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Abstract 

The role of high doping levels and the interfacial structure on the junction behavior 

between n-type silicon microwires and the conducting polymer, PEDOT:PSS, was 

investigated using tungsten probes, an established technique for Ohmic contact to 

individual microwires. The resistance and the doping density of carriers as a function of 

length along each microwire as well as the junction resistance between individual 

microwires and the conducting polymer were characterized by making Ohmic contact to 

microwires. The junction between highly-doped n-Si microwires and the conducting 

polymer had relatively symmetric current-voltage characteristics and a significantly 

lower junction resistance as compared to low-doped microwires. The current-voltage 

response of junctions formed between the polymer and low-doped microwires, which still 

incorporated the metal catalyst used in the growth process, was also studied. Junctions 

incorporating copper at the interface had similar current-voltage characteristics to those 

observed for the highly-doped microwire, while junctions incorporating gold exhibited 

significantly lower resistances. 
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Chapter One 

Introduction 

1.1 Solar Water Splitting Cells 

There exists an increasing demand for new conversion and storage schemes for 

energy as a response to existing and projected increases in global energy consumption. 

The annual global consumption of energy is estimated to rise from 13.5 terawatt (TW), 

equivalent to 4.1 × 1020 joules/yr, in 2001 to 27 TW by 2050 and 43 TW by the end of 

the century [1, 2]. Most of the increased energy production is expected to come from the 

combustion of fossil fuels that currently power society. However, the finite reserves of 

fossil fuels fail to meet this enormous growing in the global demand for energy and 

burning fossil fuels leads to massive emissions of greenhouse gases which risk disrupting 

the climate. Solar energy is the largest (the solar radiation falling on the surface of the 

Earth is 120,000 TW [2, 3]) and the most easy accessible renewable energy resource on 

the Earth. There exist several different potential technologies to convert light into useful 

energy, including solar thermal conversion, photovoltaics, and photoelectrochemistry. 

Solar thermal systems concentrate the light from the sun to create heat, and that heat is 

used to run a heat engine, which turns a generator to make electricity. All of these 
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engines can be quite efficient, often between 30% and 40% in summer [4, 5]. They will 

be the major contributors in summer but they will not be as efficient in winter. The output 

during winter typically goes down to the level of 20% of the output during summer [4, 5]. 

Photovoltaic, or PV energy conversion, on the other hand, directly converts the sun's light 

into electricity (maximum efficiency of ~ 32%). This means that solar panels are only 

effective during daylight hours because storing electricity is not a particularly efficient 

process [6-8]. These two technologies discussed above are unable to provide electricity at 

night or during winter without the use of expensive storage technology such as batteries. 

A photoelectrochemical cell or PEC is an attractive solution to the energy storage 

problem which uses photogenerated charges to create new chemical bonds which can be 

stored as fuels. There are several potential photoelectrochemical systems, however the 

photo-electrolysis of water to produce hydrogen and oxygen are significantly focused in 

this field because hydrogen represents a potentially high-efficiency and environmentally 

clean fuel [9, 10].  

In a photoelectrolysis cell (Fig 1.1), the semiconductor electrodes in contact with 

water produce electron-hole pairs when it is illuminated. In n-type semiconductor 

electrodes, the holes move to the surface and oxidize water to oxygen. The electrons 

separate from holes and flow to a second electrode and reduce water to hydrogen. In p-

type semiconductor electrodes, the electrons reduce water to hydrogen and the holes 

separate flow to first electrode and oxidize water. The element is often used as fuel 

because of its high calorific value. Combustion generates plenty of energy. Hydrogen fuel 

cells generate electricity from oxygen and hydrogen. These electrochemical cells 

generate only water vapor so it is considered as environment friendly.  
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Figure1.1: Schematic of a typical PEC device and its basic operation mechanism for hydrogen generation 

from water splitting.  

 

Having such a system with 10% efficiency and converging only 0.16% of the suns 

radiation on the surface of the Earth could yield 20 TW of power, which is nearly twice 

the rate of fossil energy being consumed in the world [2, 8]. The products of these 

systems, hydrogen, is a very light gas (0.08988 g/L), yielding a larger energy density 

(~140kJ/g) compared with any other fuels [11-13]. The products of these systems, 

hydrogen is utilized in a wide range of applications including internal combustion 

engines drive [13-15]; turbines drive for electricity production [8, 16]. 

