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Abstract 

The increasing demand for energy and the pressure to reduce reliance on fossil fuels 

encourages the development of devices to harness clean and renewable energy. Solar 

energy is a large enough source to fulfill these demands, however, in order to overcome 

its daily and seasonal variability, it has been proposed that sunlight be harvested and 

stored in the form of chemical fuels. One potential approach is the photosynthetic 

splitting of water to store solar energy in the simplest chemical bond, H–H, using a 

device that includes: semiconducting microwire arrays as light harvesting components, 

redox catalysts, and a membrane barrier for separating the products of water redox 

reactions.. 

However, the harvested solar energy can be lost across the system and it is critical to 

characterize the electrical properties of each component within the system to quantify 

how much of this energy will ultimately be coupled to the water splitting reactions. The 

aim of this research is to develop approaches for characterization of a proposed system of 

this kind, incorporating individual semiconductor microwires as photoelectrodes (with no 

redox catalysts) embedded into a candidate conducting polymer membrane to form a 

single functional unit. 

Semiconductor microwires were isolated and using a novel contact formation 

approach with tungsten probes in a standard probe station, and their current versus 

voltage properties were characterized. This approach is of particular interest when 
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considering the limitations of conventional contact formation approaches (e.g. thermal 

evaporation of contact metals), arising from the small dimensions of the microwires and 

also the incompatibility of these techniques with many microwire/polymer structures due 

to the unwanted interactions between polymers, photoresists, etchants and the high 

temperature lithographic processes. 

The electrical properties of different microwires and also the junctions between 

microwires and two candidate polymers were studied. Specifically, the combination of 

methyl-terminated silicon microwires and PEDOT:PSS:Nafion demonstrated promising 

behavior, with a total DC resistance of approximately 720 kΩ (i.e. losses < 16 mV at 

maximum available photocurrent), making it a suitable candidate for the use in the 

proposed system. The outcome of these research may be applied to many applications 

including semiconducting microstructures and conducting polymers. 
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Chapter 1 

Introduction 

1.1 Solar Water Splitting Systems 

he supply of clean and sustainable energy is arguably one of the most important 

scientific and technical challenges in the 21st century. Worldwide primary 

energy consumption is predicted to increase from 13.5 terawatt (TW) in 2001 to 27 TW 

by 2050 and 43 TW by 2100 [1,2]. The estimated fossil energy resources could support a 

~30 TW global energy consumption rate for at least several centuries; however, 

consumption of fossil energy at this rate will produce a potentially significant global 

issue associated with the increased carbon (C) emission rates [3]. 

Energy harvested directly from sunlight offers a desirable approach toward fulfilling 

energy demands with minimal environmental impact. The earth and its atmosphere 

continuously receive ~1.7 × 1017 W of solar power [4], part of which is reflected by the 

atmosphere, yet the amount reaching the earth’s surface is equal to 130 million 500 MW 

power plants [5].  However, the efficient utilization of sunlight as an energy source is 

limited by small solar power density at the earth’s surface (~1 kW.m-2 [6,7]), its daily and 

seasonal variations and difficulties in storage and/or transportation.  

T 
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In order to overcome these limitations, solar energy must be efficiently captured, 

converted, and stored. Capture and conversion may be accomplished by photovoltaics 

(PVs) [8-10] although, cost-effective storage of solar electricity is still a significant 

challenge that is preventing its use as a primary energy source for society. One proposed 

method is to store solar energy in the form of chemical bonds and produce cheap solar 

fuels. Plants are working examples of this approach, using solar energy harvested through 

functionalized molecules in their chloroplast to reduce C from atmospheric carbon 

dioxide (CO2) to saccharides; a process known as photosynthesis [11,12]. Borrowing this 

idea from nature, the photoelectrolysis of water to store solar energy in the simplest 

chemical bond, H2, can be regarded as an important step in solar energy conversion and 

storage [5,13,14]. One technique of solar water splitting involves application of 

semiconductors as both the light absorber and energy converter, to evolve oxygen as one 

product and a reduced fuel (H2) as the other [3,5,13]. More specifically, a 

photoelectrochemical water splitting cell, including stable semiconductors designed to 

split water directly at the semiconductor/liquid surface, has the potential to turn into an 

industrial technology [15]. This will be possible partly through the elimination of 

significant fabrication costs associated with the use of separate electrolyzers connected to 

p-n junction solar cells [16]; and by providing the possibility of forming an electric field 

at the semiconductor/liquid junction which will greatly assist the water separation 

reactions [17]. 

The process of solar water splitting in these photoelectrochemical cells is a multi-

electron redox process promoted by photocatalyst and light. Despite the notable 

achievements in explaining the single electron-transfer reactions, an advancement so 
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significant that two Nobel Prizes were awarded for it [18,19], a similar level of 

understanding of multi-electron redox reactions has yet to be realized. Water splitting 

cells require semiconductor materials that are able to harvest a large portion of the solar 

spectrum and efficiently transfer photogenerated charge carriers to the 

semiconductor/aqueous interface with long-term chemical and electrical stability and 

minimal loss across the system [5]. 

Although a maximum photosynthetic efficiency of approximately 4.5% has been 

reported for the conversion of light (photons with approximate wavelengths of 680 nm) 

to stored chemical energy (dry carbon matter) [20-22], this value is rarely reached. The 

overall photosynthetic efficiency is affected by a range of factors. These factors include 

losses in photochemical and biochemical pathways, leaf reflectivity, the spectral 

distribution of light and the fact that there is a limited  usable photon energy depending 

on the absorption properties of the light absorbing elements [14]. Only in exceptional 

cases, such as intensely cultivated sugarcane in tropical climates, will dry matter yield of 

photosynthesis exceed 1 or 2% and normally, agricultural crops yield biomass at 

efficiencies less than 1% [14,23]. On a global basis, the efficiency of photosynthesis is 

significantly lower (~0.2%) owing to seasonal changes and the existence of large areas of 

land on our planet, which do not sustain vegetation [14]. 

Many scientific and technical issues have to be addressed for photosynthetic water 

splitting technology to attain its useful generation potential. In addition, fast and reliable 

characterization techniques must be sought to identify all sources of energy loss in the 

ultimate system and to guarantee a reasonable efficiency. 
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1.2 Contributions 

This thesis presents a study on the suitability of micro-scale semiconductor rods and their 

hetero-junctions with conducting polymers, from an electronic perspective, for the use in 

a proposed solar water splitting system. Systematic approaches were developed to form 

single microwire/polymer cell models of the ultimate envisioned device. Furthermore, a 

novel characterization technique was developed to investigate the electrical properties of 

these individual cells, with a focus on the potential losses across the cell. 

Considering the existence of multiple electrical junctions within the proposed system 

and the limited amount of driving potential for water splitting reaction (i.e. the 

photogenerated potential), electrical loss across these components is anticipated to have 

critical impact on the final efficiency of the system. Electrical characterization of 

individual water splitting cells provides data that cannot be precisely determined from the 

bulk measurements. As a result, this technique can be reliably used to define and tune the 

electrical properties of different elements for the use in the ultimate solar water splitting 

device. Specifically: 

• A novel characterization technique was developed in which an ohmic contact 

between the tungsten probes in a standard probe station and single 

semiconductor microwires was produced by applying mechanical force. This 

alleviated the need for lithography or high temperature processes to form a 

metal/semiconductor ohmic contact. 

• The technique was first calibrated through measurements on individual 

semiconductor microwires. Silicon (Si) microwires doped with both p- and n-

type dopants with resistivity values ranging from 0.02 to 13.51 Ω.cm were 
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investigated and a range of basic electrical properties of these individual 

microstructures, such as their resistivity and doping concentration as well as 

the uniformity of doping along the length, were extracted. Existing literature 

on single microwire measurements using conventional techniques were used 

as a benchmark to confirm the veracity of these results. 

• The technique was also used to characterize the hetero-junctions between Si 

microwires and candidate conducting polymers that are of interest for the use 

in a proposed solar water splitting device. Specifically, structures including 

Poly(3,4-ethylenedioxythiophene) conducting polymer with two different 

oxidizing agents were investigated.      

• Long-term electrical stability of the Si microwire/conducting polymer hetero-

junctions may be a key feature in reducing the total implementation cost and 

as a result, justify their use in the proposed solar powered water splitting 

device. Therefore, in the final stages of this research, temporal changes in the 

microwire/polymer junction electrical properties as a measure of the stability 

of these combinations were also investigated using this technique. In a 

sequence of measurements, the individual p-Si microwire/polymer/n-Si 

microwire structures were studied over a period of 30 days and approaches to 

improve electrical stability in these junctions, such as passivation of microwire 

surfaces, were examined. 
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1.3 Thesis Outline 

The remainder of this thesis is divided into four chapters. The second chapter provides a 

literature review of the areas of research spanned by this thesis and covers the basic 

theoretical background. It begins with a general overview of the photoelectrolysis 

systems and their different configurations. It is followed by a brief review of the novel 

photoelectrolysis cells based on micro- and nanostructures. The second section of chapter 

two is dedicated to an introduction to the Center for Chemical Innovation (CCI) 

collaborative project, covering some of the important aspects of the proposed system: the 

product-separating membrane materials (section 2.2.1) and the micro-scale 

semiconductor light absorbers (section 2.2.2). These sections focus on conducting 

polymer composites as the main candidates to be used as product-separating membrane 

and Si as the primary light absorbing photoelectrode material. Considering the 

importance of the semiconductor light absorber junctions with product-separating 

membrane materials, the final section of this chapter presents a discussion on the 

Si/polymer junctions and different approaches for characterizing these junctions will be 

discussed.  

The third chapter details the experimental methods employed in the 

microwire/conducting polymer hetero-junction characterization. Approaches to isolate 

individual light absorbing microstructures are presented, followed by a description of the 

novel technique developed for ohmic contact formation to these individual 

microstructures. The second section of this chapter details the conducting polymer film 

preparation and semiconductor microstructure/polymer contact formation. General 
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figures of merit for these junctions are separately discussed in section 3.2.3. The third 

chapter concludes with a list of the apparatus used for the measurements. 

The results of experimental work and a discussion of the results are presented in the 

fourth chapter. The results are presented in two main categories: the measurements on the 

individual light absorbing microstructures (sections 4.1 and 4.2) and 

microstructure/polymer junction characterization (sections 4.3 and 4.4). In the first 

section, different electrical properties of light absorbing microstructures are extracted 

using the novel contact formation technique. The measurement results are presented in 

four sub-sections and in a comparative manner. The second section details the 

microwire/polymer junction characterization for different combinations of candidate 

materials.   

 The fifth and final chapter concludes the thesis. A summary of the work is presented 

and potential future directions are explored. Five appendices follow. The calculation of 

the minimum required conductivity of the conducting polymer membrane is explained in 

Appendix A. Initial steps to prepare the semiconducting microstructure for the 

measurements are presented in Appendix B. The conducting polymer solution 

preparation procedure is described in Appendix C. The solar simulator lamp output 

power measurements and calibration are presented in Appendix D. The solar lamp was 

used to simulate the solar spectrum for the photocurrent measurements. Finally, the 

detailed results of the X-ray photoelectron spectroscopy (XPS) analysis carried on the n-

type Si microstructures are presented in Appendix E. 
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Chapter 2 

Literature Review and Theory 

2.1 Photoelectrolysis 

hotoelectrolysis is the conversion of light into an electrical current (electrical 

energy), and the use of this current in the division of a molecule; H2O in the case 

of photosynthetic water-splitting cells [5]. The change in free energy associated with the 

conversion of one molecule of H2O into H2 and ½ O2 is ΔG = 237.2 kJ.mol-1 (2.48 eV per 

molecule of H2O), corresponding to an electrochemical potential difference (ΔE0) of 1.23 

V per electron transferred [5,13]: 

H2O + 2h+ → ½ O2 + 2H+ Oxygen Evolution Reaction (OER)  

2H+ + 2e- → H2 Hydrogen Evolution Reaction (HER) 

H2O → ½ O2 + H2 ΔG = 237.2 kJ.mol-1 

Semiconductor materials could be used as solar energy absorbers to provide the 

required photogenerated current directly from sunlight and drive the photosynthetic water 

splitting reactions. Ideally, a semiconductor with large enough bandgap energy (Eg) to 

P 

http://en.wikipedia.org/wiki/Current_(electricity)�
http://en.wikipedia.org/wiki/Molecule�
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split water, and a conduction band energy (Ec) and valence band energy (Ev) that supports 

both the electrochemical potentials E˚(H+/H2) and E˚(O2/H2O), can drive the hydrogen 

evolution reaction (HER) and oxygen evolution reaction (OER) using electrons/holes 

generated under illumination. More specifically, p-type semiconductors with more 

negative conduction bands compared to the normal hydrogen electrode are well suited to 

drive HER and n-type semiconductors having a sufficiently positive valence band 

compared to normal hydrogen electrode* 5 are ideal to drive OER [ ]. 

To achieve this, the semiconductor must absorb photons with energies greater than 

1.23 eV (λ ≤ ~1000 nm) and generate two electron-hole pairs (EHPs) per molecule of H2 

(2 × 1.23 eV = 2.46 eV) or four EHPs per molecule of O2 (4 × 1.23 eV = 4.92 eV). To 

avoid recombination prior to water splitting reactions, photogenerated free charge carriers 

must travel to the semiconductor/liquid interface where they must react only with 

solution species. The charge transfer process at the semiconductor/liquid interface 

involves losses due to the concentration and kinetic overpotentials†

16

, therefore the energy 

required for photoelectrolysis at a semiconductor photoelectrode is reported to be 1.6-2.4 

eV per electron-hole pair generated, to account for these losses [ ,24]. The practical 

need for higher amount of energy in excess of the theoretical electrochemical potential 

difference to effectively drive water splitting motivates the use of multiple 

semiconductors with different energy gaps. 

                                                 
* A redox electrode which is used as a standard reference for the thermodynamic scale of oxidation-
reduction potentials. To form a basis for comparison with all other electrode reactions, normal hydrogen 
electrode potential (E0) is declared to be zero at all temperatures. 
† Potentials required for photoelectrolysis, in excess of the required theoretical potential of 1.23 V. 
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2.1.1 Photoelectrolysis Cell Configurations 

A basic photoelectrochemical water splitting device can be constructed in a range of 

different configurations. A single p-type or n-type semiconductor will form a single 

bandgap photoelectrolysis configuration. Two semiconductors connected in series or a 

semiconductor is in series with a PV cell will construct a dual bandgap configuration [5]. 

The single semiconductor configuration, forming a single bandgap device, requires two 

photons to produce one molecule of H2 [24]. Depending on the device configurations, 

dual bandgap water splitting cells require two or four photons to produce one molecule of 

H2 [5]. 

Fig. 2.1 depicts the energy band diagrams of basic photoelectrolysis cell 

configurations with a single (Fig. 2.1a) or a dual bandgap (Fig. 2.1b) structure. The back-

to-back design in Fig. 2.1 was first demonstrated by Nozik in a “photochemical diode” 

using a p-n photoelectrochemical (PEC) device [25]. In Fig. 2.1, the photogenerated 

minority charge carriers are shown to be driven to the semiconductor/aqueous solution 

interface due to the electric field formed at the semiconductor/liquid contact. However, 

the majority carriers are either recombine at ohmic contacts between the photoelectrodes, 

or transferred to a metal cathode/anode to carry out the complementary redox step [25]. 

To generate the open circuit potentials (VOC) required to split water, a single bandgap 

device requires a semiconductor with Eg of 1.6 to 1.7 eV which, considering voltage-loss 

mechanisms in the system, increases the required Eg to above 2 eV [26]. An oxygen-

evolving n-type semiconductor photoanode electrically connected to a metal electrode for 

hydrogen evolution would form a single bandgap photosynthetic water splitting cell as 

depicted in Fig. 2.1a. 
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(a) 

 

(b) 

Figure 2.1: Energy diagrams for (a) a single bandgap photoelectrolysis cell with a photoanode in 

the form of n-type semiconductor (n-SC) and a metal cathode back contact; (b) a dual bandgap 

p/n-photoelectrolysis cell configuration with n-type and p-type photoelectrodes electrically 

connected in series. Adapted with permission from [5]. Copyright (2010) American Chemical 

Society. 

 

 



 

14 
 

 

Figure 2.2: Maximum attainable solar conversion efficiency of a single bandgap solar cell, 

dictated by the Shockley-Queisser limit [27]. 

A single bandgap water splitting configuration can also be realized using a hydrogen-

evolving p-type semiconductor photocathode and a metallic photoanode for oxygen 

evolution. However, many p-type semiconductors with high absorption in the visible 

region of the solar spectrum do not have sufficiently positive valence band potentials to 

oxidize water. In order to supply the extra photovoltage for water splitting, single 

bandgap photoelectrolysis cells can include a PV cell connected in series to form a dual 

bandgap device [5]. 

It is important to note that the maximum attainable solar conversion efficiency of a 

single bandgap solar cell, dictated by the Shockley-Queisser limit, is approximately 30% 

assuming a single p-n junction with a band gap of 1.1 eV, which is typical for Si [27]. As 

shown in Fig. 2.2, materials with bandgaps larger than 1.1 eV have lower conversion 

efficiencies. As a result, employing a single bandgap device for water splitting will be 

inefficient as materials with Eg > 2 eV would have to be employed, reducing the 

maximum theoretical efficiency by more than 33%. 
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Multiple bandgap cells employing several semiconductor materials with smaller 

bandgaps have been shown to outperform the Shockley-Queisser limit [28-32]. The 

increased efficiency in tandem structures is mainly due to the fact that each bandgap in 

these structures can be tuned to a different wavelength of light to span the solar spectrum, 

reducing an inherent source of loss [33]. In a set of infinite number of solar cells with a 

smoothly varying series of bandgaps (from 0 to ∞), the conversion efficiency is predicted 

to reach a theoretical limit of 86.8% under heavily concentrated sunlight [34]. 

Independent of the material bandgap, the conversion efficiency in this case will only be 

limited by the cell temperature and the geometrical factor which takes into account that 

the sun is seen only under a limited solid angle. 

For water splitting devices, this means that a dual bandgap photoelectrolysis cell 

configuration would provide the ability to explore various combinations of smaller 

bandgap semiconductor materials. These materials will have wider combined range of 

light absorption, providing more efficient water splitting devices with a higher obtainable 

photovoltage [24,26]. A dual bandgap photoanode/photocathode configuration also 

allows partitioning of the water splitting half-reactions (i.e. OER and HER) between two 

semiconductor/liquid interfaces, efficiently separating water splitting reaction products 

(H2 and O2). 

