure with typical pore diameters in the 5 nm to 10 nm range.
Furthermore, the PEDOT:PSS thin films grown on the PSi surface
show a good homogeneity, with a thickness of around 80 nm.
The inset of Fig. 3b shows that the pores of the PSi layer are

partially filled with PEDOT:PSS, which explains the fact that the
PEDOT:PSS layer is thinner than that grown on flat Si.

Top view of the PEDOT:PSS/(Si + PSi micro-arrays) surface is
shown in Fig. 3c, showing a homogeneous surface coverage.
Again, the partial infiltration of PEDOT:PSS into the PSi pores is
revealed by the changes in surface height at the PSi locations.
Fig. 3d shows a characteristic cross-sectional view of the Au top
contact, PEDOT:PSS layer and PSi layer. The thickness of these
layers are 50, 80, and 30 nm, respectively.

Fig. 4 portrays typical FESEM images of the Si + PSi micro-
arrays at different magnifications. Fig. 4a shows an overview of
the PSi micro-arrays after photoresist development during the
lithography process. The distance between the two micropatterns

Fig. 3 Typical FESEM images of PEDOT:PSS/active layers of the Si-based
photodetectors. (a) Cross-sectional view of the PEDOT:PSS/Si interface,
(b) cross-sectional view of PEDOT:PSS/PSi/Si interfaces, (c) top-view of the
PEDOT:PSS/(Si + PSi micro-arrays) surface, and (d) cross-sectional view of
Au/PEDOT:PSS/PSi interfaces.

Fig. 4 Typical top-views of the (Si + PSi micro-arrays) structure at different
magnifications. (a) An overview of PSi micro-arrays pattern grown on the Si
substrate, (b) single rectangular PSi micro-array dimensions, (c) magnified
image for the interface between Si and PSi, and (d) the morphology of PSi
grown into the micropattern.
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is 225 mm and the surface area of rectangular micro-arrays is 55 �
70 mm2. Detailed views at different magnifications of a single
micro-array are depicted in Fig. 4b–d.

3.2 Optical behavior

PSi can be regarded as amixture of Si nanocrystallites, amorphous
Si and air (pores).18,19 Accordingly, its optical properties greatly
depend on its porosity and thickness.22–25 As a consequence,
these parameters can be adjusted to produce high optical absorp-
tion in a broad wavelength range. However, the reduction in the
overall reflectance is accompanied by a decrease of electrical
conductivity associated with a higher porosity and a higher
oxidation degree.26,27 As such, the combination of silicon and
PSi on the active layer can be an ideal strategy to combine the
optical tunability of PSi and the high electrical conductivity of
highly-doped Si in the same device. For this reason, rectangular
micro-arrays of PSi were etched on the surface of photolitho-
graphic flat Si, termed Si + PSi micro-arrays.

Fig. 5a shows the comparison between the optical reflectance
in the 250 to 900 nm wavelength range of flat Si, PSi (10 mA cm�2,
10 s)/Si, and (Si + PSi micro-arrays)/Si. As expected, the growth of a
PSi layer onto Si results in a remarkable reduction of the overall
reflectance, while the presence of Si + PSi micro-arrays results only
in a rather small decrease in reflectance. The subsequent growth
of the PEDOT:PSS thin films on the surface of the different active
layers leads to a further reduction of the optical reflectance in the
three cases, as depicted in Fig. 5b. This effect is attributed to the
anti-reflective properties of PEDOT:PSS.15,20,28 The average reflec-
tance (Rav) in the 250–900 nm wavelength range was found to be
22.38%, 14.83 and 9.73% when PEDOT:PSS is grown on Si, PSi
and Si + PSi micro-arrays, respectively. In particular, the average
reflectance of the Si + PSi micro-arrays coated with PEDOT:PSS is
33% lower than that of the PEDOT:PSS/Si junction, and almost
50% lower in the central visible region.

3.3 Electrical conduction and carrier transport characteristics

AC and DC electrical measurements were carried out aiming at
studying the electrical conduction properties through the inter-
faces of the Si-based photodetectors. Fig. 6a portrays the I–V curves

for the three devices in the �0.5 V to 0.5 V range from which a
rectifying behavior is clearly observed in all cases. The rectifying
behavior shown by the photodetectors under study confirms the
contribution of PEDOT:PSS as a hole transport and an electron
blocking layer as discussed below in the energy band diagrams
section. Accordingly, Si (or PSi/Si or (Si + PSi micro-arrays)/Si) is
assumed to be the active layer responsible for the generation of the
carriers. This assumption agrees with previous studies of devices
based on PEDOT:PSS/Si junctions.12 The Au/PEDOT:PSS/Si/Al
devices show dark-current values higher than those of the
modified Au/PEDOT:PSS/PSi/Si/Al devices, which can be attrib-
uted to the intrinsic low conductivity of PSi. However, the Au/
PEDOT:PSS/(Si + PSi micro-arrays)/Si/Al devices show dark-
current values close to those of the Au/PEDOT:PSS/Si/Al devices.
This behavior is probably due to the contribution of the heavily-
doped Si areas present in the structure of the active layer (Si + PSi
micro-arrays), as shown in Fig. 4a.