 

1.2 Problem Definition and Motivation 

Light-driven electrolysis of water is an attractive and potentially efficient method of 

conversion and storage of solar energy to chemical fuel in the form of a chemical bond, 

H-H. A proposed design for an efficient solar-driven water splitting system comprises 
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both p-type and n-type silicon microwire arrays embedded, in series, in a conducting 

polymer film (Fig 1.2) [9, 17-24].  

 

 

Figure 1.2: Schematic diagram of the proposed artificial photosynthesis system. Blue portion of sunlight is 

absorbed by the photoanode and produces electrons and holes. The photogenerated holes oxidize water to 

hydrogen ions (protons) and oxygen molecules. The hydrogen ions move to the chamber with photocathode 

via the membrane. Red portion of sunlight passed through the photoanode and the membrane is absorbed 

by the photocathode and generates electrons and holes. The photogenerated electrons reduce the hydrogen 

ions and then produce hydrogen. The membrane must be electrically and ionically conducting to transfer 

the photogenerated electrons/holes and generated hydrogen ions between the chambers.  

 

Light incident upon the semiconductor with energy greater than the band-gap energy of 

the n-Si microwires (photoanodes) hv > Eg, results in the generation of an electron-hole 

pair. The photogenerated holes move toward the solution and the electrons are separated 
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and transferred via the membrane to the p-Si microwires (photocathodes). For the p-Si 

microwires (photocathodes), the photogenerated electrons moving to the surface and the 

holes transferred via the conducting polymer to the photoanodes. The photogenerated 

holes at the photoanode (n-Si) surface oxidize water molecules to form hydrogen ions 

(protons) and oxygen molecules, 2ܪଶܱሺ݈ሻ → ܱଶሺ݃ሻ ൅ ሻݍାሺܽܪ4 ൅ 4݁ି. The hydrogen 

ions are transferred via the membrane to the surface of the photocathodes (p-Si) in the 

reduction chamber. There they are reduced with photogenerated electrons at 

photocathodes surface, the result being H-H molecule via 2ܪାሺܽݍሻ ൅ 2݁ି →  ଶሺ݃ሻ . Aܪ

functional and effective water splitting system requires a membrane to act as a barrier to 

H2(g) and O2(g) diffusion in order to avoid recombination of water splitting products. The 

membrane needs to be electrically and ionically conducting to allow excess 

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

charge neutrality; and the generated hydrogen ions be transferred to the reduction 

chamber. S. L. McFarlane et al. proposed a composite membrane, PEDOT:PSS/Nafion, 

for artificial photosynthesis applications made from an electronically conducting 

polymer, PEDOT:PSS (polyethylenedioxythiophene/polystyrene sulfonate) and an 

ionically conducting polymer, Nafion [25].  

Absorption of photons with energy greater than the band-gap of the Si microwires array 

generates a maximum short-circuit photocurrent of ~21 nA per microware [26, 27]. Since 

the photogenerated electrons/holes in the photoanode/photocathodes should traverse the 

membrane to the photocathode/photoanode yielding the two half reactions of water 

splitting, the source of electrical loss must be minimized to effectively use the available 

photocurrent (photogenerated carriers) generated by the system to split water with 
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reasonable efficiency. The design consideration for such a device indicates that 0.5 MΩ 

end-end resistance of a single unit cell at 21 nA will result in an acceptable IR loss of less 

than 1% across the membrane in an ideal solar water splitting [27]. I. Yahyaie et al. 

explored the electrical properties of the junction between non-degenerate Si microwires 

and PEDOT:PSS/Nafion in which methyl-termination of the microwires was employed to 

avoid the formation of native oxides on the Si microwires and to improve the long-term 

stability of the conducting polymer/microwire junction performance [27, 28]. The studies 

showed an acceptable junction resistance ~ 0.1 MΩ for the junctions between a 

conducting polymer and methyl-terminated p-Si microwires [27-29]. However, the 

junction between methyl-terminated n-Si microwires and the conducting polymer showed 

a larger resistance (> 20 MΩ) far above the target [27-29]. The large junction resistance 

resulted from the formation of a Schottky barrier at the junction between the methyl-

terminated n-Si microwires and the membrane [27-29]. 

   There are two possible approaches to lower the effect of the Schottky barrier at n-Si 

microwire/membrane junctions, yielding an improvement on the electrical behaviour of 

this junction. One approach is raising the doping concentration of the microwires to lower 

the depletion region width [30]. A narrow depletion layer facilitates quantum mechanical 

tunnelling of the charge carriers, increasing the conductivity of the structure. Another 

possible approach is addition of a metallic interfacial layer to reduce the Schottky barrier 

height at the contact with semiconductor and make Ohmic contact with conducting 

polymer [30].  