Since the absorption of one photon per semiconductor photoelectrode will generate 

one electron that is capable of fuel production, the maximum system external quantum 

efficiency (ηext) in the dual bandgap structures is limited to 50% and, as a result, four 

photons are required to produce one molecule of H2 and eight photons are required to 

produce one molecule of O2 [5]. In addition, it is important to note that, commonly, two 
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surface electrocatalysts are required at the semiconductor-liquid junctions to reduce the 

required potential for each electrode, especially at the photoanode where losses often 

exceed 0.5 V [5,35-38]. 

In an early investigation, Honda and Fujishima suggested that the water splitting 

efficiency could be increased by coupling a p-type photocathode to a TiO2 photoanode 

[39]. Increased light absorption through the use of a smaller bandgap semiconductor, 

along with generation of enough photovoltage to drive the hydrogen evolution reaction 

are the immediate results of such dual bandgap configuration [40]. However, in the 

specific case of TiO2 with a bandgap energy of ~ 3 eV, the conversion efficiency (see 

Fig. 2.2) and consequently the amount of photocurrent that can be generated under white 

light illumination is small. 

Since then, numerous reports have examined different types of photoelectrode 

materials. Photocathodes made of p-GaP have been reported in combination with n-type 

TiO2 [25,41,42] and n-Fe2O3 [43] photoanodes. Stability issues due to the degradation of 

the p-GaP electrodes as well as the poor electrical performance and quantum efficiency 

of the n-Fe2O3 limit the viability of these combinations. A dual bandgap structure 

comprising a p-type InP and an n-type GaAs electrode has demonstrated reasonable 

electrical efficiency [44,45], however the materials used in this device included indium 

(In), a non-earth abundant material, suggesting expensive large-scale production. In 

another configuration, wide bandgap semiconductors, p-SiC (Eg ~ 2.9 eV) and n-TiO2 (Eg 

~ 3.0 eV) were used [46], however the wide bandgap limited the available operating 

photocurrent to the maximum output of the higher bandgap photoelectrode. As shown in 

Fig. 2.2, the maximum solar conversion efficiency will also be limited to about 5% for 
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these bandgap energies. It is worth mentioning that, with a bandgap of 3.4 eV, SrTiO3 

can split water by itself, albeit with lower efficiencies (maximum solar conversion 

efficiency < 5%, see Fig. 2.2) compared to a dual bandgap configuration [47]. A 

photoelectrolysis cell composed of p-type and n-type Fe2O3 photoelectrodes has also 

been reported [48] in which the poor photo-response and carrier transport of p-type Fe2O3 

severely limited the efficiency of the cell. An n-type, nanostructured WO3 photoanode 

combined with a p-type GaInP2 photocathode [49] could not split water with light 

intensities <1 Wcm-2, due to the low absorption of visible light by the WO3. 

Silicon is an attractive material choice for constructing a solar water splitting system 

because of its earth-abundance and prevalence in the electronics and PV industries. 

Silicon offers a good balance between low cost and narrow band gap (high conversion 

efficiency). With a band gap of 1.12 eV, p-Si is a desirable small bandgap absorber for 

possible use in dual bandgap water splitting cells for hydrogen evolution [5]. It has been 

demonstrated that planar p-Si photocathodes, combined with a variety of catalysts, reduce 

the voltage required to electrochemically produce H2 [50-52]. Photon to hydrogen 

conversion efficiencies as high as 6% (under 633 nm illumination) have been reported for 

p-Si combined with Pt nanoparticles used as catalysts [51]. In this calculation of 

efficiency, the ratio of the stored potential energy as H2 and O2 to the incident optical 

power was defined as photon to hydrogen conversion efficiency. The stored potential 

energy is the product of the useful photogenerated voltage and photocurrent, where the 

useable photovoltage was the extent to which the photoelectrode potential is more 

positive than E0(H+/H2) at a nonzero photocurrent [51,53-56]. 
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Application of Si as a potential photoanode material for light-assisted water oxidation, 

combined with iron oxide [57] or cobalt-based photocatalysts [58], has also attracted 

recent attention. This is mainly due to the robustness and abundance of Si electrode and 

the potential for direct processing of the metallic photocatalysts which presents a low 

technical barrier for manufacturing of these structures. 

Direct solar energy to fuel conversion has been recently demonstrated using 

amorphous silicon combined with earth-abundant catalyst materials [59,60]. These 

catalysts have been interfaced directly with a commercial triple-junction amorphous 

silicon (3jn-a-Si) solar cell and solar to fuel conversion efficiencies as high as 2.5% have 

been reported. Considering these recent advancements, Si seems to be a potential 

candidate for the use in a solar powered water splitting system. 

However, regardless of the photoelectrolysis cell configuration, the existence of 

different junctions in these devices means that minimizing the electrical loss and 

sustaining the necessary photovoltages for driving the water splitting reactions present a 

significant challenge. Losses due to the presence of any potential barrier towards charge 

carrier transport across the system, electrical resistances within the materials and the 

reflection or scattering of photons at multiple semiconductor layers within the cell will 

decrease the overall system performance. As the search for the appropriate semiconductor 

materials and configurations for photoelectrolysis continues, efficient characterization 

tools and techniques are required to understand the junction properties and electrical 

behavior of these systems. 
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(a)          (b) 

Figure 2.3: Photogenerated carriers (white and black circles) in a planar system (a) travel the 

entire thickness of the device, 1/α, before collection, while in a microstructured device, such as a 

microwire array assembly (b) with appropriate dimensions, carriers must only reach the 

microwire surface before recombination. In this schematic diagram, α is the absorption 

coefficient and LD is the diffusion length of the photogenerated minority carriers (white circles). 

Multiple reflections of incident photons between the microwires will ultimately lead to complete 

absorption in the microwire array structures at almost all incident angles. 

2.1.2 Photoelectrolysis Cells with Micro- and Nano-Scale 

Photoelectrodes 

Planar and large scale electrodes have been used in the photovoltaic applications and 

photoelectrolysis cells, however much recent interest has been directed toward the 

utilization of micro- and nanostructured electrodes in these systems [61-67]. 

The minority carrier diffusion length (LD), the distance that a minority carrier can 

diffuse before recombination, is defined as [68,69]:  

𝐿𝐷 =  √𝐷𝜏 (2.1) 
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where τ is the minority carrier lifetime and D is the minority carrier diffusion coefficient. 

The Einstein relation relates the diffusion coefficient to the minority carrier mobility, μ 

(in m2 V-1 s-1), by the following equation [68,69]: 

𝐷 =
𝜇𝑘𝐵𝑇
𝑞

 
(2.2) 

To satisfy the constraints for efficient carrier collection in a planar photovoltaic 

device, LD should ideally be greater than 1/α, where α is the absorption coefficient of the 

semiconductor near the bandgap energy. These devices should be typically made of high 

purity semiconductors with lowest possible defect concentrations to reduce the number of 

recombination sites. Employing a non-planar configuration of the light absorber 

semiconductor electrodes permits the diffusion length requirement to be decoupled from 

the absorption length. One example of this configuration is micro- and nano-scale 

semiconductor rod arrays (Fig. 2.3b). 

It has been shown [70,71] that high surface area semiconductor micro- and nanowire 

arrays reduce the minority carrier traveling distance (across the diameter of the wires), 

and hence enable near-unity collection efficiencies. The amount of the semiconductor 

material used to fabricate these structures could also be reduced by re-using the same 

substrates to fabricate new structure. In one approach, the arrays of Si wires are 

sequentially grown and then embedded in a polymer. The polymer-embedded microwires 

are then mechanically separated from the substrate. This will preserve the array structure 

in the film, leaving behind the growth substrate for the next array growth [72]. 

Despite their advantages, micro- and nanostructures have been shown to reduce the 

VOC by increasing the junction area of the semiconductor photoelectrode (≥ 60 mV per 
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order of magnitude increase in junction area [70,71]) as the reverse saturation current, I0, 

is directly proportional to the junction area and VOC has an inverse relationship with I0. 

Within the junction the photogenerated charge carriers are now distributed over larger 

junction area leading to smaller charge densities. In turn, the splitting of the quasi-Fermi 

levels at the solution-semiconductor interface is reduced [73-76]. This is valid even in the 

ideal case of negligible surface recombination. The reduction of VOC sets a limit on the 

dimensions of the rods for the use as photoelectrodes in the semiconductor array. In order 

to achieve the highest performance, the light collection area should be enhanced enough 

to collect all the photogenerated charge carriers (i.e. LD = radius of the rod) [71]. Any 

further increase in the area is undesirable since it will cause an unwanted decrease in the 

VOC. 

On the other hand, different configurations of semiconductor rod arrays could also be 

examined in order to find geometries that significantly enhance light absorption at a wide 

range of incident angles, thereby offsetting the loss from charge-carrier dilution over 

larger surface areas. Recent reports on this subject stress the fact that minor changes in 

the array configuration (e.g. different tiling patterns) could modify the absorption 

character of the rod arrays. It is shown that in arrays having less than 5% areal fraction of 

wires, up to 96% peak absorption is achievable. These arrays are capable of harvesting up 

to 85% of day-integrated, above-bandgap direct sunlight [77].  

This thesis presents a study on the suitability of micro-scale semiconductor rods of 

this kind, from an electrical resistance perspective, for the use in a proposed solar fuel 

generation device.    
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2.2 CCI Collaborative Project: Device Overview 

Fabrication of a dual bandgap solar water splitting system is a collaborative project [78] 

which aims to develop the components, and ultimately a proof-of-principle demonstration 

of a fuel generating system that is easily manufacturable and uses earth-abundant sources 

(e.g. water and sunlight). The term artificial photosynthesis is alternately used for this 

water splitting system since both processes collect and store solar energy in chemical 

bonds, photosynthesis by converting  CO2 into organic compounds, especially sugars 

[13], and water splitting cells by breaking water molecules into H2 and O2 and storing the 

hydrogen as a form of fuel. 

An idealized artificial photosynthesis system would utilize sunlight and water as the 

inputs and produce H2 and O2 as the outputs. The O2 would be vented to the atmosphere 

or stored for other applications and the H2 transferred to the fuel storage system. 

A membrane-bridged structure encompassing high aspect ratio microstructured 

semiconductor photoelectrodes made from earth abundant materials (Fig. 2.4a) has been 

proposed as a reasonable approach to the production of hydrogen using sunlight [5,56,79-

83]. In principle, this combination of two semiconductor photoelectrodes (photoanodes 

and photocathodes), with appropriate bandgaps and properly aligned band edges (i.e. dual 

bandgap photoelectrolysis configuration), would provide the necessary photovoltage 

(>1.23 V) to split water into H2(g) and O2(g). Fig. 2.4b shows the experimental model of 

a single functional unit of the device demonstrated in Fig. 2.4a (details in section 3.2.2). 

The photo-induced redox reactions are essential in separating water molecules as they 

release hydrogen and oxygen ions. However, external photocatalysts are required to 

increase the speed of reaction at low overpotentials [5,82,84,85]. 
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(a) 

 

 

(b) 

Figure 2.4: (a) Schematic diagram of the proposed artificial photosynthesis system. The system 

is a dual bandgap p/n photoelectrolysis structure, for which the approximate energy band 

diagrams were demonstrated in Fig. 2.1b. Adapted with permission from [79]. Copyright (2009) 

Macmillan Publishers Ltd: Nature Chemistry. (b) Suggested model representing a single 

functional unit of (a). Different variations of this model were used in this thesis to investigate the 

electrical properties of a unit cell of the water splitting system (details in section 3.2.2).  

Microstructured semiconductor surfaces used as the photoelectrodes in this system to 

absorb the sunlight also have the potential to reduce electrocatalysis losses in the form of 

overpotentials, because of the lower current density at the electrode due to lower 
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photogenerated charge carrier densities in the larger areas as discussed in section 2.1.4. 

Lower electrocatalysis losses in the form of overpotentials might allow for earth-

abundant catalysts, with lower activities*

5

, to be uniformly deposited onto the structured 

electrodes, to replace highly active precious metal catalysts [ ]. 

As another key element, the separating membrane in this structure would support and 

incorporate the two semiconductor materials and permit ion and electron transport to 

complete the circuit while separating the evolution of H2(g) and O2(g) [84,85,87]. As 

explained in section 2.1, OER will occur at the photoanode, causing a buildup of positive 

hydrogen ions in the oxidation half-cell (the cell containing the photoanode array). These 

excess ions will move through the membrane to the reduction half-cell where the 

hydrogen evolving reactions (HER) occur. On the other hand, a low loss ohmic contact 

will be desired between each photoelectrode and the separating membrane in order to 

facilitate the passage of unused photogenerated charge carriers across the system to 

maintain the charge neutrality in the system and to keep the water splitting reactions 

running. Anticipating that optimization of the material parameters will gain desirable 

efficiencies in the final device, a detailed knowledge about the electrical conduction 

mechanism in the system is of great importance. This is especially true at the electrical 

junctions between the photoelectrode microwires and candidate materials for the use as 

separating membrane [80,88-91]. 

During the course of this international collaboration, electrochemistry research 

projects conducted in parallel were aimed at realizing a final system. The idea is to 

                                                 
* The catalyst activity of a given material can be quantified (in the dark) by the current density that can be 
passed in the system including this catalyst at a given voltage applied to the electrode relative to the redox 
potential of the relevant couple. The noble metals Pt and Pd demonstrate high activity and Ni is the most 
active non-precious metal [86].  
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separately develop and optimize the three distinct and critical device components before 

assembly into a complete water-splitting system. A brief overview of essential elements 

of the proposed system, excluding the photocatalysts, is presented in the following 

sections. 

2.2.1 Candidate Membrane Systems 

Considering the limited energy resources available in the solar water splitting systems, 

the candidate material for use as the separating membrane must address three major 

sources of loss in the proposed system: losses due to the unwanted light absorption, 

recombination of the water splitting gas products and, finally, electronic and ionic losses. 

Since the energy required for driving HER and OER is directly harvested from sunlight, 

the membrane needs to be sufficiently transparent for light to reach the light absorbing 

semiconducting photoelectrodes. Furthermore, the membrane should act as a barrier 

towards gas diffusion in order to avoid recombination of water splitting products, H2(g) 

and O2(g), which would diminish the efficiency of the system. Finally, the excess 

photogenerated charge carriers need to freely move across the system to maintain the 

overall charge neutrality. Also the hydrogen ions generated during OER need to be 

transferred to the reduction half-cell, the cell containing the photocathode array, for 

participating in HER. As a result, the membrane should also be of sufficient and desirable 

equal electronic and ionic conductivity [87,92]. 

Considering the available current densities from the sun (~20 mAcm-2, see Appendix 

A for details) and assuming that one charge carrier traverses the membrane for every two 

incident photons absorbed by the photoelectrodes) and, assuming an acceptable IR loss of 

less than 1% (1% of 1.23V, ~10mV) across the membrane in an ideal solar water splitting 
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system, the membrane must encompass conductivities of approximately 0.2 mScm-1 per 

one micrometer thickness of membrane (Appendix A). Finally, it is also possible for the 

membrane to experience large pH gradients with H+ and OH- being generated at the two 

sides of the device so the final candidate should be able to withstand the extreme pH 

gradients [93]. 

To summarize the material requirements, in addition to transporting charge carriers 

and ions with minimal resistance, the candidate membrane material for the use in the 

proposed solar water splitting system must be water insoluble, mechanically stable, 

homogeneous on the nano-scale, adherent to a wide range of semiconductors to provide 

mechanical support, impermeable to gases, stable in the presence of redox intermediates 

and various pH conditions, optically transparent or have low optical absorption. 

Furthermore, its electronic and ionic conduction should be tunable to the desired values.  

Although there is currently no single material capable of satisfying all the mentioned 

requirements, recent reports [87,94] suggest that Nafion, a fluorocarbon (CF) based 

polymer with multiple strong C–F bonds (Fig. 2.5) [94], could be a promising candidate 

for the use as the separating membrane due to its excellent ionic conductivity (~80 

mScm-1 [95,96]), transparency and also chemical and mechanically stability (a good 

barrier towards gas diffusion). 
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Figure 2.5: Chemical structure of Nafion [94], a fluorocarbon (CF) based polymer with multiple 

strong C–F bonds. 

Nafion is the first of a class of synthetic polymers which are called ionomers [94]. An 

ionomer is a polymer that comprises repeat units of both electrically neutral repeating 

units and a fraction of ionized units [97]. Nafion is commercially available, transparent at 

visible wavelengths, and is easily processed as it comes in different water- and alcohol-

based solutions. However, Nafion is an electronic insulator and, as a result, cannot serve 

as the separating membrane without modification or combination with other materials. 

Another interesting class of candidate materials is conducting polymers, which are 

organic electronic conductors that are important components in emerging technologies 

ranging from organic light emitting diodes to polymer-based electronics [98-102]. The 

biggest advantage of conducting polymers is their ease of processing and the ability to 

tune their chemical and morphological structure [102]. Similar to inorganic 

semiconductor materials, the electronic conductivity of conducting polymers can also be 

tuned through a series of oxidation (p-type doping) or reduction (n-type doping) reactions 

[102]. In addition, this class of material contains a high concentration of ions, improving 

ionic conductivity. There is an extensive literature on the different classes of organic 
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conducting polymers such as poly(acetylene)s [103,104], poly(pyrrole)s [105,106], 

poly(thiophene)s [107,108], and poly(aniline)s [109,110]. In the artificial photosynthesis 

system, a conducting polymer could be used as a separating membrane as well as a 

conductive path for both electrons and protons. The choice/design of the polymer is 

crucial in order to balance electronic and ionic conductivity as the candidate membrane 

should conduct equal electronic and ionic current densities. 

Poly(3,4-ethylenedioxythiophene) or PEDOT is a conducting polymer based on 3,4-

ethylenedioxylthiophene or EDOT monomer [111,112]. Fig. 2.6 shows the chemical 

structure of PEDOT. Some of the advantages of this polymer include a low optical 

absorption in its conducting state, a high stability, a moderate bandgap (Eg = 1.6 ~ 1.7 eV 

[112-114]) and a low redox potential. 

These characteristics make PEDOT a good candidate for use as the separating 

membrane in the artificial photosynthesis system. However, poor solubility of PEDOT in 

water (or in a range of solvents) [111,112] makes its processing harder. This is important 

as the polymer must be spin-coated (or drop cast) in the form of a solution with different 

concentrations onto the target substrates to control the conductivity of the films. 

By choosing the proper ratio and length of the flexible polymer segments and PEDOT 

segments [98,102], the electronic conductivity of PEDOT may be adjusted between 0.1 to 

300 S.cm-1 [112]. However, the low ionic conductivity of PEDOT presents a challenge as 

the final membrane material should conduct all the charge carriers (electrons and 

hydrogen ions) equally [87]. 
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  (a)      (b) 

Figure 2.6: Chemical structure of: (a) EDOT (3,4-ethylenedioxythiophene) monomer [112] and 

(b) Poly(EDOT) or PEDOT conducting polymer. 