The electrical transport properties through the various inter-
faces of the photodetectors were studied by EIS. In this regard,
Fig. 6b–d show the Nyquist plots for the Au/PEDOT:PSS/Si/Al,
Au/PEDOT:PSS/PSi/Si/Al and Au/PEDOT:PSS/(Si + PSi micro-
arrays)/Si/Al photodetectors, respectively. The measurements
were carried out in the dark at 0 V bias. Fig. 7 presents the
most suitable equivalent circuit models which result from
fitting the experimental data. The proposed models comprise
one series resistance (Rs) and three additional circuits consisting
of a resistor (R) in parallel with a capacitor (C). As indicated in
Fig. 7, each of these circuits has been associated with a specific
interface in the device. The circuit associated with the active
layer/PEDOT:PSS interface consists of a resistor in parallel with a
constant phase element (Q). This element Qmodels an imperfect
capacitor associated with inhomogeneity in the composition or/
and thickness of the corresponding interface.29 Thus, its char-
acteristic capacitance, C, can be calculated by the following
equation:30

C ¼ Q
1
a � R

1�a
a (1)

where factor a is an index that represents the degree of ‘‘perfec-
tion’’ of this element. This index can vary between 0 and 1, with 0

Fig. 5 Typical optical reflectance in the 250 to 900 nm wavelength range. (a) Reflectance of the active layers (Si, PSi/Si and (Si + PSi micro-arrays)/Si).
(b) Reflectance of the PEDOT:PSS layer grown on Si, PSi/Si and (Si + PSi micro-arrays)/Si layers.
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describing a perfect resistor, and 1 a perfect capacitor.29 The Au/
PEDOT:PSS/Si/Al and Au/PEDOT:PSS/PSi/Si/Al photodetectors

were fitted to the samemodel, given in Fig. 7a and b shows themodel
corresponding to the Au/PEDOT:PSS/(Si + PSi micro-arrays)/Si/Al

Fig. 6 (a) I–V curves of the three devices in the dark state. (b) Nyquist plot for PEDOT:PSS/Si devices with the fitting to the equivalent circuit model-1.
(c) Nyquist plot for PEDOT:PSS/PSi/Si devices with the fitting to the equivalent circuit model-1. (d) Nyquist plot for PEDOT:PSS/(Si + PSi micro-arrays)/Si
devices with the fitting to the equivalent circuit model-2.

Fig. 7 The equivalent circuit models with the indication of the three interfaces. (a) Model-1 used to fit the Au/PEDOT:PSS/Si/Al and Au/PEDOT:PSS/PSi/
Si/Al photodetectors and (b) model-2 applied to fit the Au/PEDOT:PSS/(Si + PSi micro-arrays)/Si/Al photodetectors.

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 0
8 

M
ar

ch
 2

02
1.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
id

ad
 A

ut
on

om
a 

de
 M

ad
rid

 o
n 

11
/2

/2
02

1 
10

:1
7:

14
 A

M
. 

View Article Online

71

https://doi.org/10.1039/d1tc00329a


4688 |  J. Mater. Chem. C, 2021, 9, 4682–4694 This journal is © The Royal Society of Chemistry 2021

photodetectors. Table 1 summarizes the interfaces of the three
Si-based photodetectors and the values of the electrical RC
elements. Therefore, the Rs values for the three structures are
rather small, which is an indication of the good overall properties
of the metallic contacts.

It is important to point out that the modifications in the
structure of the active layers have a remarkable effect on the
electrical parameters. For instance, the interface PEDOT:PSS/
Si + PSi has a lower electrical conduction (R2 = 2.09 kO)
compared to that of the PEDOT:PSS/Si interface (R2 = 0.55 kO).
However, the PEDOT:PSS/Si + PSi micro-array interface shows
better conduction properties, with R2 = 1.46 kO. These results
are in agreement with those obtained from the analysis
of the I–V curves in the dark (Fig. 6a). For instance, at 0.5 V
the Au/PEDOT:PSS/(Si + PSi micro-arrays)/Si/Al devices
show values of dark current similar to those of the
basic Au/PEDOT:PSS/Si/Al devices. However, Au/PEDOT:PSS/
PSi/Si/Al devices show lower values of dark current under the
same bias.

3.4 Optoelectronic properties and photoresponse

3.4.1 Current–voltage characteristic under illumination.
Fig. 8 depicts the I–V curves for the Au/PEDOT:PSS/Si/Al photo-
detectors and the modified structures, i.e., Au/PEDOT:PSS/PSi/
Si/Al and Au/PEDOT:PSS/(Si + PSi micro-arrays)/Si/Al, under
different light irradiation intensities ranging from 100 mW cm�2

to 1 mW cm�2. The experimental results clearly demonstrate the
remarkable photovoltaic effect shown by the three devices. In all
cases increased incident light power results in a notable increase
in both photo–current (Iph) and open-circuit voltage (Voc). This
behavior is attributed to the generation of electron–hole pairs as a
result of the absorption of photons.31 The specific mechanism of
photo-carrier generation is discussed in the next section (energy
band diagrams). Iph for the Au/PEDOT:PSS/PSi/Si/Al devices is in
general larger than that of the Au/PEDOT:PSS/Si/Al devices. How-
ever, under low light irradiation levels (15 mW or lower), both Iph
and Voc are slightly smaller. This behavior is associated with the
reduction in the electrical conductivity by the PSi layer, as given in
Fig. 6. At low irradiation levels, the photoresponse decreases and
the carrier separation in the active layer is reduced. Comple-
mentarily, the I–V curve of the Au/PEDOT:PSS/PSi/Si/Al device
shows lower Voc values compared to the base structure (Au/
PEDOT:PSS/Si/Al).

The reduction in the optical reflectance of the active layer of
the photodetectors is not usually enough to enhance the overall
photovoltaic performance over a wide range of light irradiation
levels.32 As such, Si + PSi micro-arrays were added to the basic

structure, leading to devices with the structure Au/PEDOT:PSS/
(Si + PSi micro-arrays)/Si/Al. These modified devices combine a
reduction in the reflectance of the active layer associated with
the presence of PSi micro-arrays (Fig. 4b) and limited electrical
conduction losses (Fig. 6). As a consequence of the structural
modifications of the active layer surface, an outstanding perfor-
mance for the Au/PEDOT:PSS/(Si + PSi micro-arrays)/Si/Al devices
compared to the other fabricated devices is observed, as portrayed
in Fig. 8c. Besides, Fig. 8d shows a comparison of the performance
of the three devices at a 30 mW incident power. A remarkable
increment in the Iph and the Voc is observed for the devices with
the Au/PEDOT:PSS/(Si + PSi micro-arrays)/Si/Al structure.