The electrical behavior of the junctions formed between a conducting organic polymer, 

PEDOT:PSS, and highly-doped microwires (n+-Si) and highly-doped base microwires 
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(nn+-Si, n+ in contact) with doping density of 1019-1020 cm-3 as well as the electrical 

behavior of junctions formed between the conducting polymer and the low-doped end of 

highly-doped base microwires (nn+-Si, n in contact) with doping density of ~1018 cm-3 are 

investigated in this study. The current-voltage responses of the junctions with the 

presence of a metallic layer (copper or gold) at the polymer/microwires interface were 

also studied. These junctions are formed by embedding copper-capped (Cu/nn+-Si) and 

gold-capped (Au/nn+-Si) highly-doped based microwires in the membrane.  

 

1.3 Thesis Organization 

The following chapter of this thesis will overview the basic principles and components 

of the proposed solar water splitting devices and discuss the minimum electrical 

properties the systems required to work efficiently. Chapter 3 introduces the use of 

tungsten probes to make direct ohmic contacts to individual silicon microwires and single 

cells of the water splitting devices. Chapter 4 will present the results of individual silicon 

microwires and Si microwires/polymer systems and discuss how raising doping density 

of carriers and addition of metallic interfacial layer improved the electrical properties of 

the systems. Chapter 5 will conclude the results of measurements and researches 

performed in this study then discuss future directions for the project. 
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Chapter Two 

Theory and Review 

2.1 Water Splitting Cells 

The goal of water splitting devices is conversion of pure water into O2 and H2; and 

decomposition of a molecule of water (H2O → H2 + ½O2) requires energy of ΔG = 237.2 

kJ.mol-1 at 25 °C, which is equal to 2.48 eV per molecule of water. In other words, 

electrochemical potential difference (ΔE°) of 1.23 V is required per electron transferred 

in a water electrolysis reaction [24]. In water splitting devices, the light harvested by the 

semiconductor materials is used to supply the required energy [10, 31]. Under irradiation, 

the photo-generated holes on the photoelectrode are used at the semiconductor/solution 

interface to oxidize water molecules to produce oxygen molecules (by-product) and 

hydrogen ions ( , Eo = 1.23V) through an oxygen 

evolution reaction (OER). The electrons generated on the photoelectrode reduce 

hydrogen ions to generate hydrogen ( , Eo = 0V) through a 

hydrogen evolution reaction (HER) [24]. The water splitting process can be driven by 

using a semiconductor material under illumination which has sufficiently wide band gap 

  eaqHgOlOH 4)(4)()(2 22

)(2)(2 2 gHeaqH  
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energy (Eg); conduction band energy (CB) and valence band energy (VB) that brockets 

the electrochemical potentials associated with hydrogen and oxygen evolution reactions 

(Fig 2.1).  

 

 

Figure 2.1: Energy diagram of a single band-gap semiconductor (Eg > 1.23 eV) vs oxygen evolution 

reaction (OER) and hydrogen evolution reaction (HER) for overall water splitting. The semiconductor 

absorbs the incident light and generates electron-hole pairs. The photogenerated electrons and holes find 

their way to the semiconductor/ solution interface to participate in HER and OER. 

 

The above discussion indicated that the minimum energy needed to split the water 

molecule is 1.23 eV. In practice, the required energy is greater than 1.23 eV due to the 

energy loss contributions such as the resistance of the electrodes, the electrical 

connections, contacts; the combination of photo-generated electrons/holes; and 

polarization of the PEC [24, 32]. Hence, ~2 eV per electron-hole pair generated has been 

reported to be need for the photoelectrolysis operation to cover the estimated value of 

these combined losses [17, 24, 32, 33]. If a single semiconductor photoelectrode ( single 

photosystem) is only used to absorb light for the water splitting process, the minimum 
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band-gap energy needed is greater than Eg > 2 eV (λ < 620 nm). The band-gap of the 

photo-absorber governs the fraction of the solar energy that can be absorbed since only 

photons with energy equal to or larger than that of the band-gap can be absorbed and used 

for the conversion. Materials with large band-gaps significantly limit light harvesting, 

leave out much of the solar spectrum, and reduce the maximum practically achievable 

efficiency (Fig 2.2) [32, 34, 35]. The theoretical efficiency for conversion of incident 

solar energy to chemical energy is expressed in eq 2.1. 