The ionic conductivity can be improved by controlling the porosity of the membranes 

through the use of porogens* 115 during the polymerization process [ ] or by combining 

different elements with high ionic conductivity and making composite materials [102]. 

Both of these issues with PEDOT might be partly circumvented by adding 

phosphomolybdic acid (PMA), H3PMo12O40, to PEDOT and making a composite 

polymer known as PEDOT:PMA [116]. Alone, PMA has already demonstrated electron 

(~1 Scm-1) and ion (~ 24 µScm-1 at 1.6 pH) conducting characteristics. PMA is also a 

strong oxidizing agent, making PEDOT:PMA polymer a p-type semiconductor, which is 

also important in forming stable PMA-oxidized films with PEDOT [116]. PEDOT:PMA 

shows a relatively low but constant conductivity over wide pH range [93], although its 

mechanical properties are sub-optimal for this application. To date, there is no report on 

                                                 
* A material, usually added during the polymerization process to manipulate morphology and porosity of 
the polymer film. Removal of the porogen after the polymerization will leave behind a porous form of the 
polymer material. In the mentioned example, ionic conductivity of PPy:PMA films is reported to increase 
by introduction of sodium sulfate as a porogens during the polymerization process [115] . 
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production of free-standing PEDOT:PMA composite membranes and the films are also 

hard to process in comparison to commercially available compounds.  

Poly(styrene sulfonic acid) or PSS is another element which, in combination with 

PEDOT, can improve both electronic (>10 Scm-1 [102,112]) and ionic conductivity (~8.1 

mScm-1 [117]) and also the stability over a wide pH range [87,118]. Furthermore, 

PEDOT:PSS is commercially available as a water-soluble polyelectrolyte system, making 

film processing much easier than the PEDOT:PMA composite. Despite its good film 

forming properties, and excellent stability [119], the mechanical stability is still an issue 

with PEDOT:PSS as the composite structure is not strong enough to produce free-

standing membranes. Furthermore, PEDOT:PSS films (dark blue colored) have relatively 

high light absorption, which is detrimental for the efficiency of the ultimate water 

splitting cell.  

In one promising approach, composite materials built by combining Nafion with 

conducting polymers have been reported to show desirable properties for the use in the 

proposed system [87]. Specifically, it has been shown recently that free-standing, 

electrically conducting membranes of Nafion could be produced by adding sufficient 

PEDOT:PSS to the structure. 

Initial investigations on PEDOT:PSS:Nafion have shown that it is possible to produce 

free-standing membranes which are flexible and mechanically stable as shown in Fig. 

2.7. Introducing higher amounts of PEDOT:PSS into the Nafion structure enhances the 

electrical conductivity while reducing the film transparency due to high absorption of 

PEDOT:PSS in the visible region. It has been determined that 12 wt% of PEDOT:PSS is 

enough to meet the minimum requirements for the conductivity of the films discussed 
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earlier in this section while maintaining approximately 95% transparency in 400 to 700 

nm region [87]. 

In this thesis, microwire-polymer junction investigations have been undertaken using 

both PEDOT:PMA and PEDOT:PSS:Nafion compounds to examine the possibility of 

each compound for being used in the final device. 

2.2.2 Si Microwire Arrays Grown using Vapor-Liquid-Solid 

Technique 

A membrane-supported assembly that captures sunlight and efficiently creates separated 

electrons and holes having sufficient chemical potential to drive the water-splitting 

reactions is an important part of the artificial photosynthesis system. As discussed in 

section 2.1.4, in order to achieve high cell efficiencies, photovoltaic devices must have 

optically thick absorber layers, while allowing efficient collection of low diffusion length 

charge carriers. 

 

Figure 2.7: A free-standing PEDOT:PSS:Nafion membrane. Photograph courtesy of S. L. 

McFarlane (Freund Group, Department of Chemistry, University of Manitoba). 



 

32 
 

Microstructured configurations of light absorbers have the potential to achieve these 

goals [120]. More specifically, it has been suggested that an array of vertically aligned 

semiconducting microwires to enable carrier collection in the wires’ radial direction, a 

distance that is short relative to their optical thickness, the length of the microwires 

[5,71]. Such structures have been previously produced using lithographic patterning 

followed by anisotropic etching, however, such methods demand large areas of high-

quality substrate materials [121]. Microwires of various materials have also been grown 

by a ‘bottom up’ growth technique known as the vapor-liquid-solid (VLS) process [122-

124]. Control of the size and position of VLS-grown wires has been demonstrated [125], 

particularly in the case of Si by examining different surface oxide patterns [126,127]. 

This is particularly interesting as it provides the opportunity to examine different 

configurations of microwires within the array in order to optimize the light absorption 

properties of the arrays [77].  

Silicon microwires are currently used in a wide range of applications from solar cells 

[128-131] to organic [132], liquid junction [65,133], and inorganic solid-state [129] 

devices. More recently, they have been employed as photocathodes in photosynthetic H2 

production from water [134,135]. This makes Si microwires a promising candidate for 

the use as light absorbers in the proposed water splitting system. 

2.3 Electrical Characterization of Microwire/Polymer 

Assembly 

The design illustrated in Fig. 2.4a, consisting of semiconducting microwires supported in 

a conducting polymer film, has been suggested in order to eliminate external wiring from 
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the photoelectrolysis cell as well as minimizing the electrical losses within the resulting 

membrane-supported assembly. The ultimate system will be a chemically complex 

structure with critical features on the micrometer scale. 

A variety of different electrical parameters such as the Si microwire resistivity, the 

doping distribution and the total series resistances in the microwire/conducting polymer 

system, will have to be optimized to produce acceptable overall device performance. The 

nature of the electrical junctions between doped Si microwires and different candidate 

conducting polymers will be an important factor in the proper function of the final water-

splitting device [5,91,92]. Inorganic semiconductor/conducting polymer junctions and 

more specifically Si/conducting polymer junctions are also interesting from a 

fundamental viewpoint for different organic electronic applications.  

2.3.1 Current-Voltage Properties of Si/Conducting Polymer 

Junctions 

Contacts between planar Si and conducting polymers have been studied in a number of 

reports. Polyacetylenes, polypyrroles, and polythiophenes are some of the materials that 

have been used as contacts [136]. Contacts between inorganic semiconductors and 

conducting polymers are interesting as they provide the chemical control over the 

behavior of the contacts. This is due to the fact that the Fermi level of conducting 

polymers can be manipulated through redox reactions (chemical doping process), leading 

to a range of different electronic behavior at the inorganic semiconductor /conducting 

polymer contact. 
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In general, oxidatively doped (p-type), high work function polymers have been 

reported to yield rectifying contacts to n-type Si with effective barrier heights of 0.7 to 

0.8 V [98]. Rectifying contacts between n-Si and oxidatively doped polyacetylene, with 

reverse saturation current densities (J0) of approximately 10-6 to 10-8 Acm-2, are good 

examples of this class of contacts [98,137]. Similar behavior has been reported for 

contacts between n-Si and other high work function polymers, such as polypyrrole 

[137,138]. In contrast, low work function polymers, such as potassium (K)-doped 

polyacetylene, yield ohmic contacts to n-Si [136]. 

Junctions between p-Si and high work function polymers (e.g. polypyrrole) generally 

exhibit ohmic behavior [139]. Rectifying behavior has been reported in contacts between 

p-Si and polyisothianapthene [140] as the Fermi level of polyisothianapthene is much 

more negative than that of polypyrrole. It is difficult to draw a general conclusion from 

the limited number of investigations performed on these types of junctions. Nevertheless, 

it is known that when thermionic emission of electrons over the interface energy barrier is 

the dominant conduction mechanism, the transport properties at 

semiconductor/conducting polymer junctions can be treated approximately similar to that 

of semiconductor/metal contacts, with the forward current-voltage properties modeled as 

[68,69]: 

𝐽 = 𝐽0 �𝑒𝑥𝑝 �−
𝑞𝑉
𝜂𝑘𝐵𝑇

� − 1� 
(2.3) 

where J is the total current density at the junction, q is the charge of an electron, V is the 

applied voltage, η is the ideality factor of the diode (normally ~ 1.0) and kB and T are the 

Boltzmann constant and absolute temperature, respectively. Similar to the 
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semiconductor/metal contacts, the relationship between J0 and barrier height (Фb) for a 

semiconductor/conducting polymer junction can also be obtained from thermionic 

emission/diffusion theory and assuming that all the voltage drops at the interface [141]: 

𝐽0 = 𝛼𝐴∗∗𝑇2 �𝑒𝑥𝑝 �−
𝑞Ф𝑏

𝑘𝐵𝑇
�� 

(2.4) 

where A** is the Richardson constant and α is a coefficient that represents the fraction of 

majority carriers successfully injected into the polymer phase. Values of A** are known 

for most semiconductor/metal junctions, so relating the barrier height (Фb) to the 

electrical properties of the junction is straightforward for semiconductor/metal contacts. 

Previous reports suggest values of 10-2 to 10-3 for α, based on carrier concentration 

estimations in conducting polymers [98], although there are qualitative indications that 

this is not always the case. As an example, in the case of contacts between p-Si and 

PTCDA (3,4,9,l0-perylenetetracarboxylic dianhydride), a quantitative comparison 

between J-V and C-V data implies a value of α = 10-4 [142]. In related work, the junction 

between oxidatively doped polyacetylene coated onto n-type Si demonstrated α = 1.0 

[143]. This example provides another qualitative indication that the transport properties at 

semiconductor/polymer junctions might be different from those at semiconductor/metal 

barriers. Although the smaller effective contact area between semiconductors and 

polymers (e.g. due to wetting and/or adhesion issues) may have also contributed to the 

small values of α, it still implies that application of equation (2.4) to calculate Фb for 

semiconductor/polymer junctions is uncertain without independent information regarding 

the value of α. 
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In general, the exact values of α are not known for most semiconductor/conducting 

polymer junctions and more information is required in order to obtain a complete 

description of semiconductor/polymer contacts, making it more challenging to predict the 

behavior of these junctions specially in the case of new structures with novel polymer 

composites. 

2.3.2 Ohmic Contact Formation to Si Microstructures 

With semiconductor/conducting polymer contacts [98] gaining more attention especially 

in solar cells, photosynthetic and hydrogen evolution applications, more research is 

devoted to application of such junctions. However, the research is mostly focused on 

planar thin film devices [136,144,145] rather than characterizing photoelectrical 

properties of individual semiconductor micro- and nanowires [131,146-148] despite their 

growing application in this field. 

For the specific case of water splitting systems based on microstructured 

semiconductor arrays, characterization and reliable bulk measurement [90,128,129,149-

152] similar to the case of planar devices becomes more challenging (difficulties in 

forming reliable ohmic contacts due to the size issues, identification of each factor 

playing a role in forming the overall behavior, etc). Bulk measurements may give an 

understanding about the overall function of the system, however a more accurate 

understanding at the single cell level (Fig. 2.8) is required in order to accurately 

characterize the system and, if necessary, modify and improve each element. A shown in 

Fig. 2.8, various DC series resistances contribute to the total resistance of the system. 
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Figure 2.8: Schematic diagram of a single cell of the proposed water splitting device. Each cell 

will ideally include two semiconductors with enough energy levels to provide the necessary 

photovoltage for water splitting, with redox electrocatalysts deposited onto their surface. 

Semiconductor light absorbers (in this case Si microwires) are embedded into an electronic and 

ionic conducting membrane. Reprinted with permission from  [92]. Copyright (2011) American 

Chemical Society. 

The resistances Rwire and Rpolymer represent the microwire and polymer resistances, 

respectively. The resistances RC-n and RC-p are the junction resistances of the n-Si and p-

Si microwire/polymer contacts, respectively. 

Forming ohmic contacts to Si and Si micro- and nanostructures have been discussed 

and/or demonstrated in many previous articles [131,146,148,149,153-155]. Thermal 

evaporation of contact metals is probably the most common approach, typically 

comprising a single-lithographic step followed by a lift-off* 146 process [ ]. 

Although this method will yield low resistance contacts, it is only applicable to a 

certain range of microwire diameters. Lithographic processes and, more specifically, the 
                                                 
* A micro-fabrication processes in which a sacrificial material, such as photoresist, is first deposited and 
patterned on the target substrate. The material of interest is then deposited and the sacrificial material is 
subsequently removed, leaving behind only the material deposited directly onto the target substrate. Lift-off 
process is useful for patterning materials that cannot be etched without affecting underlying materials and 
the target substrate. 
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image resolution of an optical mask aligner to image small size structures, puts a lower 

limit on the diameter of wires that can be imaged for mask alignment. On the other hand, 

metal films that are too thick for lift-off processes are usually required to ensure reliable 

ohmic contact to microwires with diameters larger than 1.5 µm [146]. Furthermore, 

conventional contact formation approaches are not compatible with many 

microwire/polymer structures due to the interactions between polymers, photoresists, and 

the etchant solutions as well as high temperatures used during lithographic processes. 

Micro-fabrication using alternate lithography and/or deposition approaches such as 

electron beam lithography (EBL) [156,157], X-ray beam lithography [156,157], and 

focused ion beam (FIB) [156,158] direct fabrication was not available on-site. However, 

in the case of microwire/polymer structures these more expensive techniques share 

similar issues with conventional contact formation approaches.  

Characterization techniques based on scanning probe microscopy (SPM) such as 

Kelvin probe force microscopy (KPFM) and scanning photocurrent microscopy (SPCM) 

have been used for characterizing a variety of different parameters such as: doping 

distribution in nanowires [153,154], defects in carbon nanotube devices [155], studying 

contacts in nanowire and carbon nanotube devices [147,159,160], transport in thin-film 

organic semiconductors [161,162], and quantitative determination of electron and hole 

mobility-lifetime in cadmium sulfide (CdS) nanowires [163]. The high spatial resolution 

of these techniques makes them well suited for applications mainly in nanometer scales 

which are small compared to the solar water splitting cell dimensions. 

New, reliable and straightforward approaches were needed in order to make 

reproducible ohmic contact to microwires and efficiently characterize solar water 
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splitting systems. In this work, new approaches to forming and characterizing model 

microwire/polymer junctions for photosynthetic systems were developed. 
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Chapter 3  

Experimental Methods 

n order to investigate the photo-physical properties of the microwire/membrane 

system, single microwires need to be isolated and electrical connections between 

them and the candidate polymer membrane must be formed. In this chapter, the 

experimental methods that were used to characterize individual solar water splitting cells, 

including sample preparation, isolation of the microwires, conducting polymer film 

preparation and microwire/polymer junction formation are explained in detail. 

3.1 Si Microwires 

Silicon microwires (Fig. 3.1) were grown by collaborators in the Lewis group at 

California Institute of Technology (Caltech) using VLS chemical vapor deposition 

(CVD) from Si (111) wafers patterned with copper (Cu) catalyst. The samples were 

doped with boron (B) or phosphorus (P) up to different doping concentration levels of 

1015 to 1018 cm-3 [90,120,122,133]. Grown in a square arrangement with a 7 µm pitch, the 

single crystalline Si microwires were 90 ± 15 µm in length and ~1.5 to 1.7 μm in 

diameter. 

 

I 
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(a) 

 

(b) 

Figure 3.1: (a) Scanning electron microscope (SEM) image of Cu-based Si microwire arrays 

grown using the VLS technique [90,120,122,133]. The metallic catalyst has been removed from 

the tip of the microwires (figure inset) in this sample. (b) Schematic diagram of the microwire 

arrays. The average diameter of the microwires is 1.5 to 1.7 µm and the array pitch is 

approximately 7 µm. The average length of the microwires is 90 ± 15 µm. The metallic caps are 

shown in yellow. 

 

2 µm 

 

5 µm 
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(a) 

 

(b) 

Figure 3.2: XPS data (a) before and (b) after the catalyst removal procedure to confirm the 

removal of Cu from Si microwires grown from a Cu VLS catalyst. After the etch procedure, no 

feature was observed at ~117 eV, confirming the complete removal of Cu catalyst from the 

microwire samples. The peak starting at ~105 eV in both cases is the onset of Si oxide peak. 

Reprinted with permission from  [92]. Copyright (2011) American Chemical Society. 

Any residual metallic growth catalyst at the top of each microwire (and some small 

amounts on the sides) from the VLS growth process was removed using a two-step 

etching procedure (Appendix B). Analysis using XPS confirmed that the growth catalyst 

had been eliminated (Fig. 3.2). 
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Figure 3.3: SEM micrographs of microwires isolated on the surface of PEDOT:PSS:Nafion 

membrane. As these microwires were broken during the separation from the growth substrate, 

they are shorter than the average microwire length. 

3.1.1 Isolation of Individual Microwires 

Following removal of the metallic catalyst (Fig. 3.2), and native oxide removal process 

(Appendix B) a suspension of microwires was prepared for coating on the target 

substrates. The microwires were removed from the growth substrate either by sonication 

[146] or scraping a corner of the substrate using a razor blade and removing a smaller 

portion of the microwires in isopropanol or acetonitrile. The latter is a particularly 

desirable approach for single microwire measurements as the final solution was more 

dilute and, when coated on the substrate, resulted in completely isolated microwires (Fig. 

3.3). 

Using a micropipette, approximately 10 μL of the microwire suspension was 

deposited on the desired substrates for individual microwire measurements. Since the 

suspended microwires tend to aggregate and deposit at the bottom of the vials, it was 

found helpful to sonicate these suspensions for 10-15 s, immediately prior to drop casting 

on the target substrates. 
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The main characterizations on individual microwires and microwire/polymer 

junctions were performed on glass substrates in order to eliminate unwanted conduction 

paths into the substrate. The native oxide, as well as any oxide that may have formed 

during the growth catalyst removal process, was removed by etching the Si microwires in 

buffered HF(aq.) prior to each set of measurements, replacing oxygen bonds at the 

surface with hydrogen bonds, creating H-terminated microwire samples. In these studies, 

the time interval between the native oxide removal process and the measurements was 

kept as short as possible (typically <15 min). In experiments detailed in chapter 4, a 

methylation process was used to replace the hydrogen termination at the wire surface in 

order to investigate the long-term oxidative stability of the microwire surface. 

3.1.2 Ohmic Contact Formation to Individual Si Microwires 

There are many means to form ohmic contacts to semiconductor microstructures. For Si 

microwires, the most frequently utilized one is the thermal evaporation of metal contact 

elements onto the wires. This approach has inherent applicability issues mostly related to 

the limitations of micro-fabrication processes [146]. The time and complexity associated 

with micro-fabrication processes required as an initial step for characterization also 

became an issue, considering the number of samples that needed to be examined and the 

alignment of the microwires with the polymer. This greatly limited the flexibility of the 

characterization process, thus limiting the ability to explore new combinations with every 

new polymeric system and/or configuration. In addition, a great amount of effort would 

have been required to make sure that the relatively complicated micro-fabrication 

processes required for the characterization do not affect different elements within the 

system. Furthermore, due to the sensitivity of the composite polymer elements to the high 
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temperatures used during the thermal evaporation processes, characterization of the 

system without compromising the basic electrical properties of the polymer would have 

been extremely challenging. 