3.4.2 Energy band diagrams. The specific optoelectronic
operation mechanisms of the photodetectors can be further
analyzed from the energy band diagrams. Fig. 9a illustrates the
energy band diagram that we proposed for the Au/PEDOT:PSS/
Si/Al photodetectors. The lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital (HOMO) of
PEDOT:PSS are estimated to be 3.5 and 5.0 eV, respectively.16

As for silicon, the conduction band minimum (CB) and valence
band maximum (VB) levels are reported to be 4.05 and 5.15 eV,
respectively.33 The PEDOT:PSS and Si junction results in a
small valence band offset (DEv = 0.15 eV) and a higher conduc-
tion band offset (DEc = 0.55 eV). Upon illumination with light of
energy greater than the bandgap energy of Si, absorption of
photons would result in the generation of electron–hole pairs
that will move in opposite directions. While PEDOT:PSS is a
p-type semiconductor with high electrical conduction, it is not
considered to be responsible for the generation of photocarriers
when exposed to light,11 as charge carriers are strongly bound.
For this reason, PEDOT:PSS is considered to act as a hole
transport and electron blocking layer due to its hole selective
conductivity.34,35 Accordingly, photocarriers will be mainly
generated in Si.12 Electrons will drift to the Si side (Al contact),
whereas holes will drift to the PEDOT:PSS side (Au contact), and
both charge carriers contribute to the total photocurrent.

Fig. 9b shows the proposed energy band diagram of the Au/
PEDOT:PSS/PSi/Si/Al photodetectors. The Fermi level for the
PSi layer is located close to the middle of the energy gap. This
assumption is a consequence of the formation of the nanopores
at the dopant sites of Si,17 which leads to a widening of the
energy bandgap of PSi with respect to that of Si (1.12 eV). Under
illumination, the generated photocurrent follows the same
mechanism as in the Au/PEDOT:PSS/Si/Al devices. Besides,
the increase in the number of generated carriers at high
irradiation intensities is attributed to the optical absorption
enhancement provided by the PSi layer. However, the decrease

Table 1 Comparison between the electrical parameters obtained from the fitting of the Nyquist plots to the suitable equivalent circuit models

Device structure Rs (O)

R1 (kO) C1 (nF) R2 (kO) Q1 mF s(a�1) a C2 (nF) R3 (O) C3 (nF)

1st interface 2nd interface 3rd interface

Au/PEDOT:PSS/Si/Al 26.14 1.91 23.49 0.55 4.16 0.82 52.7 98.80 36.47
Au/PEDOT:PSS/PSi/Si/Al 26.05 0.55 56.59 2.09 0.75 0.86 27.6 284 8.18
Au/PEDOT:PSS/(Si + PSi micro-arrays)/Si/Al 25.5 0.48 12 1.46 0.11 0.74 0.04 543.6 75.3
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in the Voc and Iph at low intensities is related to the low
electrical conductivity of the PSi layer, leading to lower mobility
and transport.36 Also, the surface states between PSi and the
PEDOT:PSS layer increase.

As for the Au/PEDOT:PSS/(Si + PSi micro-arrays)/Si/Al photo-
detectors, their electrical behavior can be considered as a parallel
combination of the electrical conduction mechanisms previously

discussed for the Au/PEDOT:PSS/Si/Al and Au/PEDOT:PSS/PSi/Si/
Al devices. As a consequence of the combination of the two
conduction mechanisms, Iph and Voc were greatly enhanced over
a wide range of light irradiation levels.

3.4.3 Time-dependent photoresponse analysis. Repeatability
and reproducibility of the electrical response of photodetectors
to pulsed light can be determined from current–time (I–t) curves.

Fig. 8 I-V curves of the three photodetectors under different Pin and at 0 V bias. (a) Au/PEDOT:PSS/Si/Al devices, b) Au/PEDOT:PSS/PSi/Si/Al devices,
and c) Au/PEDOT:PSS/(Si+PSi micro-arrays)/Si/Al devices. (d) Comparison between the I-V curves for the three photodetectors at Pin = 30 mW.

Fig. 9 Proposed energy band diagram for, (a) Au/PEDOT:PSS/Si/Al devices, and (b) Au/PEDOT:PSS/PSi/Si/Al devices.
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Fig. 10a–c show that the self-powered photodetectors show a
rapid response when light is switched on, and the photocurrent
drops back to zero when it is switched off. Furthermore, it can be
observed that the photodetectors show an excellent repeatability
and reproducibility to pulsed light over a wide range of irradia-
tion powers since the output signal remains the same over a
large number of cycles. Fig. 10 shows how the photocurrent
increases for the three devices when the incident power
increases. More specifically, the Au/PEDOT:PSS/(Si + PSi micro-
arrays)/Si/Al devices show the highest photocurrent values. As
discussed above, this result is attributed to the reduction of

reflectance of the active layer due to the presence of PSi and
limited electrical conduction losses. The large difference
between the dark current and the photocurrent for the three
devices indicates that the photodetectors have excellent sensi-
tivity to incident light in a wide range of light intensities (from
100 mW to 100 mW). For instance, at 0 V bias and under 30 mW
incident power, the current of the Au/PEDOT:PSS/Si/Al, Au/
PEDOT:PSS/PSi/Al and Au/PEDOT:PSS/PSi micro-arrays/Al
devices increased dramatically from 9.3 � 10�4, 2.67 � 10�4

and 8.18 � 10�4 mA in the dark state to 2.13, 2.5 and 5.17 mA,
respectively. Accordingly, the current ratio (Ion/Ioff) is around 104.