                                                        ,                             (2.1) 

where Jg is the absorbed photon flux (s-1m-2) for energies > Eg of electrodes, μex is 

chemical potential generated by light absorption in the system, φconv is the quantum yield 

for absorbed photons and conversion of photons into products, and S is the total incident 

solar irradiance (mW cm-2) [17, 18, 24]. The photon flux is the area below the spectrum 

curve (number of photons vs. photon energy) for the photons available for conversion; 

and it is directly proportional to solar conversion efficiency (eq 2.1). The materials with 

larger band-gaps have smaller absorbed photon flux (Fig 2.2) and, in turn, lower 

conversion efficiencies. The maximum attainable solar conversion efficiency of a single 

band-gap solar cell, dictated is limited by the Shockley-Queisser limit ~33% at AM1.5G 

illumination, where the optimum band-gap for a single junction photovoltaic device is 

around 1.4 eV  [36].     

S

J convexg 
 
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Figure 2.2: The solar energy spectrum under AM1.5G irradiance (where angle between the overhead and 

actual position of the sun is 48°). The materials with a smaller band-gap absorb a larger fraction of the solar 

energy than those with a larger band-gap, resulting in a higher solar conversion efficiency [32, 37].  

Adapted with permission from [37]. Copyright (2012) Optics express. 

 

Hence, utilizing a single band-gap device for water splitting will be inefficient because 

materials with Eg > 2 eV would have to be used, reducing the maximum theoretical 

efficiency by more than 33% since a part of the spectrum, where there is considerable 

solar photon flux, is left out from conversion [38-40]. 

In order to convert the solar energy, a dual band-gap photoelectrolysis cell 

configuration (dual photosystems) would provide the ability to utilize various 

combinations of different band-gap semiconductor materials. These materials will have 

wider combined range of light absorption, providing more efficient water splitting 

devices with a higher obtainable photovoltage (Fig 2.3) [32, 34, 41]. Considerable higher 

efficiencies can be achieved using these multijunction devices, although the quantum 
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yield is reduced by a factor of two because two photons are required to produce one 

molecule of H2. A back-to-back wireless design for dual photosystems is proposed by 

Nozik in which two absorbers with different band-gaps are stacked in tandem (Fig 2.3) 

[42]. Light with high energy is absorbed with a higher band-gap material and the low 

energy light, which can be passed on to the second absorber, is absorbed by the lower 

band-gap material [17, 24, 32, 33]. Dual photoelectrolysis cell configurations also allow 

partitioning redox reactions between two photoanode/liquid (OER) and 

photocathode/liquid (HER) interfaces and obtaining a higher photovoltage (Fig 2.3). 

 

 

Figure 2.3: Energy diagrams for a dual band-gap water splitting system with photo-anode and photo-

cathode photoelectrodes electrically connected in series. 

 

Placement of the valence-band and conduction-band edge positions of a semiconductor 

photoelectrode relative to the potentials for the oxygen and hydrogen evolution reactions 

is another important factor in the operation of this kind of photo-electrochemical cells 

(PEC). The conduction band and valence band energy levels at the 
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semiconductor/solution interface must straddle the levels of energy corresponding to the 

hydrogen and oxygen evolution reaction, respectively [24]. A proposed configuration of 

an artificial photosynthesis device is a dual band-gap photosystem including an n-type 

and a p-type semiconductor, in series. Semiconductors with more positive valence bands 

compared to the OER’s electrochemical potentials (Eo= 1.23 V) are well suited to drive 

OER. Semiconductors having a sufficiently negative conduction band compared to 

HER’s electrochemical potentials (Eo= 0.0 V), are ideal to drive HER. Some of the large 

band-gap n-type and p-type semiconductors bracket the levels of energy corresponding to 

redox couple reactions (Fig 2.3) [24].  

Dual band-gap water splitting systems require two photons (average of 1.23 eV per 

photon) or four photons (average of 0.615 eV per photons) to produce one molecule of H2 

[17, 18], the maximum efficiency of 41% is calculated for a dual band-gap photo system 

under AM1.5G irradiance (λ1=2,610nm and λ2=910nm) by Bolton [17]. 