Seeking a direct, non-lithographic contact formation approach, bonding Al wires to 

Au/Pd pads and to the microwires was initially investigated. However, the small 

dimensions of the microwires made it difficult to properly align the contact wire for 

contact formation. In addition, positioning of the microwires relative to the polymer and 

ensuring proper adhesion of the contact wires to the Au/Pd pads and to the microwires 

presented another issue. Consequently, this method was abandoned as being impractical. 

An alternate direct contact formation and testing instrument available in the lab was a 

standard probe station. This approach was particularly desirable as it provided more 

mechanical control compared to the wire-bonding through the use of tungsten (W) 

probes. Unlike the wire bonding approach, accurate electrical measurements are also 

possible at the time of contact formation using a parameter analyzer connected to the 

probe station. Employing W probes as a direct contact formation approach has the 

potential to eliminate complicated micro-fabrication processes required for contact 

formation and is a relatively inexpensive measurement compared to micro-fabrication 

based techniques. 

Direct access to the microwires was immediately possible. Initially, thermal fusion of 

Al wires attached to the W probes in contact with the microwires was examined, to 

mimic the thermal evaporation of metal contacts. To perform this, sufficient electrical 

current (typically > 10 kA.cm-2 [146]) must be passed through the system to increase the 

temperature in the immediate contact area, above that of the Al-Si eutectic point (577 ºC). 
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However, it was found to be difficult to apply controllable current levels through the 

initially non-conducting contacts. The mechanical flexibility, when handling Al wires to 

form contact to the microwires, was also found to be challenging. Furthermore, a non-

destructive approach was more desirable as it provided the ability to repeat the 

measurements on an individual microwire under different conditions. As will be shown 

later, this proved to be very useful during the microwire characterization.  

In the next step, direct interactions between W probes and microwires was 

investigated as the W probes could directly contact and mechanically manipulate the 

microwires. This investigation ultimately led to development of a novel ohmic contact 

formation approach to both p- and n-type Si microwires. This technique provided a 

simple, fast and more flexible path for characterizing complex systems such as the solar 

water splitting system in this case. 

It was shown that direct and reliable ohmic contacts to the Si microwires could be 

made using W probes with the application of sufficient local mechanical pressure [91] as 

the resistivity and electronic structure of Si has been reported to vary as a function of 

pressure [164,165]. More specifically, the application of ~11 GPa, i.e. ~11 mNµm-2, to 

planar Si samples has been reported to change the contact character from a Schottky 

contact to an ohmic contact due to transition from a semiconducting to metallic phase 

[166,167]. Consequently, the basic electrical properties of single Si microwires and of Si 

microwire/polymer junctions may be extracted using a standard probe station without the 

need for thermal evaporation of metallic contacts or basically any other micro-fabrication 

process involved [91,92]. 
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Figure 3.4: Optical micrograph of an individual Si microwire on glass substrate. Tungsten 

probes, approaching from the above, were used to mechanically manipulate the microwire. Using 

the W probes, it is possible to move microwire across the substrate and exert mechanical force 

(~37 mN, details below) directly to the individual microwires. However, the force required to 

bend a microwire, as shown in this micrograph, greatly exceeds the force applied during the 

electrical measurements. Reprinted with permission from  [92]. Copyright (2011) American 

Chemical Society. 

Furthermore, the W probes allowed for mechanical manipulation of the microwires 

(Fig. 3.4). During the initial measurements, the use of the conventional, electrically 

conductive, fluid indium/gallium (In/Ga) metal eutectic as an interfacial metallic phase 

[168] was also examined.  

To estimate the pressure applied by the probe to the Si microwire during the 

measurements, the force of the probe holder setup was measured using a balance. Placing 

the probe holder on a labjack adjacent to a tared balance (Fig. 3.5), the probe was 

lowered until the balance recorded a weight greater than zero. The probe was then 

retracted until the balance returned to zero. This was taken as just touching the balance. 
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Figure 3.5: Setup used to measure the maximum mechanical force applied form the W probes. In 

these measurements, the probe holder was placed on a labjack adjacent to a tared balance. The 

probe was then lowered until the balance recorded a weight. 

From this point the probe was lowered a number of turns until the recorded weight 

was saturated and a constant weight was achieved. The force exerted on the microwires 

by the W probes was measured to stabilize at a maximum value of ~37.3 mN (equal to 

approximately 3.80 g). Assuming a maximum circular contact diameter of 2 µm based on 

the maximum diameter of the microwires, the local mechanical pressure at the point of 

contact was thus > 12 mNµm-2 which is enough to pass the reported metallic transition 

threshold (~11 mNµm-2) [166]. The overestimated contact area yields the minimum 

amount of pressure attainable in this system and the actual pressure applied to the 

microwires is anticipated to be larger than the estimated value. By alternately increasing 

and decreasing the pressure on the microwires, the transition in electronic character of the 

contact as a function of pressure was observed. Fig. 3.6 shows the measured current-

voltage (I-V) response for individual p- and n-type microwires. 
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(a) 

 

(b) 

Figure 3.6: Local phase transition in the measured I-V profile of a 100 µm long (a) p-Si 

microwire and (b) n-Si microwire, in response to mechanical pressure at the contact areas. During 

these measurements, the first W probe was held at one end of the microwire with >12 mNµm-2 of 

local pressure applied, while the second probe touched the other end with: almost no applied 

force (dashed line) or the same amount of force applied (solid line). As the pressure increased, the 

phase transition occurred, changing the nonlinear I-V behavior to that expected for an ohmic 

contact. In these measurements, the fixed probe with a constant applied pressure of >12 mNµm-2 

was connected to the “Common”/”Frame Ground” terminal of the parameter analyzer. Reprinted 

with permission from  [92]. Copyright (2011) American Chemical Society. 
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The dashed line in Fig. 3.6 shows the I-V response for individual p- and n-type 

microwires when > 12 mNµm-2 of mechanical pressure was applied to the contact 

between one probe that was fixed at one end of the microwire while the second probe was 

loosely connected to the other end of the microwire with no additional force. 

The solid line in Fig. 3.6 shows the transition in the I-V profile as a result of the 

application of >12 mNµm-2 of mechanical pressure via the second probe. This 

observation was reversible for both types of microwires, and could be readily reproduced 

by increasing or decreasing the force applied to the probes. The measured DC resistance 

of the microwires in these measurements was consistent with the calculated values based 

on the known doping concentration (details in section 4.2.2). 

This technique was used as the main approach in determining the basic electrical 

properties of individual Si microwires as well as many different combinations of Si 

microwires and polymer systems. Standard W probes (with a diameter of ~2 µm), used in 

the I-V measurements, were etched for ~30 s in 2.0M KOH(aq.) immediately before the 

experiments, to remove the W native oxide and to improve the quality of the contacts 

[169,170]. 

3.2 Microwire/Polymer Assembly 

3.2.1 Polymer Film Preparation 

To investigate the behavior of the electrical junction between the polymers and Si 

microwires, solutions of two candidate conducting polymers, 

polyethylenedioxythiophene: phosphomolybdic acid (PEDOT:PMA) [116] and 
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polyehtylenedioxythiophene:polystyrene sulfonate:Nafion (PEDOT:PSS:Nafion) [87] 

with 12 wt.% PEDOT:PSS, were prepared according to established procedures 

(Appendix C). 

The membrane with 12 wt.% PEDOT:PSS reaches an optimized state in terms of 

electronic and ionic conductivity as well as optical transmission. A 40 µm thick film of 

PEDOT:PSS:Nafion that contains 12 wt.%  PEDOT:PSS would yield a conductivity of 

7.4 mScm-1 [87], close to the minimum required conductivity of 8 mScm-1 (Appendix A), 

discussed in section 2.2.1. The ionic conductivity of these films is also similar to its 

electronic conductivity with 12 wt.% PEDOT:PSS. 

Both types of polymer samples were prepared directly from wet processing 

(Appendix C) and then spin coated or drop cast on target substrates, e.g. 

PEDOT:PSS:Nafion was prepared by mixing adequate volume of PEDOT:PSS and 

Nafion, then spin coating the solution onto the target substrates (Fig. 3.7). 

Each procedure includes the polymer solution preparation and spin coating the 

solution on the target substrates. The solution could be coated at different speeds to 

achieve desired film thickness. Normally, coating at 2000 rpm for 20 seconds will lead to 

film thicknesses of approximately 150 to 200 nm as independently verified by optical 

profilometry and Alpha-Step measurements. The film preparation for each polymer was 

followed by a rinsing process to remove residual PSS or PMA. 
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Figure 3.7: PEDOT:PSS:Nafion is prepared by mixing adequate volume of PEDOT:PSS and 

Nafion solutions (left) then spin coating the solution onto the glass substrates (right). The 

transparency of the films is tunable by changing the concentration of PEDOT:PSS, reaching an 

optimized state at 12 wt.% of PEDOT:PSS. 

Ohmic contacts to the conducting polymer films were then formed by sputtering 32 

nm thick pads of gold-palladium (Au/Pd) directly onto the polymer (Fig. 3.8). An 

aluminum shadow mask with 3-4 circular patterns (5 mm diameter, 9 mm center to center 

spacing) was used to pattern the Au/Pd contacts on the polymer surface. The polymer 

films used for measurements described in this thesis were all prepared in the same 

manner and onto different substrates. 

 

Figure 3.8: I-V response of the ohmic contacts between 32 nm thick Au/Pd pads on 

PEDOT:PSS:Nafion conducting polymer films, coated on glass substrate. The diameter of the 

sputtered Au/Pd pads was 5 mm and the center to center spacing was 9mm. 
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3.2.2 Microwire/Polymer Junction Formation 

In order to form microwire/polymer assemblies, conducting polymer films (thickness: 

150 to 200 nm) were deposited by spin-coating a solution of polymer onto a glass 

substrate that contained prepositioned Parafilm masks either on one side (providing 

single side coverage for measurements with one microwire, Fig. 3.9a) or on the left and 

right sides of one surface of the substrate (for complete cell measurements with one 

microwire on each side, Fig. 3.9b). Following the removal of the Parafilm mask, p-type 

and/or n-type Si microwires were deposited onto the exposed glass substrate. Single 

microwires were then positioned perpendicular to the border between the conducting 

polymer and the glass substrate using W probes. Approximately 2-5 μm of the microwire 

length in contact with polymer was covered with a small amount (<5 μL) of polymer to 

ensure good electrical contact.  

Even though the eventual embedding depth of the microwires in the polymer 

membrane has not been finalized, this configuration more closely resembled the eventual 

envisioned device structure (Fig. 2.4a) than any other configuration in which a microwire 

was physically on top of a planar polymer film layer. Microwires were aligned before the 

polymer rinsing process in all of the cases. The p-Si microwire/polymer/n-Si microwire 

assembly (Fig. 3.9b) was used as a model for a single unit of the proposed solar water 

splitting microwire array cell (Fig. 2.8). 
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(a)                        

 

(b) 

Figure 3.9: (a) Schematic diagram for single microwire/polymer junction measurements (left) 

along with SEM micrograph of a microwire aligned at the polymer border with important 

resistances marked (right). (b) Schematic diagram of the complete photoelectrolysis cell 

measurement system (left) and photograph of the test structure along with SEM micrographs of 

the microwires aligned at each side. All SEM images were taken on an Au-coated slide to 

alleviate charging issues. The scale bars in the bottom SEM images are 20 μm. Adapted with 

permission from  [92]. Copyright (2011) American Chemical Society. 

Auger electron spectroscopy (AES) and SEM imaging indicated an intimate contact 

between the polymer and microwires, as well as a sharp border between the polymer and 

substrate (Fig. 3.10). Unlike the samples used for electrical characterization, a drop-cast 

film of PEDOT:PSS:Nafion was prepared on a Au-coated slide, to minimize charging 

issues for the SEM and AES analysis. 
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Figure 3.10: SEM image of a Si microwire embedded in to a PEDOT:PSS:Nafion (left). The 

polymer film was drop casted on a Au coated substrate to alleviate charging issues. SEM image 

shows a sharp polymer/Au border, however, Auger elemental analysis (right) was also performed 

to verify the localization of the polymer. C and F were traced on the left side indicating the 

polymer as well as the microwire (Si) extending toward the right side. Reprinted with permission 

from [91]. Copyright (2011) American Chemical Society. 

Analysis using AES indicated that both C and F were localized in the polymer, with a 

decrease in intensity observed where the microwire entered the polymer. Examining the 

image for Si, the microwire was clearly present both inside the polymer as well as over 

the Au substrate.  The Au image also showed a void region where the microwire covered 

the Au substrate. 

Auger analysis also confirmed that there was minimal polymer wicking (due to 

capillary motion) beneath the microwire in this configuration. Considering the average 

resistance per unit length of the microwires (sections 4.2.1 and 4.2.2) and the average 

resistance of the polymer films (sections 4.3.1 and 4.3.2), the minimal wicking beneath 

the microwire is anticipated to be a negligible contribution to the total measured 

resistance in the system.  
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3.2.3 Electrical Properties of the Microwire/Polymer Systems: 

Requirements 

One important factor that needs to be considered is the amount of current that is expected 

to flow through each microwire. Assuming that the microwires fill the substrate plane, 

the maximum short circuit photo-generated current from an array of 100 μm long 

microwires, based on the maximum reported values for a single crystalline Si solar cell, is 

Jsc ~ 43 mAcm-2 [171]. Considering the average dimensions of the microwires (Fig. 

3.1b), there are approximately 2×106 cm-2 microwires in the array structure. Therefore, 

the capture of all photons falling on the membrane area would result in a current of ~21 

nA in each (existing) microwire. 

The current project roadmap requires a maximum voltage drop of ~10mV across the 

microwire-membrane system and, assuming the same amount of current (21 nA) flowing 

through the junction to the polymer film, the total resistance in the microwire-polymer 

system should be less than 480 kΩ. Quantifying the upper limit of the resistance of the 

microwire and characterizing the microwire-polymer junction behaviour are critical steps 

to achieving these goals. 

3.3 Apparatus for Individual Si Microwire and Si 

Microwire/Polymer System Characterizations 

Following the preparation of polymer membranes, an Edwards s150b sputter coater was 

used to sputter Au/Pd pads onto the polymer surface. A Fogale Photomap 3D optical 

profilometer and a KLA Tencore AS-500 Alpha-Step were used for the polymer film 
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thickness measurements. A Kratos Axis Ultra DLD instrument was employed to perform 

XPS analyses on the microwire samples. A field emission Auger microscope, model 

JAMP-9500F from JEOL, was used for AES analysis on the microwire/polymer samples. 

An Agilent 4155c semiconductor parameter analyzer in a Suss MicroTec standard 

semiconductor probe station (Fig. 3.11) was used for I-V measurements. A Newport 

model 96000 full spectrum solar source (Fig. 3.12a) with global air mass (AM) 1.5G 

filter was used to simulate standard solar spectrum (see Appendix D for output power 

calibration procedure). 

                                

Figure 3.11: I-V measurements were performed using an Agilent 4155c semiconductor parameter 

analyzer in a standard probe station. The stage, four W probe holders and the microscope are 

shown in the right side image. W probes can be seen in the magnified image on the left. 

W probes 

Microscope objectives 
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(a) 

 

(b) 

Figure 3.12: (a) A Newport model 96000 full spectrum solar source with global air mass (AM) 

1.5G filter and a universal arc lamp power supply was used to simulate standard solar spectrum. 

(b) Typical measurement setup with solar simulator inside the probe station chamber. A mirror 

was used to direct light beam onto the sample.  

Arc lamp power supply 

Solar simulator 

AM 1.5G filter 

Solar 
simulator 

Mirror 

Sample 
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The solar source was mounted inside the probe station and a mirror was used to direct 

the light beam onto the sample (Fig. 3.12b). The power loss due to the mirror was 

considered during the calibration procedure in order to extract the exact amount of power 

reaching the samples (Appendix D). 

Tungsten probes from American Probes & Technologies model 72T-G3/10 (with a 

diameter of ~2 μm) were used in the I-V measurements. Probes were etched for ~30 s in 

2.0 M KOH(aq.) immediately before the experiments to remove the W native oxide and 

to improve the quality of the contacts [169,170]. 
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Chapter 4 

Results and Discussion 

 

haracterizing the single microwires, the microwire/polymer junctions and 

quantifying the voltage drops at each point of the structure will guarantee the 

appropriate function of the final device and acceptable energy conversion efficiency. 

These measurements will determine the acceptable wire resistivity (doping concentration) 

as well as the required electronic conductivity of the polymers, in turn allowing selection 

of the wire-polymer structure for the use in the final device. 

Using the soft contact formation approach, introduced in chapter 3, these parameters 

can be individually extracted for a single cell of the proposed artificial photosynthesis 

system. The outcome of these measurements will be used in optimizing electrical 

properties of different elements to be used as building blocks of the ultimate water 

splitting device. Specifically, the soft contact formation process enabled individual 

C 
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microwire/polymer junction properties to be extracted. This chapter presents the 

measurement results on single Si microwires as well as microwire/polymer junctions and 

describes the modifications that were made in order to improve the electrical 

characteristics of the system. 

4.1 Soft Contact Formation to Individual Si Microwires  

Doped Si microwires are an important component in the proposed artificial 

photosynthesis device. These microwires play two critical roles: absorbing sunlight and 

conducting the electrons between the two sides of water-splitting reaction. 

Characterization of the microwires is of great importance as it defines the critical limits 

for different electrical parameters (e.g. resistivity, doping concentration). In the first stage 

of the measurements and, following the methodology described in section 3.1.2, contacts 

to individual microwires were formed using W probes in a standard probe station (Fig. 

3.11). 

During these measurements, microwires were typically placed onto the glass 

substrate. The W probes were then moved down to the microwire until they made 

contact. The probes were placed on both ends of the microwire and the current passing 

through the microwire was measured for a range of applied voltages using an Agilent 

4155c semiconductor parameter analyzer. Ohmic behavior was observed as the applied 

force from the probes was gradually increased to the threshold force level, as was 

described in section 3.1.2. Reproducible results were obtained when an identical amount 

of force was applied from both probes.  
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Figure 4.1: Measured I-V profile for a 100 µm long p-Si microwire with a diameter of ~1 µm. 

The probes were placed on the microwire close to the ends. The measured resistance was 

approximately 120 kΩ. 

Fig. 4.1 shows an example of the initial I-V measurement results, including an optical 

micrograph of a 100 µm long wire with 1 µm diameter on glass (Fig. 4.1 inset). 