Fig. 10 Time-dependent photo-response (I–t) curves measured under irradiation with different Pin (a) corresponding to Au/PEDOT:PSS/Si/Al
photodetectors, (b) corresponding to Au/PEDOT:PSS/PS/Si/Al photodetectors and (c) corresponding to Au/PEDOT:PSS/(Si + PSi micro-arrays)/Si/Al photo-
detectors. (d) The dependence of responsivity of the three photodetectors on Pin at 0 V bias. (e) Logarithmic plot of Iph versus Pin at 0 V bias. (f) The dependence
of responsivity and specific detectivity of the Au/PEDOT:PSS/(Si + PSi micro-arrays)/Si/Al photodetectors on Pin.
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Fig. 10d shows the dependence of the responsivity on the
power of the incident light. This value can be calculated from
the following equation:14

Responsivity ¼ ðIph � IdÞ
Pin � S

(2)

where Iph is the photocurrent, Id is the dark current, Pin is the
incident power density and S is the active area of the photo-
detectors (0.785 cm2 in our case). According to our results
shown in Fig. 10d, the Au/PEDOT:PSS/Si/Al devices show high
values of responsivity at low irradiation levels, while the Au/
PEDOT:PSS/PSi/Si/Al devices show higher values under high
levels of irradiation. As for Au/PEDOT:PSS/(Si + PSi micro-
arrays)/Si/Al photodetectors, the experimental results confirm
a remarkable-performance in a wide range of incident powers.
For instance, at a low incident power of 100 mW, the responsivity
values are 1130.14, 103.60 and 1172.87 mA W�1 for the Au/
PEDOT:PSS/Si/Al, Au/PEDOT:PSS/PSi/Si/Al and Au/PEDOT:PSS/
(Si + PSi micro-arrays)/Si/Al devices, respectively. While at high
intensity of 100 mW, the responsivity values are 33.61, 64.51 and
89.50 mA W�1, respectively (Fig. 10d). From this perspective, the
integration between PSi and Si micro-nanostructures results in a
remarkable improvement in the optoelectronic response of the
photovoltaic photodetectors.

As a consequence of the sensitivity of the photodetectors to
the optical signals, additional photoresponse analysis was carried
out. Fig. 10e shows the dependence of Iph on Pin, which can be
fitted to the following power law:14

Iph = A�Poin (3)

where Iph and Pin are the photocurrent and the incident light
power, respectively, A is a proportional constant and o is a
factor related to the generation and recombination processes in
the active layer of the photodetectors.37 A value of 1 indicates
ideal generation of electron–hole pairs. By fitting the data in
Fig. 10e to eqn (3), the values of o were found to be 0.34, 0.80
and 0.53 for Au/PEDOT:PSS/Si/Al, Au/PEDOT:PSS/PSi/Si/Al and
Au/PEDOT:PSS/(Si + PSi micro-arrays)/Si/Al, respectively. Lower
values of o are attributed to carrier recombination due to the
presence of defects in the active layer. The highest value corre-
sponds to the Au/PEDOT:PSS/PSi/Si/Al devices, which might be
attributed to the dramatic degradation in Iph with the reduction
of Pin. This behavior leads to a relation between Iph and Pin close
to unity.

The ability of the photodetectors to detect small light signals
is a parameter defined by the specific detectivity (D*). D* can be
calculated by the following equation:14

D� ¼ Responsivity �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A

2 � q � Idð Þ

s

where A is the total area of the device (0.785 cm2 in this work),
q is the elementary charge (1.602 � 10�19 C) and Id is the dark
current. Fig. 10f reveals the remarkable efficiency (responsivity
and detectivity) of the complementary Au/PEDOT:PSS/(Si + PSi

micro-arrays)/Si/Al devices in a wide range of incident light
powers.

It is important to determine the response speed of the photo-
detectors since it reflects the ability of the device to respond to
fast switching optical signals. Fig. 11a–c show the on/off
response speed of the Au/PEDOT:PSS/Si/Al, Au/PEDOT:PSS/PSi/
Si/Al and Au/PEDOT:PSS/(Si + PSi micro-arrays)/Si/Al photo-
detectors, respectively. The analysis was carried out by switching
400 mWwhite light every 2 ms at 50 Hz and 0 V bias. The table in
Fig. 11d presents a comparison of the rise (tr) and fall times (tf)
for the three detectors. It can be seen that the three devices have
the ability to respond to fast light switching with excellent
reproducibility and stability. It is also observed that the Au/
PEDOT:PSS/Si/Al photodetectors exhibit the fastest response
(shorter than 217 ms/387 ms respectively). This behavior is
probably due to the small amount of defects in the Si surface,
i.e., the active layer, compared with an active layer composed of
PSi. Since PSi causes an increase in the number of surface states
as demonstrated in the energy band diagrams (Fig. 9). Thus, the
surface states increase the rate of carrier recombination, which
hinders the response speed of the photodetectors.

Table 2 shows a comparison between the obtained charac-
teristic parameters for the modified devices with previously
reported values. The comparison is for photodetectors based on
the same materials (Si nanostructures or/and PEDOT:PSS thin
films). The results show how the combination of silicon and PSi
on the same surface can be an ideal strategy to improve the
photovoltaic response of self-powered photodetectors in a wide
range of incident powers.

3.4.4 Spectral responsivity. Fig. 12a shows the spectral
responsivity of the photodetectors in the 300 to 1200 nm
wavelength range and at 0 V bias. The experimental results
show that the photoresponse spectrum of the Au/PEDOT:PSS/
Si/Al devices shows a wideband response in the visible and
near-infrared regions, although responsivity diminishes for
wavelengths over 1000 nm. This behavior is attributed to the
use of radiation with photon energy less than the energy
bandgap of the active layer, i.e., Si (Baround 1110 nm),33

resulting in reduced absorption. The spectral responsivity
of the Au/PEDOT:PSS/PSi/Si/Al photodetectors is larger in
the near-infrared region than in the visible region, which is
attributed to the lower transparency and higher dispersion of
PSi in the visible region. However, the overall responsivity is
noticeably lower, which is attributed to two main reasons.
(1) The reduction in the electrical conductivity associated with
the presence of a PSi layer. (2) The increase in the surface-to-
volume ratio of the PSi layer, which results in increased
electron–hole recombination rates. Fig. 12a shows that the
maximum responsivity for the Au/PEDOT:PSS/PSi/Si/Al photo-
detectors is 265.56 mA W�1 at 1007 nm. This wavelength
corresponds to a photon energy of 1.24 eV, which is assumed
to be the energy bandgap of the PSi layer. The increase in the
energy bandgap values of PSi compared to the bulk Si wafer
(1.12 eV) is considered to be a manifestation of quantum
confinement effects.18,19 A similar behavior was previously
found for PSi-based photodetectors with a peak responsivity
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of 77 mA W�1 at 780 nm, where the diameter of the pores was
around 12 nm.43