4.2 Probe Spacing Measurements 

4.2.1 Controlling the Probe Spacing 

When compared to conventional lithographic contact formation approaches, the proposed 

soft contact formation technique brings a high level of flexibility in making contact with 

an arbitrary location of the sample under investigation. Using W probes provided not 

only the ability to mechanically manipulate the microwires (Fig. 3.4), but also the 

possibility to form a contact to each and every point along the length of the wires (Fig. 

4.2) or any other position in the system without the need for lithographic procedures. 
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Figure 4.2: Forming direct electrical contact to arbitrary positions across the microwires with or 

without In/Ga. 

As shown in Fig. 4.2, it is possible to freely move the W probes (with or without 

In/Ga) across the length of the microwires and make I-V measurements versus different 

probe separations. These measurements were performed on different microwires of 

different characters with three main goals: 1) to show that the I-V measurement was 

unaffected by variation in the positions of the probes along the microwires; 2) to 

determine the value of contact resistance between the probes and the different 

microwires; and 3) to investigate the uniformity of the doping concentration along the 

length of the microwires. Sections 4.2.2 - 4.2.4 present the results of these investigations. 

In all the measurements described in these sections, each data point is the average of 

seven independent measurements in which the probe was completely disconnected from 

the microwire before the contact for the next measurement was made. The data thus 

demonstrate the reliability and reproducibility of the contacts to different microwires, 

regardless of their doping type or concentration. 

4.2.2 Microwires’ Resistance and Doping Concentration 

Fig. 4.3 depicts the resistance versus probe separation data obtained for p-type and n-type 

Si microwires, doped with B and P, respectively (section 3.1). Contacts were 
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reproducibly formed to microwires with different types of doping. The resistance per unit 

length was constant for all of the measurements, at values of 0.50 kΩµm-1 for the p-type 

and 0.18 kΩµm-1 for the n-type Si microwires. The contact resistance between W probes 

and microwires was calculated by performing a linear fit to the resistance versus probe 

separation data, in conjunction with evaluation of the intercept of such a plot (Fig. 4.3). 

The calculated contact resistance values, ~2.4 kΩ (i.e. 4.8 kΩ / 2) for the contact 

between p-Si microwire and W probe, and ~1.8 kΩ (i.e. 3.5 kΩ / 2) for n-Si microwire/W 

probe contact, were reasonably similar for both types of Si microwires. This is consistent 

with expectations based on previous reports describing pressure-induced transition from 

Schottky to fully ohmic contacts [164,166]. 

 

Figure 4.3: Contact resistance measurements for p- and n-type Si microwires with ~1.5 µm 

diameter.  Each data point includes seven independent measurements and the error bar represents 

the standard deviation from the mean value. The results shown here represent one pair of 

microwires and were verified by repeating the experiment with other microwires of different 

doping type/concentration and originating from different fabrication batches. Reprinted with 

permission from  [92]. Copyright (2011) American Chemical Society. 
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The calculations based on data such as that presented in Fig. 4.3 verified that the 

contact resistance was a negligible contribution to the total measured resistances (e.g. 

microwire resistance). However, the contact resistance was subtracted from the total 

measured resistance prior to calculating the resistivity and, in turn, prior to estimation of 

the doping concentration of the microwires. 

The resistivity of each individual microwire with known dimensions can be extracted 

from the measured resistance values and assuming a uniform flow of electric current: 

 𝜌 = 𝑅 𝐴
𝐿
 (4.1) 

where ρ is the resistivity, R is the measured resistance, A is the cross-sectional area of the 

microwire and L is the length of the microwire. Extraction of the doping concentration of 

individual microwires from the resistivity values is straightforward knowing that the 

resistivity and doping concentration are related as: 

𝜌 =  
1

𝑞(𝜇𝑛𝑛 +  𝜇𝑝𝑝)
 

(4.2) 

where q is the charge on an electron, n is the electron density in the conduction band, p is 

the hole density in the valence band, µn is the mobility of electrons (≤ 1400 cm2 V-1 s-1) 

and µp is the mobility of holes (≤ 450 cm2 V-1 s-1). In the special case of n-type 

semiconductors (n >> p), (4.2) can be simplified to 𝜌 =  1
𝑞𝜇𝑛𝑛

 . In a similar manner, it 

can be re-arranged as 𝜌 =  1
𝑞𝜇𝑝𝑝

 for p-type semiconductors (p >> n). 

The doping concentration of the microwires, calculated from these bulk resistivity 

values, was estimated to be 1017 ~ 1018 cm-3. This is well within the expected range of 
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doping concentrations based on the conditions used to grow the Si microwires [120,172]. 

Furthermore, it was concluded that the p- and n-type doping concentration is uniformly 

distributed over the length scales considered as no detectable variation in the resistance 

measurements was observed between different regions of the microwires. 

The measurement results demonstrated in Fig. 4.3 were obtained from an individual 

microwire. However, measurements on microwires with similar doping concentrations 

but taken from different fabrication batches (Fig. 4.4), showed negligible variation from 

the results taken from an individual microwire, confirming the uniformity of bulk 

electronic properties from batch to batch. Fig. 4.4 depicts the resistance versus probe 

separation data obtained for p-type microwires, doped with B up to doping levels of 1017 

~ 1018 cm-3, selected from 5 fabrication batches. 

 

Figure 4.4: Contact resistance versus W probe separation data for p -type Si microwires with 

~1.5 µm diameter.  Each data point includes five independent measurements performed on five 

microwires taken from different fabrication batches and the error bar represents the minimum to 

maximum measured values. 
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It is worth mentioning that no noticeable change was observed in the measurement 

results by repeating these measurements over the course of 14 to 21 days; a period of 

time that was long enough to conclude that the Si native oxide had re-grown on the 

microwires’ exterior and achieved equilibrium coverage. This suggests that, as a result of 

local mechanical force, the Si native oxide is by-passed by the W probes. However, 

unless otherwise stated, the microwires were etched using buffered HF before the 

measurements to minimize any unwanted effect arising from surface SiO2. 

4.2.3 Microwires with Different Levels of Doping and Effect of 

In/Ga 

Silicon microwires with two different levels of p-type doping concentrations were 

investigated in order to study the effect of doping concentration level on the electrical 

contact behavior and also to verify the ability of the technique to account for such 

difference within the samples. The expected active doping concentration (based on VLS 

growth conditions) for the first set of microwires was approximately 1015 ~ 1016 cm-3 and 

for the second set was 1017 ~ 1018 cm-3, identified in the rest of this section respectively 

as low doped and highly doped microwires. As discussed in section 3.1.2, it is 

conventional to use the electrically conductive fluid metal eutectic, In/Ga (25% In and 

75% Ga by weight, 15.5 °C melting point [173]), as an interface metal to make ohmic 

contacts in different semiconductor applications. In order to investigate the effect of the 

In/Ga metal eutectic on the quality of contacts between the W probes and Si microwires, 

comparative resistance versus probe spacing measurements between the low doped and 
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highly doped microwire samples were performed, both with and without In/Ga as the 

interface metal. 

In the case of measurements with In/Ga, a small amount of In/Ga (<< 1mL) was 

placed onto the glass substrate and the W probes (pre-cleaned using KOH) were dipped 

into the In/Ga prior to the measurements. Fig. 4.5 shows the measurement results for both 

highly doped and low doped microwires. The diameter of the selected microwires was 

~1.5 μm. 

The resistance per unit length (~0.5 kΩ µm-1 for the highly doped and ~14.2 kΩ µm-1 

for low doped microwires) was consistent between all of the measurements with or 

without In/Ga. Other than a slight decrease in the value of the contact resistance, this 

behavior verified that the nature of the contacts was unaffected by the presence or 

absence of In/Ga. 

The doping concentration of 1017 ~ 1018 cm-3, calculated based on the measured 

resistivity of the microwire in Fig. 4.5a, was in agreement with previously reported 

values [90,120,133,172]. Similar measurements performed on the low doped microwires 

(Fig. 4.5b) verified that their doping concentration was in the range 1015 ~ 1016 cm-3. In 

Table 4.1 the measured values for both types of Si microwires using the soft contact 

approach, with and without In/Ga eutectic are summarized. 
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(a) 

 

(b) 

Figure 4.5: Contact resistance measurements for ~1.5 μm microwires (a) highly doped and (b) 

low doped Si microwires both with and without In/Ga. Reprinted with permission from [91]. 

Copyright (2011) American Chemical Society. 
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Table 4.1: Measured resistance values (±1%) for 100 µm long, highly doped and low doped Si 

microwires with an average diameter of 1.5 µm. RL is the microwire resistance per unit length, 

RContact is the calculated contact resistance between the W probe and the microwire. The 

microwires were 100 µm long and 1.5 µm in diameter. 

 Rwire (kΩ) RL (kΩ µm-1) RContact (kΩ) Doping (cm-3) 
No InGa 50 0.50 2.40 1017~1018 
With InGa 50 0.50 0.75 1017~1018 
No InGa 1420 14.20 2.95 1015~1016 
With InGa 1420 14.20 0.80 1015~1016 

 

Since the change in the W probe/microwire contact resistance value is negligible 

compared to the magnitude of the microwire resistance, In/Ga was omitted in the future 

measurements. The omission was mainly due to the issues associated with the application 

of In/Ga, such as unwanted attachment of microwires to the W probes and also In/Ga 

residues on the microwires that could potentially affect the microwire/polymer junction 

measurements. As a result, it was easier to reliably move the microwires and form a 

contact without In/Ga and this outweighed any benefit associated with the lower contact 

resistance value. 

4.2.4 Methyl-Terminated versus H-Terminated Si Microwires 

In the final set of measurements, the soft contact formation approach using W probes was 

applied to methyl-terminated Si microwire samples. Methylation of the microwires 

(detail in section 4.3.4) was employed in the final samples to avoid the formation of 

native oxides on the Si microwires. All microwire samples, obtained from the 

collaborators in the Lewis group at Caltech, were prepared in a similar manner using 

VLS growth technique. These microwires were investigated using soft contact formation 

approach in order to verify their DC resistance and doping concentration. 
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Figure 4.6: Resistance versus probe separation data obtained for methyl-terminated p-type as 

compared to H-terminated p-type microwires. 

To give a direct comparison between methyl-terminated and H-terminated samples 

with the same type of doping, in Fig. 4.6 the resistance versus probe separation data 

obtained for methyl-terminated p-type is compared to the H-terminated p-type 

microwires. 

Fig. 4.7 depicts the resistance versus probe separation data obtained for methyl-

terminated p-type and n-type Si microwires. The resistance per unit length of the methyl-

terminated microwires was approximately 0.50 kΩ μm-1 and 0.18 kΩ μm-1 for the p-type 

and n-type Si microwires respectively. As expected, these values are similar to those 

calculated for H-terminated Si microwires (Fig. 4.6). 
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Figure 4.7: Contact resistance measurements for methyl-terminated (or methylated) p- and n-type 

Si microwires with ∼1.5 μm diameter. These results were verified by repeating the experiment 

with other microwires of different doping type, different doping concentration, and originating 

from different fabrication batches. 

The contact resistance between the W probes and the microwires was also calculated 

and verified to be a negligible contribution to the total measured resistance for the system 

(< 1 kΩ). The doping concentration of the microwires was found to be uniform over the 

length scales considered (Fig. 4.6 and 4.7) and estimated to be 1017 to 1018 cm-3, within 

the expected range of doping concentrations based on the growth conditions 

[90,120,133,172].  

4.3 Microwire/Polymer Junction Characterization 

In the previous section, it was verified that the soft contact formation method had the 

ability to form reliable contacts to single microwires. Basic electrical properties of the 

microwires including DC resistance and doping concentration as well as uniformity of the 
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doping across the length of the microwire were investigated for different microwires. 

Also, microwires with different doping concentrations as well as different types of 

dopants were studied. The reliable application of the technique was also demonstrated on 

the microwires functionalized with methyl (CH3) groups. 

This section presents the investigation of the photoelectrical properties of individual 

solar water splitting devices based on different microwire/polymer combinations. The 

candidate conducting polymers, PEDOT:PMA and PEDOT:PSS:Nafion with 12 wt.% 

PEDOT:PSS, were investigated. Candidate conducting polymer films were prepared 

according to the procedures described in section 3.2.1 and Appendix C. As demonstrated 

schematically in Fig. 3.9, three main junctions were present for each single 

microwire/polymer combination in the final measurement system: the sputtered 

Au/Pd/polymer junction; the W probe/microwire junction; and the microwire/polymer 

junction. The sputtered Au/Pd junction with both conducting polymers has well defined 

ohmic characteristic (Fig. 3.8). The contact resistance associated with the junction 

between W probe/microwire was also investigated in previous section and quantified. 

To investigate the Si microwire/polymer junction, one W probe was held in contact 

with the microwire while the second probe was in contact with the Au/Pd pad, as 

illustrated in Fig. 3.8a. The current passing through the system for different applied 

voltages was then recorded using an Agilent 4155c semiconductor parameter analyzer in 

a standard probe station (Fig. 3.11). The results of these measurements for different 

microwire/polymer combinations will be presented in the following sections. 

In each case, the total series resistance, Rtotal, included contributions from the 

conducting polymer resistance, Rpolymer, the microwire/polymer contact resistance, RC 
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(denoted as RC-p for p-type and RC-n for n-type microwires), and the microwire resistance, 

Rwire (denoted as Rp-wire for p-type and Rn-wire for n-type microwires) as shown in Fig. 2.8. 

The microwire/polymer contact resistance (RC) was then calculated from the expression: 

Rtotal = Rpolymer + Rwire + RC (4.3) 

where, Rtotal is the total measured resistance of the microwire/polymer system. The 

Rpolymer value was calculated from four-point probe measurements. The RC-p and RC-n 

values were extracted from these independent measurements, and the total series 

resistance across a single unit of the membrane-bridged device was then approximated by 

adding these values to the values of Rp-wire, Rn-wire and Rpolymer. 

4.3.1 PEDOT:PMA in Combination with H-terminated Si 

Microwires 

The measurement process started with an investigation on the electrical behavior of 

PEDOT:PMA/Si microwire system. More specifically, H-terminated p-Si microwires 

were studied in this case, as these wires are anticipated to form ohmic contact to p-type 

PEDOT:PMA conducting polymer [136]. The I-V data for an approximately 100 µm long 

p-Si microwire with a diameter of 1.5 µm and low doping levels (i.e. 1015 to 1016 cm-3), 

aligned at the PEDOT:PMA/glass border are shown in Fig. 4.8. 

At low bias voltages, the I-V behavior of the junction between the microwires and 

polymer films was non-linear (Fig. 4.8), likely due to tunneling through an oxide layer on 

the surface of the microwires, which is in agreement with prior measurements on oxide-

coated Si microwire devices [174,175]. 
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Figure 4.8: The I-V data for an approximately 100 µm long p-Si microwire with a diameter of 1 

µm, with low doing levels (i.e. 1015 to 1016 cm-3), aligned at the PEDOT:PMA/glass border. The 

measured DC resistance in the near zero-bias region (R1) was approximated to be 100 MΩ that  

decreased to R2 ≈ 13 MΩ for higher bias voltages. The current level of 21 nA that is anticipated to 

flow through microwires at maximum light absorption (section 3.2.3) is also marked for 

reference. 

Although the Si microwires were etched immediately prior to the measurements, a 

thin layer of native oxide was presumed to form on the surface of the Si, because the 

alignment of the microwires at the polymer/glass interface was conducted in air. At 

higher bias voltages this nonlinear behavior was not dominant and the I-V profile 

appeared purely resistive. Therefore, in addition to the measurements at small-bias, which 

is closer to the expected working regime of the solar water splitting device, the total 

resistance values for the system were also measured at higher bias voltages (±10 V). The 

large-bias measurements in the following section establish a lower bound for the DC 

resistance of the candidate systems. 

It is also more likely to form an optimal electrical contact between microwires and 

conducting polymer membranes when the polymer film is still wet (i.e. the solvent is not 
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completely evaporated), a phenomenon observed during initial measurements. For this 

reason, effort was made to keep the time interval between the film preparation and 

alignment of the microwires, as short as possible, most favorably within 5 to 10 minutes 

or less. 

The average total series resistance, Rtotal, measured for the junctions between low 

doped p-Si microwires and PEDOT:PMA at large bias voltages is approximately 13 MΩ 

(R2 in Fig. 4.8). This value was reduced to approximately 2 MΩ for the case of 

microwires with higher level of doping concentration (i.e. 1017 to 1018 cm-3). The contact 

resistances involved in the system (e.g. W probe/microwire and Au/Pd/polymer contact 

resistance) were significantly smaller than these resistances. Considering the calculated 

value of the polymer film resistance based on 4-point probe measurements (~ 1MΩ) 

[116], and the values of microwire resistance calculated in section 4.2.4 for different 

levels of doping concentration (~1.42 MΩ and ~50 kΩ respectively for low doped and 

highly doped, 100 µm long microwire), average RC-p values of ~9.8 MΩ and ~0.3 MΩ 

were calculated from (4.3), for the low doped and highly doped microwires/polymer 

junctions, respectively. Table 4.2 summarizes the values measured for the H-terminated 

p-Si microwire/PEDOT:PMA system. 

 

Table 4.2: Measured resistance values (±1%) for 100 µm long p-Si microwires with an average 

diameter of 1.5 µm, in contact with PEDOT:PMA. RPMA is the resistance of PEDOT:PMA film 

and RC-p is the calculated resistance of the junction between low doped (1st row) and highly doped 

(2nd row) H-terminated p-Si microwires and the films. 

 Rwire (MΩ) RPMA (MΩ) RC-p (MΩ) 
With low doped microwires 1.42 1.32 9.75 
With highly doped microwires 0.05 1.32 0.30 
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Based on the maximum acceptable DC resistance value of ~ 480 kΩ (section 3.2.3) 

for the complete water splitting cell (including both p-type and n-type semiconductor 

microwires), the DC resistance associated with only a half-cell of the ultimate system 

including low-doped p-Si-microwires is far above the minimum requirements. 

The resistance of the PEDOT:PMA in combination with highly doped p-Si 

microwires is also greater than, but closer to, the critical value. Also, as mentioned 

earlier, these values were calculated at large bias voltages (±10 V). At bias voltages close 

to the actual expected working conditions (±10 mV), higher resistances were observed, 

further indicating the fact that PEDOT:PMA/Si microwire system is not a suitable 

candidate in terms of electrical properties. 

Due in part to the large resistances observed in these systems, no further investigation 

was performed on PEDOT:PMA based systems. 

4.3.2 PEDOT:PSS:Nafion in Combination with H-terminated 

Si Microwires 

PEDOT:PSS:Nafion with 12 wt.% PEDOT:PSS is the other candidate composite that was 

investigated for the use as supportive membrane in the proposed photosynthetic device. 

The measurement process started with an investigation on the H-terminated p-Si 

microwires junctions with this polymer similar to the case of PEDOT:PMA conducting 

polymer. Similar to the case discussed in section 4.3.1, junctions between this polymer 

and both highly doped and low doped microwires were investigated. 
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Figure 4.9: The I-V data for three, approximately 100 µm long p-Si microwires with a diameter 

of 1.5 µm and high doping levels (i.e. 1017 to 1018 cm-3), aligned at the PEDOT:PSS:Nafion/glass 

border of the same sample. The variation in observed junction to junction resistance was ~5%. 

The I-V data for approximately 100 µm long p-Si microwires with a diameter of 1.5 

µm and high doping levels (i.e. 1017 to 1018 cm-3), aligned at the 

PEDOT:PSS:Nafion/glass border are shown in Fig. 4.9. The data taken from three 

microwire/polymer junctions showed a negligible junction to junction resistance variation 

of approximately 5%, for the resistance values calculated at 8-10 V bias region. 

The average total series resistance, Rtotal, is approximately 3 MΩ for the junctions 

between low doped p-Si microwires and PEDOT:PSS:Nafion composite conducting 

polymer (at large bias voltages), and 160 kΩ for the case of microwires with higher level 

of doping concentration, both significantly lower than the case of PEDOT:PMA. This is 

partially due to the higher electronic conductivity of PEDOT:PSS:Nafion composite 

(Rpolymer ~8kΩ) compared to PEDOT:PMA (Rpolymer ~1.32 MΩ). Using a similar 

measurement approach reported in section 4.3.1, the contact resistance values (RC-p) of 
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~1.5 MΩ and ~100 kΩ were extracted for the low doped and highly doped samples 

respectively.  

The calculated RC-p values for low doped p-Si microwire/PEDOT:PSS:Nafion system 

also exceeded the maximum acceptable DC resistance value of ~ 480 kΩ (section 3.2.3), 

for the complete water splitting cell (which would include both p-type and n-type 

semiconductor microwires). This ruled out the possibility of using these low-doped wires 

as part of the envisioned solar water splitting system. 

The PEDOT:PSS:Nafion junctions with highly doped Si microwires, however, did 

meet the minimum conductance requirements. However, as mentioned earlier, these 

values were calculated at large bias voltages (±10 V).  

To provide a more realistic measurement scenario, freshly HF-etched (H-terminated) 

p- and n-Si microwires with high doping levels (1017 to 1018 cm-3) were aligned at the 

border between PEDOT:PSS:Nafion and glass substrate as described in section 3.2.2 

(Fig. 3.9b). The Rtotal values were then measured for different ranges of applied bias 

voltage, ±10 V and ±1 V to give an estimation of the maximum attainable conductance 

(at a large bias) and the real conductance in the working region (at a small bias). 

As an example of these measurements, Fig 4.10 demonstrates I-V data measured for 

100 μm long H-terminated p-type Si microwire (Fig. 4.10a) and H-terminated n-type Si 

microwire (Fig. 4.10b); both with diameters of ~1.5 μm aligned at the 

PEDOT:PSS:Nafion/glass border (figure insets) in the ±1 V bias region. 
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(a) 

 

(b) 

Figure 4.10: I-V data measured for 100 μm long H-terminated (a) p-type Si microwire and (b) n-

type Si microwire; both with diameters of ~1.5 μm aligned at the PEDOT:PSS:Nafion/glass 

border (figure insets) in the ±1 V bias region. The total series resistance of the system in each 

case (displayed in the figures) was used to extract the value of junction resistances, RC-p and RC-n. 

In the case of n-type microwires, the I-V profile demonstrates a slight bend at small bias voltages, 

leading to larger DC resistance values in these regions as demonstrated by fitting an asymptote to 

the zero bias point of the curve (dashed red line). Adapted with permission from  [92]. Copyright 

(2011) American Chemical Society. 
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In each case, the total measured resistance, Rtotal (displayed in the figures), was used 

to extract the value of junction resistances, RC-p and RC-n by incorporating the known 

values (Rwire, Rpolymer). In the case of n-type microwires, the I-V profile demonstrates a 

slight bend at small bias voltages, leading to total resistance values approaching 1MΩ, in 

these regions as demonstrated by the asymptote at the zero bias point (dashed red line in 

Fig. 4.10b). 

The results of these calculations for individual microwire/polymer junctions were also 

compared to the results of a measurement on a complete structure (Fig. 4.11) in which 

one W probe was placed on the n-type microwire while the second probe contacted the p-

type wire, and a test current was passed through the entire structure. 

Measured Rtotal in this case included contributions from the conducting polymer 

(Rpolymer), the microwire/polymer contacts (RC-p for p-type microwires and RC-n for n-type 

microwires), and the microwire (denoted as Rwire-p for p-type and Rwire-n for n-type 

microwires). The microwire/polymer contact resistances, RC-p and RC-n, calculated by 

incorporating the known values, are in agreement with the calculations on the 

individually measured contacts (Fig. 4.10). 
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(a) 

 

(b) 

Figure 4.11: A complete unit of the proposed solar fuel generation device, including two 100 µm 

long n-type and p-type Si microwires with diameters of ~1.5 µm, aligned at the 

PEDOT:PSS:Nafion/glass border (figure inset). I-V data measured for different ranges of applied 

bias voltages, (a) large-bias regime: -10 V to +10 V and (b) small-bias regime: -1 V to +1 V. The 

total series resistance of the system in the large-bias regime was ~250 kΩ, and increased to ~1 

MΩ in the small-bias regime. Reprinted with permission from  [92]. Copyright (2011) American 

Chemical Society. 
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In Table 4.3 the measured resistances for both small- and large-bias regimes is 

summarized where it is shown that the measured value of RC-p in the small-bias regime 

was ~20 kΩ larger than the value recorded at large-bias. This behavior was ascribed to 

the presence of a thin native oxide layer on the microwire.  However, the more than 8× 

increase in the value of RC-n in the small-bias regime reflected both the presence of native 

oxide layer on the microwires and the Fermi level mismatch between the n-type 

microwires and PEDOT:PSS:Nafion film (with p-type characteristics) [98,102]. The 

other resistance results from both small- and large-bias measurement were in reasonable 

agreement (Table 4.3). 

In all cases, at bias voltages close to the expected working conditions (±10 mV), 

higher resistances were observed, indicating the importance of the microwire surface 

treatment (e.g. native oxide removal, etc) on the electrical properties of the Si/polymer 

junctions. While the PEDOT:PSS:Nafion junction with highly doped Si microwires was 

less resistive, improvements in IR losses at these low current levels are required to meet 

the minimum requirements for a final device. 

 

Table 4.3: Measured and calculated resistances in kΩ (±1%) for highly doped Si-

microwire/PEDOT:PSS:Nafion system. The microwires were 100 µm long and 1.5 µm in 

diameter. Rpolymer is the resistance of the PEDOT:PSS:Nafion film. 

 R
wire-p

 R
wire-n

 R
C-p

 R
C-n

 
 R

polymer
  R

total
 

Large-bias 50 18 100 93 2 263 

Small-bias 50 18 120 850 2 1040 
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4.3.3 Temporal Changes in the Electrical Properties of 

Polymer/H-Terminated Si Microwire System  

A candidate conducting polymer/microwire system with appropriate electrical properties 

must also meet another, equally important, requirement in order to be considered for the 

use in a solar fuels generation device. Similar to the case of thin film solar cells 

[176,177], long-term electrical stability of these systems may also be a key feature in 

reducing the total implementation cost. Long-term electrical stability of these systems is 

the subject of investigation in this section.  

Since this research was focused on investigating the electrical properties of different 

semiconductor microwire/polymer combinations for the use in a solar water splitting cell, 

the temporal change in the microwire/polymer junction properties was also considered as 

a measure of the stability of these combinations. In a sequence of measurements, the 

individual p-Si microwire/polymer/n-Si microwire structures were investigated over a 

period of 30 days. As described in section 4.3.2, highly doped microwires in combination 

with PEDO:PSS:Nafion were used in these investigations. 

All the microwires were etched in HF (forming H-terminated surfaces) prior to the 

initial measurements at day 1. Although the H-terminated Si microwires have relatively 

low surface recombination velocities, the formation of native oxide as a consequence of 

exposure to air leads to increased total recombination, reflecting the greater availability 

of electrically active trap sites within the oxide layer [178]. The growth of native oxide 

on the microwires in the proposed solar water splitting system would be enhanced by the 

aqueous environment and high level of exposure to oxygen. Given these environmental 

factors, oxide formation within the Si microwire/conducting polymer membrane junction 
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was predicted to significantly increase the junction resistance, resulting in more electrical 

loss in the system. Such losses could compromise the functionality of the device, 

considering the limited amount of photogenerated voltage available to drive the water 

splitting reactions [5,88,89,151,152].  

The I-V data for H-terminated p- and n-type microwires aligned at the 

PEDOT:PSS:Nafion/glass border (Fig. 4.10) suggests ohmic behavior at the junction 

between H-terminated p-Si microwires and polymer and a non-ohmic behavior between 

H-terminated n-Si microwires and polymer. More importantly, the characteristics of the 

n-type microwire/polymer junction was ascribed to the Fermi level mismatch between the 

n-type microwires and PEDOT:PSS:Nafion film, which has p-type characteristics. 

Although the H-terminated Si microwires were etched immediately prior to the 

measurements, a thin layer of native oxide is presumed to have formed on the surface of 

the Si because the alignment of the microwires at the polymer/glass interface was 

conducted in air. As a result, quantum tunneling through the native oxide is expected to 

contribute to the junction resistance, causing a more visible non-linear behavior in the 

small bias region. 

These microwire/polymer structures were kept under the lab conditions for a period of 

30 days, when a new set of I-V measurements revealed a more than 20× increase in the 

junction resistance (Fig. 4.12) and in some cases loss of electrical conduction at the 

junction. The likely source of this change in behavior is increased native oxide formation 

on the surface of the microwires at the polymer interface progressively degrading the 

contact. 
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(a) 

 

(b) 

Figure 4.12: I-V data measured for 100 μm long H-terminated (a) p-type Si microwire and (b) n-

type Si microwire; both with diameters of ~1.5 μm aligned at the PEDOT:PSS:Nafion/glass 

border. The measured data (with current in logarithmic scale) taken on the first day and after a 

period of 30 days are shown together for comparison. A noticeable increase in the total measured 

resistance was observed compared to the measurements with freshly etched microwires. 

In order to exclude the potential aging effect associated with the polymer membrane, 

aged microwire samples were also used to form contacts with freshly prepared polymer 

films. The results of these measurements were more or less similar to the case depicted in 

Fig. 4.12, with almost no conduction at the contact in most of the cases. 
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Repeating the measurements after a 30-day period of time, considering the working 

conditions envisioned for the ultimate solar water splitting devices, was a clear indication 

of the need to effectively address the issues related to native oxide formation at the 

microwire surface. In response to this need, the following section describes the 

investigation of new microwire samples with functionalized surface to limit further 

formation of native oxide. 

4.3.4 PEDOT:PSS:Nafion Combination with Methyl-

Terminated Si Microwires 

In the case of junctions between conducting polymer composite and H-terminated 

samples (section 4.3.3) the observed increase in the junction resistance over time was 

attributed to Si native oxide formation at the microwire/polymer interface. To address 

this issue, methyl-terminated microwires were used, and the stability of the electrical 

properties of the microwire/polymer system was investigated over a similar length of 

time, following a similar measurement procedure described in section 4.3.3. 

In the case of H-terminated microwires, the native oxide, as well as any oxide that 

may have formed during the growth catalyst removal process, is removed by etching the 

Si microwires in buffered HF(aq.) (section 3.1.1), replacing oxygen bonds at the surface 

with hydrogen bonds. Considering the fact that formation of native oxide at the Si surface 

begins with replacement of unstable Si-H bonds, one promising approach to surface 

functionalization is to replace unstable Si-H surface bonds with more kinetically stable 

Si-C bonds [179-181]. 
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Numerous articles in the existing literature have reported successful alkylation of the 

H-terminated Si samples using different techniques such as alkylmagnesium reagents 

[182,183], radical halogenation [184], chemical free-radical activation [185,186], 

irradiation with ultraviolet light [187-191], thermal activation [186,192-194], and 

hydrosilylation [195-197], for both the Si(100) [193,198] and the Si(111) surfaces 

[178,180,199] as well as porous Si [200]. 

Enhanced oxidative stability and decreased surface recombination velocities as a 

result of Si surface passivation with alkyl groups have been reported for planar samples 

[181], suggesting that functionalization of the Si microwire surface may also provide 

protection against further oxidation by air and/or water, prevent photogenerated charge-

carrier recombination and decrease electrical loss at the junction between microwires and 

conducting polymer membranes. 

For a new series of measurements, microwire structures doped with B and P up to 

1017 ~ 1018 cm-3, that grown and functionalized in the collaborating laboratory at Caltech, 

were studied using the standard soft contact formation approach with W probes. The 

microwire samples were grown using the VLS technique and functionalized following a 

two-step chlorination-alkylation process that has been reported for planar Si and is known 

to produce electrically and chemically stable surfaces with negligible native oxide growth 

over time [178,180,181,199]. The functionalization process involved an initial etching in 

10% HF(aq.) to remove the native oxide from the wire surface. Samples were then placed 

into a nitrogen-purged flushbox and, using a saturated solution of PCl5 in chlorobenzene, 

chlorinated at 90 °C for 45 minutes. The microwires were then rinsed of the reagents and 
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solvents and placed in a 1M methyl Grignard solution (CH3MgBr) for time periods that 

were varied systematically between 1 hour and 1 day at 60 °C [178,180,181,199]. 

A comparison between the electrical properties of these microwires and the H-

terminated samples was performed. In order to eliminate any variation in the results due 

to the microwire growth process parameters, two samples were taken from the same 

growth substrates, the first batch etched in HF(aq.) to remove native oxide and form H-

terminated wires while the second batch was functionalized with methyl groups to study 

the effect of surface passivation on the electrical properties of the microwires. 

I-V measurements, similar to those described in sections 4.3.2 and 4.3.3, were 

performed on these H-terminated microwire samples. These measurements confirmed an 

increase in the microwire/polymer junction resistance, consistent with the results 

discussed in sections 4.3.2 and 4.3.3. The characterization of the methyl-terminated 

microwires started with individual microwire characterization, described in section 4.2.4. 

The resistance per unit length of the methyl-terminated microwires was extracted and the 

consistency of doping concentration along the methyl-terminated microwires was also 

confirmed using resistance versus probe spacing measurements (Fig. 4.6 and 4.7). 

The I-V measurements described in sections 4.3.1 through 4.3.3 were all performed in 

dark conditions. In this section, measurements on methyl-terminated microwires/polymer 

junctions were performed both in dark and under AM 1.5G (100 mWcm-2) illumination 

using a Newport model 96000 full spectrum solar source with a global air mass (AM) 1.5 

filter (see Appendix D for the output power measurements). 
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Figure 4.13: I-V data for a 100 μm long methyl-terminated p-Si microwire with diameters of ~1.5 

μm aligned at the PEDOT:PSS:Nafion/glass border, in dark and under solar AM 1.5G. As 

expected, ohmic behavior was observed at p-Si microwire/polymer contact. The average 

measured resistance in dark was ~180 kΩ and decreased to ~120 kΩ under illumination. 

The methyl-terminated microwires were used to form individual solar water splitting 

devices as shown in Fig 3.9b. Methyl-terminated p-Si microwires aligned at the 

PEDOT:PSS:Nafion/glass border demonstrate ohmic character (Fig. 4.13), in agreement 

with prior measurements on planar methyl-terminated p-Si and PEDOT [151]. The total 

measured resistance in dark was ~180 kΩ and decreased to ~120 kΩ under 1 sun 

illumination. 

As shown in Fig. 3.9, the microwires were oriented parallel to the substrate and were 

illuminated from above so the illuminated photoactive area was ~1.5 µm × 100 µm. 

Under AM 1.5G illumination, increased conductivity was observed in the microwires 

which now behaved as a photoresistor, leading to slightly lower Rtotal values as indicated 

in Fig. 4.13. Assuming a relaxation time of 10 µs between the currents in the dark and 

under illumination, approximated through a set of I-V-t measurements, a photogenerated 

charge density of ~108 cm-3 may be approximated, knowing the total photogenerated 
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charge is equal to ∫ 𝐼.𝑑𝑡10𝜇𝑠
0  with I being the average difference in the amount of 

electrical current between dark and illuminated states [68,201]. However, this does not 

agree with the observed change in the resistance when compared to the bulk doping 

concentration of ~1017 cm-3. This behavior could potentially be due to the changes in the 

surface states under illumination. 

 This experiment was repeated following the storage of the samples in ambient 

conditions for 30 days; at which time the calculated junction resistance was found to be 

within 10% of the original value (180 kΩ in Fig. 4.13). One explanation for the increase 

in the junction resistance in the case of methyl-terminated microwires is oxidation at the 

base of the microwires where they had been cut off from the growth substrate. In some 

designs for the final water-splitting device design [88,150,151], despite the harsh aqueous 

environment, such exposure will not exist in the eventual device. 

Compared to the H-terminated microwires, the methyl-terminated n-Si microwires 

also show better oxidative stability. This was further confirmed by XPS analyses 

(Appendix E) that suggested a smaller amount of oxide grown over time for the methyl-

terminated microwires. The XPS analysis results on the H-terminated and methyl-

terminated n-Si microwire samples are shown in Fig. 4.14. In order to perform this test, a 

large amount of microwires were scraped from ~1 cm2 of the growth substrate (equal to 

~760 µg of microwires) and piled on an Au-coated glass substrate. This sample was then 

mounted into the XPS vacuum chamber for analysis. The XPS measurement parameters 

are presented in Appendix E. The escape depth of XPS beam in these measurements is 

estimated to be 6-15 nm. As a result, the XPS data could be reliably attributed to the 

surface region of the microwires. 



 

92 
 

 

(a) 

 

(b) 

Figure 4.14: Results from XPS analysis on H-terminated and methyl-terminated n-Si microwire 

samples, featuring the Si-2p region; (a) at day 1 and (b) after one month. The escape depth of the 

XPS beam in these measurements is estimated to be 6-15 nm. As a result, the XPS data could be 

reliably attributed to the surface of the microwires. Larger amounts of oxide were observed in the 

case of H-terminated samples compared to the methyl-terminated samples. The oxide observed in 

the case of methyl-terminated samples was attributed to the base of the microwires, where they 

had been cut off from the growth substrate. 
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H-terminated n-type Si microwires were freshly etched at the time of first XPS 

analysis (day 1). Methyl-terminated n-Si microwires were also taken from a recently 

methylated batch. Both samples were then kept under the lab conditions for one month 

prior to the analysis being repeated.  