The Au/PEDOT:PSS/(Si + PSi micro-arrays)/Si/Al photodetec-
tors show an improved performance over a broad range of
optical spectrum. This behavior is ascribed to two main reasons.
First, an optical enhancement in the visible and near-infrared
regions due to the presence of a thin layer of PSi in the micro-
arrays. Second, an improvement in the electrical conduction
associated with the presence of heavily-doped Si regions in the
active layer. In this case two parallel conduction mechanisms
contribute to the generation of photocarriers. The first generation
path is through the PEDOT:PSS/PSi/Si interfaces and the second

occurs through the PEDOT:PSS/Si interface. As such, the output
photocurrent is enhanced in all wavelength ranges. Besides, the
remarkable enhancement observed in Fig. 8 and 10 confirms the
extraordinary sensitivity of the Au/PEDOT:PSS/(Si + PSi micro-
arrays)/Si/Al photodetectors to white light in a wide range of
incident light powers.

Fig. 12b demonstrates an effective photoresponse of the self-
powered photodetectors to monochromatic light of different
wavelengths. The modified Au/PEDOT:PSS/PSi/Si/Al photo-
detectors outperform the Au/PEDOT:PSS/Si/Al devices in the
infrared region and vice versa in the UV-visible regions. Further-
more, the Au/PEDOT:PSS/(Si + PSimicro-arrays)/Si/Al photodetectors

Table 2 Comparison of the device performances of some reported photodetectors based on Si nanostructures or/and PEDOT:PSS thin films

Device structure Bias (V) Responsivity (mA W�1) D* (Jones) Rise/fall time (ms) Ref.

CuO/Si nanowire arrays 0 0.389 @ 405 nm 3.00 � 109 60/80 @1000 Hz 38
ZnO nanostructure array/PSi 3 1980 @ 325 nm . . . 86 000/83 000 39
CH3NH3PbI3 thin films/PSi pillar array 0 8.13 @ 780 nm 0.974 � 1013 253.3/230.4 @ 800 Hz 14
PEDOT:PSS/
SnO2 microwires 0 18.2 @ 450 nm . . . . . . 10
PEDOT:PSS/single Se microtube 0 5.5 @ 610 nm 1.76 � 1010 1000/9780 40
ZnO/PEDOT:PSS 1 13 @ 380 nm . . . 270 000/280 000 @ 0.5 Hz 41
(PEDOT:PSS)/Ga2O3 0 37.4 @ 254 nm 9.2 � 1012 3.3/71.2 11
Graphene/
PEDOT:PSS 0 160 @ 500 nm 1.33 � 1012 . . . 42
PEDOT:PSS/Si nanowire arrays (820 nm length) 0 37.8 @ 920 nm 4.1 � 1011 3.17/55.4 @ 1000 Hz 12
PEDOT:PSS/(Si + PSi micro-arrays) 0 1172.8 @ white light 5.81 � 1013 396/412 @ 50 Hz Present work

Fig. 11 The response speed of the photodetectors under fast switching (400 mW) at 50 Hz and 0 V bias. (a) Response speed of Au/PEDOT:PSS/Si/Al
photodetectors, (b) response speed of Au/PEDOT:PSS/PSi/Si/Al photodetectors, and (c) response speed of Au/PEDOT:PSS/(Si + PSi micro-arrays)/Si/Al
photodetectors. (d) The obtained values of rise time and fall time of the three photodetectors.
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always show the best photoresponse in the near-UV to the IR
regions.

4. Conclusions

The main aim of the current work was to develop highly-stable,
reliable, high-efficiency, and fast response broadband self-
powered photodetectors. We have investigated three different
device configurations of hybrid organic–inorganic photodetec-
tors, namely Au/PEDOT:PSS/Si/Al, Au/PEDOT:PSS/PSi/Si/Al, and
Au/PEDOT:PSS/(Si + PSi micro-array)/Si/Al. The structural modi-
fications introduced on the surface of Si have a notable effect
on the reflectance, electrical conduction, and photoresponse of
the photodetectors. The specific mechanism of photo-carrier
generation was studied, and energy band diagrams for the
devices were proposed.

It is worth pointing out that the average reflectance in the
250–900 nm wavelength range of the Si + PSi micro-arrays is
higher than that of the PSi layer. Besides, the etching of a PSi
layer leads to a reduction in the electrical conduction. Mean-
while, the integrated structure of Si + PSi micro-arrays provides
dark current values close to those for the devices based on
flat Si.

The experimental results reveal that the three configurations
exhibit excellent stability and reproducibility over a wide range

of incident light powers. However, the Au/PEDOT:PSS/Si/Al
devices show high values of responsivity at low irradiation
levels, while the Au/PEDOT:PSS/PSi/Si/Al devices show high
values under high levels of irradiation. As for Au/PEDOT:PSS/
(Si + PSi micro-array)/Si/Al photodetectors, an outstanding perfor-
mance over a wide range of incident powers was demonstrated.

As for the spectral responsivity, the Au/PEDOT:PSS/Si/Al
devices show a wideband response in the visible and near-
infrared regions. The Au/PEDOT:PSS/PSi/Si/Al devices show a
narrowband response in the near-infrared region which is
attributed to the morphology of the PSi layers. The Au/PED-
OT:PSS/(Si + PSi micro-array)/Si/Al photodetectors show a
remarkable performance over a broad wavelength range of
the optical spectrum. As such, the combination of Si and PSi
on the same surface can be an ideal strategy to obtain tunability
of the optical behavior of PSi and the rather large electrical
conduction of highly-doped Si in the same device, leading to
highly-efficient photonic devices.
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Mater., 2015, 27, 669.