From the Si XPS analysis results (Appendix E), the ratio of the feature at ~103 eV, 

attributed to oxidized Si, to neutral Si 2p peak at ~99eV was chosen as a measure of 

oxide ratio in each case. Although the H-terminated wires were etched before the 

measurements, the time interval between the etch and mounting the samples into the XPS 

chamber was long enough for the native oxide to form. A large intermediate oxide (hemi-

oxide) peak was observed around 101 eV in the 'Day 1' results. The feature at 101 eV was 

excluded in the calculation of the oxide ratio given in the inset of Fig. 4.14a and 4.14b 

and only the peak at 103 eV was considered. Inclusion of this feature leads to even larger 

oxide ratios (>40%) in the case of H-terminated microwire samples. 

The oxide ratio for the case of H-terminated microwires remained roughly constant 

over the course of a month indicating the presence of a saturated native oxide layer. The 

unchanged ratio for H-terminated samples (~24%) following a one-month period 

contrasts greatly with the changed ratio recorded for the methyl-terminated samples 

(from ~5% initially to ~11% after one month). This clearly indicated that methylation 

improved oxidative stability. 

The oxide observed in the case of methyl-terminated samples was attributed to the 

base of the microwires, where they had been cut off from the growth substrate. This area 

was exposed to ambient conditions and having no methylation, oxidation could initiate 

here. However, as observed in the XPS curves, Fig. 4.14, a smaller amount of oxide was 
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formed on the methyl-terminated samples as compared to the H-terminated microwires. 

This was attributed to the added protection provided by the passivation layer. 

Unlike the H-terminated n-Si microwire/polymer junctions which exhibit a non-

rectifying character (Fig. 4.10b), the methyl-terminated n-Si microwire/polymer junctions 

demonstrate strong rectifying behavior (Fig. 4.15), leading to a larger effective 

polymer/microwire junction resistance. Methylation of Si has been reported to shift the Si 

band edges by creation of negative dipoles at the surface [5,180,181]. The behavior 

observed in this case could be attributed to this effect which in combination with the 

initial Fermi level mismatch between n-Si microwires and p-type polymer could result in 

a strong rectifying character. Dark I-V data analysis indicated that approximately 630 mV 

is required to achieve ~21 nA of current (anticipated maximum current per microwire at 

complete light absorption, see section 3.2.3) in these junctions. 

 

Figure 4.15: I-V data for a 100 μm long methyl-terminated n-Si microwire with a diameter of 

~1.5 μm aligned at the PEDOT:PSS:Nafion/glass border, in dark and under solar AM 1.5G. A 

strong rectifying behavior, attributed to the shift in the Si band edges induced by methylation, 

was observed at methyl-terminated n-Si microwire/polymer junction. Approximately 630 mV is 

required to achieve ~21 nA of current in these junctions 
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The electrical character of the water splitting cell under test, formed using the 

combination of methyl-terminated n-Si and p-Si microwires, was dominated by the 

rectifying behavior at the n-type microwire/polymer junction (Fig. 4.16). Under 

illumination, ~5 nA of short circuit current was measured for this rectifying junction. In 

the 0.8-1 V bias region, the dark and illuminated DC resistance values were almost the 

same. 

The anticipated maximum current per microwire at complete light absorption (21 nA) 

was measured at ~650 mV in these junctions under illumination. This demonstrates the 

detrimental effect of the large junction resistance at small bias levels. The results of 

comparative measurements on both H-terminated and methyl-terminated samples at day 1 

are summarized in Table 4.4. 

 

Figure 4.16: Measured I-V for complete photoelectrolysis cell with ~100 μm long methyl-

terminated p-Si and n-Si microwires with diameters of ~1.5 μm. The electrical character of the 

cell is dominated by the rectifying behavior at the methyl-terminated n-type microwire/polymer 

junction (Fig. 4.15). Anticipated maximum current per microwire at complete light absorption (21 

nA) was measured at ~650 mV in these junctions under illumination. 



 

96 
 

Table 4.4: Measured resistances in kΩ (±1%) for both H-terminated and methyl-terminated Si 

microwire/polymer systems at day 1. The microwire length and diameters were ~100 μm and 

~1.5 μm respectively. In the case of rectifying junctions (Fig. 4.15), the measured DC resistance 

represents the series resistance in turn-on region.  

 R
wire-p

 R
wire-n

 R
C-p

 R
C-n

 R
PEDOT:Naf.

 Expected R
total 

 

H-terminated 
(dark) 

50 18 120 850 2 1040 

Methyl-terminated 
(dark) 

50 18 100 900 2 1070 

Methyl-terminated 
(AM 1.5G) 

30 10 90 850 2 982 

 

Although passivation of the Si surfaces added to the stability of the electrical 

properties of the microwire/polymer junctions, the overall resistance measured for the 

system is still higher than the maximum acceptable resistance values (~480 kΩ for the 

individual water splitting cell). Also, further energy must be invested to achieve desirable 

current levels in the rectifying junction between the methyl-terminated n-Si microwires 

and polymer membrane which, considering the limited amount of photovoltage generated 

from sunlight, presents another challenge towards the optimized function of the system. 

4.4 Application of Methyl-terminated Si Microwires 

with Modified Base 

As shown in section 4.3.4, the electrical character of the junction between methyl-

terminated p-Si microwires and PEDOT:PSS:Nafion demonstrates a desirable stability 

over time. This also was the case for methyl-terminated n-Si microwire/polymer 

junctions however, the rectifying behavior of these junctions presents a challenge toward 
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the optimal function of the system. Fully ohmic behavior is a desirable property for all of 

these junctions to form a working dual bandgap solar water splitting system as 

demonstrated in Fig. 2.1b.  

Ohmic behavior in such a case could be achieved by combining two separate 

conducting polymers, one that makes ohmic contact to each electrode or, by modification 

of the n-type microwire base (in contact with membrane) either by addition of a metallic 

interfacial layer or increased doping levels to narrow down the depletion region and 

facilitate quantum mechanical tunneling of charge carriers [69]. 

Combining two separate conducting polymers will likely be challenging as the first 

issue is to find another conducting polymer compound with desired characteristics 

(section 2.2.1). Furthermore, it is reasonable to anticipate that such a polymer compound, 

one that forms an ohmic junction to the methyl-terminated n-Si microwires, will likely 

form a rectifying contact with the first conducting polymer, PEDOT:PSS:Nafion. As a 

result, this approach might only shift the position of the rectifying junction further inside 

the layered polymer membrane. Introducing a metallic interface seems to be more 

realistic. However, it also requires a search for appropriate interfacial metallic element as 

well as potentially further fabrication issues associated with the deposition of such an 

element in a chemically and spatially complex structure. 

Modification of the n-type microwire base by increased doping seems to be the most 

practical approach as it neither requires additional material to be matched into the system 

nor demands major changes into the design or fabrication procedures of the solar water 

splitting cell. In addition, the VLS growth procedure for Si microwire fabrication is well 

studied [90,120,122,133] and as a result, introducing an increased amount of doping into 
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a region of Si microwires seems to be a plausible approach to resolve the unwanted 

rectification issue at the methyl-terminated n-Si microwire/polymer junctions. 

A local increase in the doping concentration at the base of the microwires may be 

possible by thermally-induced diffusion of dopants from degenerately doped growth 

substrate. This would cause the dopants to diffuse from the substrate into the base of the 

wires (Fig. 4.17). 

It is well known [202] that during high temperature processing, impurity profiles are 

redistributed through a diffusion process. There are different forms of impurity atom 

diffusion that may occur: vacancy diffusion, when a substitutional atom exchanges lattice 

positions with a vacancy; interstitial diffusion, when an interstitial atom jumps to another 

interstitial position; or a combination of these mechanisms, known as interstitialcy 

diffusion (Fig. 4.18) [69,203]. Since dopant atoms such as P, occupy substitutional 

positions once activated, dopant diffusion is closely linked to and controlled by the 

presence of vacancy and interstitial point defects. 

 

Figure 4.17: A local increase in the doping concentration at the base of the microwires may be 

possible by performing a thermal annealing. The dopants will diffuse from the degenerately 

doped growth substrate towards the base of the wires, leading to an elevated doping density in the 

base area (right-side image). 
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Figure 4.18: (a) Vacancy, (b) interstitial and (c) interstitialcy diffusion mechanisms. The white 

circles represent the host atoms and the black circles represent the diffusing species. 

The diffusion constant, D (in cm2s-1) derived from Fick’s first law, can be expressed 

as [204,205]: 

𝐷 = 𝑠2𝑓
2

  (4.4) 

where s is the spacing, and f is the rate at which each atom jumps from one site to the 

adjacent site for any given temperature. 

Whether an impurity atom occupies a substitutional or interstitial position in single 

crystal Si, the atom is trapped in a periodic potential defined by the lattice, with the 

probability of an atom jumping from one position to the next, increasing exponentially 

with increasing temperature. The diffusion process now can be characterized by an 

activation barrier with an energy, Ea, where Ea is the energy that must be overcome by an 

atom to jump from one site to the next site [205]. 

The jumping rate, f, is given by the product of two terms, with the first term being the 

rate with which the atom collides with the barrier f0 (approximately 1013 to 1014 Hz for Si 

[205]), and the second term being the probability the atom will overcome the barrier 

during a collision given by the Boltzmann factor, exp(-Ea/kBT), where kB is Boltzmann’s 
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constant and T is the absolute temperature in Kelvin. The rate at which atoms jump to a 

new position is then given by [205]: 

𝑓 = 𝑓0𝑒𝑥𝑝 �−
𝐸𝑎
𝑘𝐵𝑇

�  (4.5) 

Each atom can also move to any adjacent site, so (4.5) should be multiplied by the 

number of adjacent sites (four for Si). For the interstitial case, equation (4.5) simply 

becomes: 

𝑓 = 4𝑓0𝑒𝑥𝑝 �−
𝐸𝑎
𝑘𝐵𝑇

�  (4.6) 

For substitutional atoms (vacancy diffusion), an additional term must also be added to 

account for the probability of a vacancy or interstitial existing in the adjacent site 

(vacancies for vacancy diffusion and interstitials for interstitialcy diffusion). Assuming 

Ed as the activation energy required for producing such point defect formation sites, (4.5) 

will then be modified to: 

𝑓 = 4𝑓0𝑒𝑥𝑝 �−
𝐸𝑎+𝐸𝑑
𝑘𝐵𝑇

�  (4.7) 

Experimentally determined activation energies for interstitial atoms are approximately 

0.5 eV and for substitutional atoms are approximately 3 eV [205].  

Taking into account that the spacing, s, between atoms can be written as 𝑎
√3�  for a 

diamond structure [68,69], where a is the lattice constant, the diffusion constant equation 

(4.4) can be rewritten by substituting equation (4.6) for the interstitial diffusivity: 
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𝐷 = 4𝑓0𝑎2

6
𝑒𝑥𝑝 �− 𝐸𝑎

𝑘𝐵𝑇
�  (4.8) 

Substituting equation (4.7) into equation (4.4), the diffusion coefficient for 

substitutional atoms is given by: 

𝐷 = 4𝑓0𝑎2

6
𝑒𝑥𝑝 �− 𝐸𝑎+𝐸𝑑

𝑘𝐵𝑇
�  (4.9) 

Although implied by equations (4.8) and (4.9), interstitial and substitutional 

diffusivities are not the same for all the atoms and a variety of different factors such as 

electric fields, impurity-lattice size mismatch induced strain, and multiple diffusion 

mechanisms complicate actual diffusion coefficient values [202]. However, the 

exponential increase as a result of the elevated temperatures is evident. This was used as 

the basis for one potential approach, in order to induce the doping concentration at the 

base of the n-type microwires. 

The diffusivity of P in Si in high doping concentrations is explained as a vacancy 

dominated diffusion [203] and is shown in Fig. 4.19 versus different concentrations of P 

and different temperatures [206,207]. In order to modify the base of the microwires, 

following an 10% HF(aq.) etch to remove the Si native oxide, n-Si microwire arrays were 

treated at 1000 ˚C for approximately 10 hours. It is predicted that the n-type dopants (P) 

will diffuse up to 3 µm upwards from the degenerately doped growth substrate to the base 

of the microwires, providing n-Si microwires with higher doping concentrations at the 

base (Fig. 4.17). 
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Figure 4.19: Diffusion coefficient of P in Si versus concentration of P (cm-3) and temperature. 

The diffusivity of P in Si is dominated by vacancy diffusion. Adapted with permission from 

[207]. Copyright (1981) North-Holland Publishing Company. 

The n-Si microwires with elevated doping concentration at their bases were then 

methylated and used in a new set of microwire/polymer junctions for characterization. It 

is worth mentioning that SEM imaging on these microwire arrays did not provide any 

visual evidence of the differential doping at the base area and single microwires/polymer 

junction measurements were used as the only verification tool. 

I-V measurements on the junctions formed between methyl-terminated n-Si 

microwires (with increased doping level at the base via thermally-enhanced diffusion) 

and PEDOT:PSS:Nafion (Fig. 4.20a) showed increased conduction in the junction area, 

potentially due to quantum mechanical tunneling of charge carriers, leading to an 

improved reverse bias I-V with less DC resistance. 
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(a) 

 

(b) 

Figure 4.20: (a) I-V measurements on the junctions formed between a methyl-terminated n-Si 

microwire (with elevated doping at the base via thermally-enhanced diffusion) and 

PEDOT:PSS:Nafion conducting polymer composite. No rectification similar to the case of Fig. 

4.15 was observed in this case and the target current of 21 nA was achieved in these junctions at 

approximately 100 mV. (b) Measured I-V profile of the same microwire, with the other end of the 

microwire (with normal doping profile) in contact with the polymer. Rectification behavior was 

observed, confirming the effect of increased doping density at the base of the microwire. 
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The effect of increased doping density at the base was further verified by measuring 

the I-V profile of the same microwire, having the tip with normal doping density in 

contact with the polymer. A rectifying behavior, similar to Fig. 4.15, was observed in this 

case (Fig. 4.20b). 

The measured DC resistance in this set of measurements, varied from approximately 

600 to 800 kΩ, between different batches of microwires with modified bases. This is well 

below the values measured for H-terminated and methyl-terminated n-Si 

microwire/polymer junctions (Table 4.4). Although, the target current of 21 nA (section 

3.2.3) was achieved at approximately 100 mV bias voltage in these junctions due to the 

elevated DC resistance close to zero-bias, assuming the measured DC resistance at high 

bias voltage region as an absolute limit, a total loss of ~16 mV may be achievable in a 

system including these microwires. Further improvement in the junction properties is 

required to meet the acceptable DC resistance value (~480 kΩ). 

4.5 Comparative Summary of the Candidate Systems 

A comparative summary of the final measurements is presented in Table 4.5 with the 

critical parameters that require further improvement being highlighted. Doping the base 

of the microwires via thermally-induced diffusion process, in combination with the stable 

methylation process has the potential to address the oxidative stability issues as well as 

high junction resistances in the photoanode region, leading to a suitable candidate system 

for the use in the artificial photosynthesis system. 
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Table 4.5: Measured resistances in kΩ (±1%) for both H-terminated and methyl-terminated (with 

and without highly doped base) Si microwire/polymer systems. The microwire length and 

diameters were ~100 μm and ~1.5 μm respectively. The measured DC resistance in all cases 

represents the series resistance in the 0.8-1.0 V region. In the case of rectifying junctions, higher 

resistance is expected in the ±30 nA region. Highlighted cells indicate the critical areas where 

further improvement is required. 

 R
wire-p

 R
wire-n

 R
C-p

 R
C-n

 R
PEDOT:Naf.

  R
total 

 

H-terminated 
(dark) 

50 18 120 850 2 1040 

H-terminated 
(dark-after 30 days) 

50 18 >10,000 >17,000 2 >27,000 

Methyl-terminated 
(dark) 

50 18 100 900 2 1070 

Methyl-terminated 
(AM 1.5G) 

30 10 90 850 2 982 

Methyl-terminated 
(dark-after 30 days) 

50 18 103 915 2 1088 

Methyl-terminated 
- highly doped base 
(dark) 

50 18 100 580 2 750 

Methyl-terminated 
- highly doped base 
(AM 1.5G) 

30 10 90 550 2 720 
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Chapter 5 

Conclusions and Future Work 

5.1 Conclusions 

his thesis described research on the electrical characterization of the materials 

and structures for the use in a proposed artificial photosynthesis system. The 

contribution made by this work spanned two topics. The first contribution concerned the 

development of a novel contact formation technique that employed W probes (with or 

without In/Ga) to make good electrical contacts to Si microwires. The advantage of this 

technique was that the contacts were formed only by applying mechanical pressure to the 

probe/microwire junction area. The local pressure in the immediate contact area of the Si 

microwire resulted in a local phase transition in Si and resulted in the observed, 

reproducible, ohmic contact. This alleviated the need for lithography and high-

temperature process step to form a metal/Si ohmic contact, providing an easy, reliable, 

fast and extremely flexible contact formation approach. Using this technique, Si 

microwires with different doping types and concentrations were examined and the 

measured resistances and calculated doping concentrations were in agreement with the 

expected doping levels for the microwires [90,120,133,172]. 

 

T 
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The second contribution concerned the successful application of this technique to 

characterize the electrical junction between single Si microwires and two conducting 

polymer films. The electronic character of a functional unit of a proposed photosynthetic 

water splitting system and each junction within the cell was investigated both in the dark 

and under simulated AM 1.5G solar spectrum. The flexibility of the developed contact 

formation technique facilitated the characterization of different combinations of the water 

splitting cells. 

Water splitting cell configurations employing low doped and highly doped Si 

microwires in combination with two different conducting polymer materials were initially 

investigated. The results of these initial measurements helped to define the required 

electrical properties for the individual microwires and for the candidate conducting 

polymers to be used in a working artificial photosynthesis device. The data indicated that 

the PEDOT:PSS:Nafion combination with highly doped Si microwire would provide a 

suitable combination, from an electrical resistance perspective, to be used in a solar fuels 

generation device. 

Both the short term and long term stability of a single artificial photosynthesis cell, 

comprising the selected microwire/polymer combination was investigated. It was 

concluded that H-terminated microwire/polymer contacts exhibit poor long-term stability 

due to native oxide formation. In an attempt to resolve the stability issue, the surface of Si 

microwires was passivated using kinetically stable Si–C bonds, following a dual-step 

chlorination–alkylation technique. Long term electrical stability was demonstrated with 

these samples as compared to their H-terminated counterparts. Furthermore, it was 

verified that CH3-terminated n-Si microwire/PEDOT:PSS:Nafion junctions demonstrated 
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rectifying behavior potentially due to the shift in the energy of the Si band edges at the 

interface, induced by creation of negative surface dipoles [5,180,181]. This suggested 

that in order to provide ohmic contacts on both Si/polymer contacts in the finalized 

device, a modified approach will likely be needed. 