43 K.-H. Wu, C.-W. Li and J.-H. Liu, Microelectron. Eng., 2015,
148, 70.

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 0
8 

M
ar

ch
 2

02
1.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
id

ad
 A

ut
on

om
a 

de
 M

ad
rid

 o
n 

11
/2

/2
02

1 
10

:1
7:

14
 A

M
. 

View Article Online

78

https://doi.org/10.1039/d1tc00329a


 

79 
 

Abbreviations in chapter 6 

 

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

PSi porous Silicon 

P3HT Poly(3-hexylthiophene) 

PC61BM Phenyl-C61-butyric acid methyl ester 

RTP Rapid thermal processing 

IPA Isopropyl alcohol 

DMSO Dimethylsulfoxide 

FESEM Field emission scanning electron microscope 

Rav average reflectance 

I-t Time-dependent current 

Iph Photocurrent 

LUMO Lowest unoccupied molecular orbital 

HOMO Highest occupied molecular orbital 

CB Conduction band minimum 

VB Valence band maximum 

M Potential constant 

ω Factor related to generation and recombination processes 

D* Specific detectivity 

tr Rise time 

tf Fall time 
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General conclusions  

The mechanism behind the enhancement of the optoelectronic properties of photonic devices 

based on nanostructures depends on their type, shape, density and size. This work deals with 

the performance of hybrid nanostructures for the development of solar cells and self-powered 

broadband photodetectors. It was studied the effect of two different hybrid nanostructures. 

Firstly, hybrid nanostructure of silver nanoparticles (AgNPs) combined with nanostructured 

porous silicon (nanoPS) for the development of Schottky junction solar cells. Furthermore, 

hybrid organic-inorganic nanostructures of PEDOT:PSS as an organic layer and nanoPS micro-

arrays as the inorganic layer for the development of self-powered broadband photodetectors. 

 

Chapter 2: The characteristic features of the electrochemicaly infiltrated AgNPs in nanoPS 

layers can be easily optimized by setting the appropriate electrolyte pH value and infiltration 

current density. From the experimental results, the size of the infiltrated AgNPs decreases upon 

the reduction in the electrolyte acidity as well as upon increasing the infiltration current density. 

Additionally, the overall optical reflectance of the hybrid nanoPS+AgNPs structures was 

studied as a function of the AgNPs fabrication parameters (electrolyte pH values and 

infiltration current densities). nanoPS layers effectively reduce the overall reflectance of bulk 

silicon. The reflectance of the hybrid nanoPS+AgNPs structures can be lower than that of 

nanoPS due to plasmonic effects or higher if a continuous Ag layer is formed.  

 

Chapter 3: The reflection and absorption characteristics as functions of the wavelength, angle 

of incidence, and polarization state of incident light were studied for nanoPS and the hybrid 

nanoPS+AgNPs layers. Absorption characteristics of the hybrid nanoPS+AgNPs layers can be 

controlled by selecting the appropriate combination of thickness and porosity of the nanoPS 

layers, together with the density of infiltrated silver nanoparticles. The wideband optical 

absorption characteristics of the hybrid nanoPS+AgNPs layers are expected to contribute to 

increased efficiency of light-harvesting devices and photodetectors given by increased field-

of-view for both s- and p-polarization states of incident light over a broad spectral regime. 

 

Chapter 4: The electrical conduction properties of three different metal-insulator-

semiconductor (MIS) Schottky barrier diodes based on Si, nanoPS, and nanoPS+AgNPs were
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studied aiming at assessing their potential use as photovoltaic solar cells. The structures of the 

intended diodes are Al/Si/TiO2/NiCr, Al/Si/nanoPS/TiO2/NiCr and 

Al/Si/nanoPS+AgNPs/TiO2/NiCr. With this objective in mind, the AC and DC electrical 

conduction properties of the MIS Schottky barrier diodes were studied and analyzed in details. 

The AC electrical properties were determined using a combination of electrochemical 

impedance spectroscopy and capacitance-voltage measurements. The DC electrical properties 

were obtained from current-voltage measurements. In all, the electrical conduction properties 

of MIS Schottky barrier diodes with the structure Al/Si/TiO2/NiCr were improved by including 

two modifications to the initial design. Firstly, nanoPS layers resulted in improving the 

electrical behavior of the TiO2/NiCr interface. However, the presence of nanoPS layers leads 

to conduction losses at the Si/nanoPS/TiO2 interfaces. To overcome this drawback, silver 

nanoparticles were infiltrated into the nanoPS layers, which led to a notable enhancement in 

the overall electrical conduction properties of the resulting Al/Si/nanoPS+AgNPs/TiO2/NiCr 

MIS Schottky barrier diodes.  

 

Chapter 5: It was analyzed in detail the optoelectronic performance of the three different MIS 

Schottky junction solar cells, namely Al/Si/TiO2/Au, Al/Si/nanoPS/TiO2/Au and 

Al/Si/nanoPS+AgNPs/TiO2/Au. A remarkable improvement in the photovoltaic performance 

of the devices was found upon the addition of nanoPS and AgNPs. To understand the different 

photogeneration and conduction mechanisms, an energy band model was proposed for the 

different devices. The Al/Si/nanoPS+AgNPs/TiO2/Au devices show the best optoelectronic 

performance. This performance is attributed to five main factors: (1) Reduction in the 

recombination rates by improving surface passivation, (2) Improved light trapping by the use 

of TiO2 thin film as antireflective coating, (3) Increased light absorption by the nanoPS layer, 

(4) SPR effects associated to the presence of AgNPs, and (5) Improved electrical conduction 

of the AL by the presence of AgNPs. 

 

Chapter 6: Highly stable, reliable, high-efficiency, and fast response broadband self-powered 

photodetectors were developed by modifying the surface of the AL with hybrid nanostructures. 

Three different device configurations of hybrid organic-inorganic photodetectors, namely 

Au/PEDOT:PSS/Si/Al, Au/PEDOT:PSS/nanoPS/Si/Al, and Au/PEDOT:PSS/(Si+nanoPS 

micro-array)/Si/Al were investigated. The structural modifications introduced on the surface 

of Si have a notable effect on the reflectance, electrical conduction, and photoresponse of the 
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photodetectors. The specific mechanism of photo-carrier generation was studied, and energy 

band diagrams for the devices were proposed. The experimental results reveal that the three 

configurations exhibit excellent stability and reproducibility over a wide range of incident light 

powers. However, the Au/PEDOT:PSS/Si/Al devices show high values of responsivity at low 

irradiation levels, while the Au/PEDOT:PSS/nanoPS/Si/Al devices show high values under 

high levels of irradiation. As for Au/PEDOT:PSS/(Si+nanoPS micro-array)/Si/Al 

photodetectors, an outstanding performance over a wide range of incident powers was 

demonstrated. As for the spectral responsivity, the Au/PEDOT:PSS/Si/Al devices show a 

wideband response in the visible and near-infrared regions. The Au/PEDOT:PSS/nanoPS/Si/Al 

devices show a narrowband response in the near-infrared region which is attributed to the 

morphology of the nanoPS layers. The Au/PEDOT:PSS/(Si+nanoPS micro-array)/Si/Al 

photodetectors show a remarkable performance over a broad wavelength range of the optical 

spectrum. As such, the combination of Si and nanoPS on the same surface can be an ideal 

strategy to obtain in the same device the tunability of the optical behavior of nanoPS and the 

rather large electrical conduction of highly-doped Si, leading to highly efficient photonic 

devices. 
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Conclusiones generales 

El mecanismo resonsable de la mejora de las propiedades optoelectrónicas de los dispositivos 

fotónicos basados en nanoestructuras depende de su tipo, forma, densidad y tamaño. Este 

trabajo se ha centrado en el estudio del rendimiento de nanoestructuras híbridas para el futuro 

desarrollo de células solares y fotodetectores de banda ancha autoalimentados. En particular, 

se ha estudiado el efecto de dos nanoestructuras híbridas diferentes. En primer lugar, la 

nanoestructura híbrida basada en nanopartículas de plata (AgNPs) combinada con silicio 

poroso nanoestructurado (nanoPS) para el desarrollo de células solares de unión Schottky. Por 

otra parte, se han analizado nanoestructuras híbridas orgánico-inorgánico, utilizando 

PEDOT:PSS para las capas orgánicas y micromatrices de nanoPS para las capas inorgánicas 

con el objetivo de desarrollar fotodetectores de banda ancha autoalimentados. 

 

Capítulo 2: Los rasgos característicos de las nanopartículas de plata infiltradas 

electroquímicamente en las capas de nanoPS pueden optimizarse fácilmente ajustando los 

valores de pH del electrolito y de densidad de corriente de infiltración. A partir de los resultados 

experimentales, se ha determinado que el tamaño de las nanopartículas de plata infiltradas 

disminuye al reducir la acidez del electrolito, así como al aumentar la densidad de corriente de 

infiltración. Además, se estudió la reflectancia óptica global de las estructuras híbridas 

nanoPS+AgNPs en función de los parámetros de fabricación de las nanopartículas de plata (pH 

del electrolito y densidad de corriente de infiltración). Las capas de nanoPS reducen 

eficazmente la reflectancia global del silicio monocristalino. La reflectancia de las estructuras 

híbridas nanoPS+AgNPs puede ser menor que la del nanoPS debido a la aparición de efectos 

plasmónicos o mayor si se forma una capa continua de plata. 

 

Capítulo 3. Se estudiaron los espectros de reflexión y absorción en función de la longitud de 

onda, el ángulo de incidencia y el estado de polarización de la luz incidente de diversas capas 

de nanoPS y estructuras híbridas nanoPS+AgNPs. El espectro de absorción de las estructuras 

híbridas de nanoPS+AgNPs pueden controlarse seleccionando la combinación adecuada de 

espesor y porosidad de las capas de nanoPS, junto con la densidad de las nanopartículas de 

plata infiltradas. Se espera que las propidades de absorción óptica de banda ancha de las capas 

híbridas nanoPS+AgNPs contribuyan a aumentar la eficiencia de dispositivos de captación de 
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luz y fotodetectores gracias al aumento del campo de visión para los estados de polarización s 

y p de la luz incidente en un amplio régimen espectral. 

 

Capítulo 4. Se han estudiado las propiedades de conducción eléctrica de tres diodos de barrera 

Schottky basados en Si, nanoPS y nanoPS+AgNPs con el fin de evaluar su posible utilización 

como células solares fotovoltaicas. Las estructuras de los diodos fabricados son 

Al/Si/TiO2/NiCr, Al/Si/nanoPS/TiO2/NiCr y Al/Si/nanoPS+AgNPs/TiO2/NiCr. Con este 

objetivo en mente, se estudiaron y analizaron en detalle las propiedades de conducción eléctrica 

(corriente alterna, CA y continua, CC) de dichos diodos de barrera Schottky. Las propiedades 

eléctricas en CA se determinaron mediante una combinación de espectroscopía de impedancia 

electroquímica y mediciones de capacidad-voltaje. Las propiedades eléctricas en CC se 

obtuvieron a partir de mediciones de corriente-voltaje. En conclusión, las propiedades de 

conducción eléctrica de los diodos de barrera Schottky metal-aislante-semicondutor con la 

estructura Al/Si/TiO2/NiCr se mejoraron al incluir dos modificaciones en el diseño inicial. En 

primer lugar, las capas de nanoPS llevaron a una mejora del comportamiento eléctrico de la 

intercara TiO2/NiCr. Sin embargo, la presencia de capas de nanoPS provoca pérdidas de 

conducción en las intercaras Si/nanoPS/TiO2. Para superar este inconveniente, se infiltraron 

nanopartículas de plata dentro de las capas de nanoPS, lo que redundó en una notable mejora 

de las propiedades generales de conducción eléctrica de los diodos de barrera Schottky con la 

estructura Al/Si/nanoPS+AgNPs/TiO2/NiCr. 