Finally, in order to resolve the rectification issue at the CH3-terminated n-Si 

microwire/polymer junctions, the base of n-type microwires, in contact with the 

membrane, was modified by a local increased in the doping concentration. The 

measurement results on the system comprising these microwires in contact with 

PEDOT:PSS:Nafion suggest a promising improvement in the reverse bias I-V character 

at these junctions. In combination with the stable methylation process, this approach has 

the potential to address the oxidative stability issues as well as high junction resistances 

in the photoanode region, leading to a potential candidate for the use in the ultimate 

artificial photosynthesis device. 

Measurements on the systems including microwires with doped bases through 

thermally-enhanced diffusion suggested that the target current of 21 nA (section 3.2.3) 

may be achieved at less than 100 mV bias voltage due to the elevated DC resistance close 

to zero-bias, indicating the need to further improvement in the junction properties to meet 

the acceptable DC resistance value (~480 kΩ). However, assuming the measured DC 

resistance at high bias voltage region as an absolute limit, a total loss of ~16 mV may be 

achievable in a system including these microwires.  

More generally, the work presented in this report provides not only a further insight in 

the material-related issues that need to be addressed in order to achieve a complete 
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artificial photosynthetic device, but also a potential approach for investigating many 

different microstructures comprising Si microwires. 

5.2 Future Work 

Several pathways for future work are possible. As the search continues for appropriate 

photoelectrode materials, a potentially interesting application of this technique is to 

examine its utility to characterize microwires with different structures such as radial PN 

junctions [71,131,135,149] or semiconductor materials other than Si [61,208]. Other 

water splitting structures including layered polymer membranes are also under 

investigation [151]. Modifications could be made to apply this technique for 

characterization of these new structures. 

The technique described in this thesis provides a tool for investigating random local 

sites on the polymer membrane. It will be interesting, from a fundamental viewpoint, to 

develop an accurate characterization tool for investigating electronic homogeneity of 

these membrane materials in larger scales. For example, considering the present 

microwire array arrangement (Fig. 3.1), a 100 µm × 100 µm area on the polymer 

membrane will include more than 200 microwires embedded into the polymer. It is clear 

that there is a need for a characterization technique with sufficient spatial resolution to 

investigate the electronic properties of a candidate polymer membrane at these length 

scales. 

One potential approach to this may be found in the development of a dynamic 

homodyne electrostatic force microscopy (EFM) technique. Separate studies by the 

present author including the recently reported stable imaging of surface acoustic wave 
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(SAW) interference patterns at GHz frequencies [209] suggest that the dynamic 

homodyne EFM technique can be applied to characterize large scale electronic 

homogeneity of polymer membranes for the use in the artificial photosynthesis system. 

Independent of the probe cantilever mechanical resonant frequency, this non-contact 

EFM technique has no theoretical limit in detecting polarization effects at GHz 

frequencies. Considering the limited number of reports investigating high frequency 

dielectric properties of polymeric systems such as Nafion [210], this sets the ground for 

fundamental studies on high frequency dynamic properties of the candidate materials for 

the use in a wide range of applications including the solar water splitting systems. 
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Appendix A 

Calculation of the Minimum Required 

Membrane Conductivity 

Estimating the current density, J, passing through a membrane, assuming a solar flux of 

4×10-7 mmol s-1 cm-2 (taken for a range of ~400 - 700 nm of solar spectrum [87]) and 

assuming that one charge carrier traverses the membrane for every two incident photons 

absorbed by the semiconductor photoelectrodes: 

 

Current density (J) = (4×10-7 mmol s-1 cm-2) × (6.02×1023 e mol-1) × [(1.602×10-19 e-)/2] 

        = 0.019 A cm-2 ≈ 20 mAcm-2 

 

Knowing that membrane thickness (L in the resistance formula) is actually the direction 

of current flow so given a current density of 20 mAcm-2 and a maximum allowable 

voltage loss, ΔV, of 10 mV: 

𝑅 =  𝜌
𝐿
𝐴

 

𝜌 = 𝑅 ×
𝐴
𝐿

=  
∆𝑉
𝐼

×
𝐴
𝐿

=  
∆𝑉
𝐽 × 𝐴

×
𝐴
𝐿

=  
∆𝑉
𝐽 × 𝐿
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𝜎 =  𝜌−1 =  �
∆𝑉
𝐽 × 𝐿

�
−1

= (2 Ω−1 cm−2) × L 

Given a membrane thickness of L = 1 μm, then σ = 0.2 mΩ-1 cm-1 or 0.2 mScm-1. Hence, 

every 1 μm increase in membrane thickness requires a corresponding increase in 

membrane conductivity of 0.2 mScm-1. For a membrane thickness of 40 μm, the 

minimum conductivity required to support an IR loss ≤ 1 % would be 8 mScm-1. 
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Appendix B 

Metallic Catalyst Removal Procedure 

The Si microwires were grown on <111> Si substrates using a chemical-vapor-

deposition, vapor–liquid–solid (VLS) growth process by the collaborator lab at Caltech 

[90,120,133,172]. The VLS catalyst employed was Cu. For most samples the metallic 

catalyst was removed from the top and sidewalls of the microwires by chemical etching 

processes discussed below. After growth, a slow cool down procedure was performed so 

that the metallic catalyst diffused out readily from the Si. The etch procedure for 

removing the catalyst and for etching off the SiO2 that resulted from the catalyst removal 

was as follow: 

10 s, 10% HF(aq.) 

RCA2 Etch: 20 min, DI water:HCl:H2O2 (7:1:1, v/v/v) 

10 s, 10% HF(aq.) 

RCA2 Etch: 20 min, DI water:HCl:H2O2 (7:1:1, v/v/v) 

10 s, 10% HF(aq.) 

1 min, 30 wt.% KOH(aq.) 

10 s, 10% HF(aq.) 

After each step, the microwires were rinsed thoroughly with DI water and dried under 

a stream of N2. RCA2 etch was used to remove the metallic catalyst. The KOH was used 
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to remove leftover Cu impurities at the Si surface. Finally, diluted HF was used to 

remove the native oxide and any oxide formed during the catalyst removal process. 
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Appendix C 

Conducting Polymer Film Preparation 

Three different conducting polymer solutions were prepared for the measurements. Each 

procedure includes the polymer solution preparation and spin coating the solution on the 

target substrates. The solution was typically coated at 2000 rpm for 20 seconds. The film 

preparation for each polymers followed by a rinsing process to remove the residual PSS 

or PMA. Microwires were aligned before the rinsing process in all of the cases. 

C.1 PEDOT:PMA 

PEDOT:PMA solution was prepared using acetonitrile (CH3CN) as the solvent. The 

procedure is as follows: 

PMA solution: CH3CN (1 mL) + PMA (1.9 gr)  

EDOT solution: CH3CN (1 mL) + EDOT (42.6 μL) 

These solutions were mixed and spin coated on the target substrates to form the final 

PEDOT:PMA membranes. For the rinsing process, the films were placed in 

dichloromethane (CH2Cl2) solution with a small amount of acetonitrile (3~4 mL) for ~ 30 

min. 
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C.2 PEDOT:PSS:Nafion 

PEDOT:PSS was purchased from Sigma-Aldrich (and later on from Clevios) as an 

aqueous solution. Nafion was also purchased form Sigma-Aldrich as 10 wt.% dispersion 

in water. In order to prepare 12 wt.% PEDOT:PSS:Nafion, 1250 mL of Nafion solution 

was mixed with 750 mL PEDOT:PSS for 2-5 minutes on a vortex mixer. This solution 

was then spin coated on the glass substrate. For the rinsing process (optional), the films 

were placed in acetonitrile for ~ 30 min. The films were then allowed to dry for 6–8 

hours under the lab conditions and then annealed at 100–150ºC for one hour. 
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Appendix D 

Solar Simulator: Beam Profiling and 

Output Power Calibration 

In order to have an understanding about the exact amount of optical power that reaches 

the microwire/polymer samples, the output power of the solar simulator was measured 

and calibrated using a Thorlabs BP109-UV slit-scanning optical beam profiler for 200-

1100 nm wavelength range (Fig. D.1a) and a Newport 1918-R high-performance hand-

held optical power meter (Fig. D.1b).  

Furthermore, to study the power variation across the diameter of the projected beam, 

the uniformity of the output power across the beam diameter was also investigated using 

the optical beam profiler. As the magnitude of solar power is commonly noted in the 

form of power density (power/area), it was necessary to convert the measured power 

values into the power density. Knowing the diameter of the sensor aperture, calculation 

of the power density in Wcm-2 will be straightforward for any given amount of optical 

power. Fig. D.2 demonstrates the general measurement setup. Fig. D.3 shows measured 

solar power density versus distance between the solar simulator light aperture and power 

detector surface, for 225 W of input power applied to the solar simulator lamp. 
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(a) 

 

(b) 

Figure D.1: (a) A Thorlabs BP109-UV optical beam profiler was used to investigate the optical 

output power and the uniformity of the power density across the optical beam diameter. With an 

aperture diameter of 9 mm, BP109-UV is able to scan optical beams with diameters ranging from 

20 µm to 9 mm. (b) The absolute optical power was measured using a Newport 1918-R high-

performance hand-held optical power meter. The measured power was then used to calibrate the 

optical beam profiler readings. 
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Figure D.2: Calibration of solar simulator. The distance between the light aperture and detector 

was ~20 cm, close to the distance between the light source and samples during the 

microwire/polymer characterization. Calibration was performed with and without mirror to 

investigate the power loss, as a result of reflection from mirror.  

Fig. D.4 shows measured solar power density versus different lamp input power. In 

this case, the distance between the light aperture and detector was 20 cm, close to the 

distance between the light source and samples during the microwire/polymer 

characterization. The same mirror used to reflect the beam onto the samples during the 

measurements, were used during the calibration to account for any power loss and ensure 

enough power density at the samples. In order to investigate the uniformity of optical 

power density across the beam diameter, a standard aperture with a diameter of 1 mm 

was used immediately before the beam profiler and optical power was measured across 

the sensor diameter of the beam profile (9 mm). Variation of optical power density across 

the diameter of the sensor was verified to be less than 5%. This guarantees the uniformity 

of optical power during the characterization of the microwire/polymer test structures. 

Solar source 

AM 1.5G filter 
Beam profiler 
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Figure D.3: Measured solar power density in Wcm-2 (± 5%) versus distance between the solar 

simulator light aperture and power detector surface (Fig. inset), for 225 W of input power applied 

to the solar simulator lamp. 

 

 

Figure D.4: Measured solar power density in Wcm-2 (± 5%) versus different lamp input power. 

The distance between the light aperture and detector (Fig. inset) was 20 cm. 
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Appendix E 

Si Microwires XPS Analysis Surveys 

As discussed in section 4.3.4, XPS analysis was carried out on H-terminated and CH3-

terminated n-Si microwire samples. 

XPS spectra were collected on a Kratos Axis Ultra DLD spectrometer under ultrahigh 

vacuum conditions (~1.3 × 10-7 Pa). Monochromatic Al Kα radiation at 15 mA emission 

current and 15 kV anode potential was used for excitation. Elemental scans were acquired 

with a pass energy of 20 eV. A charge neutralizer was employed to minimize charging 

and all spectra were calibrated to the C 1s line at 285.0 eV. XPS surveys for each set of 

measurements are presented in this section. 
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E.1 Methyl-Terminated n-Si Microwires: Day 1 

 

Figure E.1: The XPS survey of a batch of recently methylated n-Si microwires at day 1.  

 

 

 

Figure E.2: C1s region of the XPS survey for CH3-terminated n-Si microwires at day 1. 
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Figure E.3: O1s region of the XPS survey for CH3-terminated microwires at day 1. 

 

 

Figure E.4: Si2p region of the XPS survey for CH3-terminated microwires at day 1. 
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Table E.1: Details of the XPS analysis results on the freshly methylated n-Si microwires at day 1. 

Peak BE (eV) 
FWHM 

(eV) 
Raw Area 
(cps eV) RSF 

Atomic 
Mass 

Atomic 
Conc. (%) 

Mass 
Conc. (%) 

C 1s 284.952 1.588 11623.2 0.278 12.011 47.1 30.2 

O 1s 532.452 2.111 11805.8 0.78 15.999 15 13 

Si 2p 99.052 0.947 9606.6 0.328 28.086 37.9 56.9 

C 1s a 285 1.42 8456.7 0.278 12.011 34.1 21.9 

C 1s b 286.643 1.628 1851.7 0.278 12.011 7.5 4.8 

C 1s c 283.605 0.915 762.2 0.278 12.011 3.1 2 

C 1s d 289.223 1.39 585.8 0.278 12.011 2.4 1.5 

O 1s a 532.306 1.914 10202 0.78 15.999 13.1 11.2 

O 1s b 534.065 1.564 1622.8 0.78 15.999 2.1 1.8 

Si 2p 3/2 99.033 0.519 5948 0.328 28.086 22.7 34 

Si 2p 1/2 99.643 0.565 3478.5 0.328 28.086 13.2 19.9 

Si 2p 3/2 ox 102.135 0.948 325.1 0.328 28.086 1.2 1.9 

Si 2p 1/2 ox 103.197 0.845 198.9 0.328 28.086 0.8 1.1 
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E.2 H-Terminated n-Si Microwires: Day 1 

 

Figure E.5: The XPS survey of freshly etched H-terminated n-Si microwires at day 1. 

 

 

Figure E.6: C1s region of the XPS survey for H-terminated n-Si microwires at day 1. 
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Figure E.7: O1s region of the XPS survey for H-terminated n-Si microwires at day 1. 

 

 

Figure E.8: Si2p region of the XPS survey for H-terminated n-Si microwires at day 1. 
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Table E.2: Details of the XPS analysis results on the freshly etched H-terminated n-Si 

microwires. 

Peak BE (eV) 
FWHM 

(eV) 
Raw Area 
(cps eV) 

RSF 
Atomic 
Mass 

Atomic 
Conc. (%) 

Mass Conc. 
(%) 

C 1s 284.945 1.968 9901.4 0.278 12.011 37.5 23.7 

O 1s 532.945 2.413 21435.4 0.78 15.999 25.5 21.6 

Si 2p 99.745 1.36 10377.2 0.328 28.086 36.9 54.8 

C 1s a 285 1.586 7068.1 0.278 12.011 26.6 16.8 

C 1s b 286.422 1.643 2099.5 0.278 12.011 7.9 5 

C 1s c 288.345 2.212 810.2 0.278 12.011 3 1.9 

O 1s a 532.713 1.913 15817.7 0.78 15.999 18.9 16 

O 1s b 534.076 1.984 5545.8 0.78 15.999 6.6 5.6 

Si 2p 3/2 99.749 0.655 3360.9 0.328 28.086 11.9 17.7 

Si 2p 1/2 100.371 0.709 2010.2 0.328 28.086 7.1 10.6 

Si 2p hemi-ox 101.244 1.335 3280.5 0.328 28.086 11.6 17.2 

Si 2p ox 103.706 1.909 1774.4 0.328 28.086 6.3 9.3 

 

E.3 Methyl-Terminated n-Si Microwires: Day 30 

Samples of CH3-terminated and H-terminated n-Si microwires were kept under the lab 

conditions for one month prior to the analysis being repeated.  
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Figure E.9: The XPS survey for a batch of methylated n-Si microwires at day 30.  

 

 

Figure E.10: C1s region of the XPS survey for CH3-terminated microwires at day 30. 
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Figure E.11: O1s region of the XPS survey for CH3-terminated microwires at day 30. 

 

 

Figure E.12: Si2p region of the XPS survey for CH3-terminated microwires at day 30. 
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Table E.3: Details of the XPS analysis results on the methylated n-Si microwires at day 30. 

Peak BE (eV) 
FWHM 

(eV) 
Raw Area 
(cps eV) RSF 

Atomic 
Mass 

Atomic 
Conc. (%) 

Mass Conc. 
(%) 

C 1s 284.924 1.731 11836.8 0.278 12.011 46.6 30.3 

O 1s 532.224 2.184 13898.7 0.78 15.999 17.2 14.9 

Si 2p 99.224 1.118 9469.8 0.328 28.086 36.3 55 

C 1s a 285 1.595 9160.6 0.278 12.011 35.6 23.1 

C 1s b 286.724 1.627 1694.7 0.278 12.011 6.6 4.3 

C 1s c 283.368 1.004 538.1 0.278 12.011 2.1 1.4 

C 1s d 289.165 1.308 579.3 0.278 12.011 2.3 1.5 

O 1s a 532.262 1.807 11499 0.78 15.999 14.2 12.3 

O 1s b 533.891 1.677 2428.1 0.78 15.999 3 2.6 

Si 2p 3/2 99.086 0.73 5801.1 0.328 28.086 21.3 32.3 

Si 2p 1/2 99.723 0.705 2973.8 0.328 28.086 10.9 16.5 

Si 2p ox 102.178 2.441 1107.8 0.328 28.086 4.1 6.2 

 

  



 

131 
 

E.4 H-Terminated n-Si Microwires: Day 30 

 

Figure E.13: The XPS survey of H-terminated n-Si microwires at day 30. 

 

 

 

Figure E.14: C1s region of the XPS survey for H-terminated n-Si microwires at day 30. 
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Figure E.15: O1s region of the XPS survey for H-terminated n-Si microwires at day 30. 

 

 

 

Figure E.16: Si2p region of the XPS survey for H-terminated n-Si microwires at day 30. 

 

 



 

133 
 

Table E.4: Details of the XPS analysis results on the H-terminated n-Si microwires at day 30. 

Peak BE (eV) 
FWHM 

(eV) 
Raw Area 
(cps eV) RSF 

Atomic 
Mass 

Atomic 
Conc. (%) 

Mass Conc. 
(%) 

C 1s 285.009 2.362 8337.7 0.278 12.011 33 20.7 

O 1s 533.009 2.355 23188.4 0.78 15.999 29.7 24.8 

Si 2p 99.909 1.418 10190.4 0.328 28.086 37.3 54.7 

C 1s a 285 1.804 5585 0.278 12.011 22 13.8 

C 1s b 286.424 2.231 1909.1 0.278 12.011 7.5 4.7 

C 1s c 288.673 2.996 880.2 0.278 12.011 3.5 2.2 

O 1s a 532.825 2.039 17470.1 0.78 15.999 22 18.3 

O 1s b 534.054 2.335 6159.8 0.78 15.999 7.7 6.5 

Si 2p 3/2 99.834 0.961 4038.8 0.328 28.086 15.1 22 

Si 2p 1/2 100.463 0.919 1864 0.328 28.086 6.9 10.2 

Si 2p hemi-ox 101.328 1.676 2347.9 0.328 28.086 8.7 12.8 

Si 2p ox 103.672 1.778 1777 0.328 28.086 6.6 9.7 
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