 

Capítulo 5. Se analizó en detalle el rendimiento optoelectrónico global de células solares de 

unión Schottky con tres estructuras diferentes, a saber, Al/Si/TiO2/Au, Al/Si/nanoPS/TiO2/Au 

y Al/Si/nanoPS+AgNPs/TiO2/Au. Se encontró una notable mejora en el rendimiento 

fotovoltaico de los dispositivos al añadir capas de nanoPS y nanopartículas de plata. Para 

entender los diferentes mecanismos de fotogeneración y conducción, se propusieron varios 

modelos de bandas para los diferentes dispositivos. Los dispositivos con la estructura 

Al/Si/nanoPS+AgNPs/TiO2/Au muestran el mejor rendimiento optoelectrónico. Este 

rendimiento se atribuye a cinco factores principales: (1) reducción de las tasas de 

recombinación mediante la mejora de la pasivación superficial, (2) mejora de la captación de 

la luz mediante el uso de una fina película de TiO2 como recubrimiento antirreflectante, (3) 

aumento de la absorción de luz debido a la capa de nanoPS, (4) efectos de plasmón de superficie 
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asociados a la presencia de nanopartículas de plata y (5) mejora de la conducción eléctrica por 

la presencia de nanopartículas de plata en la capa activa. 

 

Capítulo 6. Se desarrollaron fotodetectores autoalimentados de banda ancha altamente 

estables, fiables, de alta eficiencia y rápida respuesta, modificando la superficie de la capa 

activa con nanoestructuras híbridas. Se investigaron fotodetectores híbridos orgánico-

inorgánicos con tres configuraciones diferentes: Au/PEDOT:PSS/Si/Al, 

Au/PEDOT:PSS/nanoPS/Si/Al y Au/PEDOT:PSS/(microarray de Si+nanoPS)/Si/Al. Las 

modificaciones estructurales introducidas en la superficie del silicio muestran un notable efecto 

sobre la reflectancia, la conducción eléctrica y la fotorrespuesta de los fotodetectores. Se 

estudió el mecanismo específico de generación de portadores fotogenerados y se propusieron 

diagramas de bandas de energía para los dispositivos. Los resultados experimentales revelan 

que las tres configuraciones presentan una excelente estabilidad y reproducibilidad en un 

amplio rango de potencias de luz incidente. Sin embargo, los dispositivos de 

Au/PEDOT:PSS/Si/Al muestran altos valores de responsividad a bajos niveles de irradiación, 

mientras que los dispositivos de Au/PEDOT:PSS/nanoPS/Si/Al muestran altos valores con 

elevados niveles de irradiación. En cuanto a los fotodetectores con la estructura 

Au/PEDOT:PSS/(microarray de Si+nanoPS)/Si/Al, se demostró un excelente rendimiento en 

un amplio rango de potencias de incidencia. 

 

En lo referente a la respuesta espectral, los dispositivos Au/PEDOT:PSS/Si/Al muestran una 

respuesta de banda ancha en las regiones visible e infrarrojo cercano. Los dispositivos con la 

estructura Au/PEDOT:PSS/nanoPS/Si/Al muestran una respuesta de banda estrecha en la 

región del infrarrojo cercano que se atribuye a la morfología de las capas de nanoPS. Los 

fotodetectores con la estructura Au/PEDOT:PSS/(microarray de Si+nanoPS)/Si/Al muestran 

un notable rendimiento en un amplio rango de longitudes de onda del espectro óptico. Por ello, 

la combinación de Si y nanoPS en la misma superficie puede ser una estrategia ideal para 

obtener en el mismo dispositivo la posibilidad de sintonización del comportamiento óptico del 

nanoPS y la elevada conducción eléctrica del Si altamente dopado, dando lugar a dispositivos 

fotónicos de gran eficiencia. 
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Future investigation 

According to the detailed studies through this thesis, we obtained some ideas suitable for future 

investigation. 

1- Since we were using highly resistive Si substrates (ρ=25-30 Ω.cm) for the development 

of solar cells, the efficiency is quite low. we expect better photovoltaic parameters 

based on the same hybrid nanoPS+AgNPs nanostructures on Si (1-5 Ω.cm). According 

to the previous optimization process for the most suitable resistivity of Si substrate for 

solar cells was e.g. Si (ρ=1-5 Ω.cm).  

2- As for the hybrid structures based on nanoPS micro-arrays, the micro-arrays pattern 

and the thickness of the nanoPS layer can be optimized. Different micropattern shapes 

with different ratios between the nanoPS and Si areas will be analyzed in the future 

studies. 

3- As a consequence of the remarkable performance of photodetectrors based on 

integrated micro-nanostructures on silicon substrates, we are intended to apply the 

integrated structure for flexible devices. Flexible photodetectors have recieved 

significant interest due to their small size, light wight and their potential use in portable 

and wearable optoelectronic devices. So, the combination between the optical and 

electrical properties of two different materials in one device will greatly improve the 

performance of the flexible optoelectronic devices. 

4- Regarding the fabrication of flexible optoelectronic devices, there are many different 

materials that can be used, including organic and inorganic semiconductors. Among 

them, inorganic semiconductors exhibit superior stability and higher carrier mobility. 

Thus, the fabrication of thin or ultra thin micro-nanostrictures based on inorganic 

semiconductors allows the development of bendable and conformally shaped 

optoelectronic devices. Materials like silicon, germanuim, silicon carbide, gallium 

arsenide or metal oxides can be tested in a future study and integration between two 

different materials could remarkably improve the devices performance. Depending on 

the intended applications, the type, shape and size of the nanostructured materials can 

be selected. 
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