2.1.1 Bulk electrical properties of Solar cells 

The minority-carrier lifetime,	߬ , is a very important property of crystalline Si for 

photovoltaic applications. It is the average time it takes for a minority carrier to 

recombine; and it is inversely proportional to the trap density, ߬ ൌ ଵ

ఙேఔ೟೓
, where ߪ is the 

cross section for electron capture, N is the density of taps or recombination centers, and 

 ௧௛ is the thermal velocity. This characteristic length is the minority carrier diffusionߥ

length defined by ܮ஽ ൌ  where D is the minority carrier diffusion ,[44 ,43] ߬ܦ√

coefficient.  ஽ determines how far photogenerated carriers can diffuse beforeܮ

recombination (30-100 μm for multicrystalline wafer silicon [45]) and is used to judge 
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material quality in photovoltaic applications. ܮ஽ strongly depends on the type and 

magnitude of recombination processes in the semiconductors. The recombination rate 

strongly depends on the number of defects present in the material, so the method used to 

fabricate the semiconductor wafer and the processing also have a major impact on defects 

density and, in turn, the diffusion length [43, 46]. Two important characteristics of solar 

cells, short circuit current (Jsc) and open circuit voltage (Voc) that are strongly dependent 

on ܮ஽. Jsc and Voc are used to determine solar cells efficiency, ߟ ൌ ூೞ೎ൈ௏೚೎ൈிி

௉೔೙
, where ௜ܲ௡is 

total optical power in and FF is the ratio of maximum obtainable power to the product of 

the open-circuit voltage and short-circuit current. In the case of PECs, Jsc can be 

considered a measure of the number of light-generated carriers that are swept across a 

call per unit time. Jsc reduces as LD decreases because photo-generated carriers are not 

able to reach water/photoelectrode junction and be collected without recombining. Jsc is 

expected to decrease from ~0.04 to ~0.0003 Acm-2 if LD decreases from 125 µm to 1µm 

for a typical planar photoelectrode [43]. 

In the case of photochemical cells, Voc is the photogenerated voltage cross a cell, which 

is required for water splitting. Considering the p-n junction of a PEC cell as an ideal 

diode in parallel with a pure light-generated current source leads to 

                                                   ௢ܸ௖ ൌ
௞ಳ்

௤
ln ቀ௃ೞ೎

௃೚
ቁ,                         (2.2) 

where q is the electronic charge, ݇஻ is Boltzmann’s constant, T is the temperature and ܬ௢ 

is the saturation current. When LD reduces, carriers move to the recombination source 

very quickly and recombine, dramatically increasing the saturation current, ܬ௢ ∝
ଵ

௅ವ
, and 
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reducing Voc. Voc is expected to decrease from ~0.7 V to ~0.58 V if LD decreases from 

125 µm to 1µm for a typical planar photoelectrode [43]. 

2.1.2 Photoelectrode Materials 

The earliest work on photoelectrode materials was reported by Fujishima and Honda in 

1972 on a water splitting cell made of TiO2 photoanode and a Pt cathode [10]. TiO2 is 

chemically stable, nontoxic, and a relatively inexpensive photocathode; however, 

utilization of TiO2  (Eg~ 3 eV) is challenging since these materials hardly absorb visible 

light but UV radiations [25,41,42]. The application of Pt as a photocathode is also 

doubtful because of the limited amount of this metal on our planet and its high cost [47]. 

Later on, many studies have been reported on different types of photoelectrode materials. 

Photocathodes made of p-GaP have been reported in combination with n-Fe2O3 with 

efficiency of 0.1% [48]; however, the p-GaP electrode is not stable under illumination 

due to the photocorrosion [49, 50]; and the n-Fe2O3 electrode shows a poor electrical 

performance due to unfavorable surface properties. A dual band-gap structure comprising 

p-InP and n-GaAs has shown conversion efficiencies of 7–12% [51]; however, the n-

GaAs electrodes cost too much for large-scale terrestrial application due to expensive 

fabrication techniques to passivate grain-boundary (the source of photocarrier traps) 

generated by arsenic in the structure of n-GaAs [51, 52]. The p-InP electrodes well 

absorb visible and the near-infrared spectrum, but Ev of p-InP lies above the O2/H2O level 

and its surface-oxide is a poor electrocatalyst for hydrogen evolution [53-56]. In another 

configurations, oxide semiconductors NiO and ZnO were used [57]. However, 

photoelectrochemical instability and the low ratio of photo-generated carriers to trapped 
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holes (high carrier recombination) [54, 58] as well as the low absorption of visible light 

of ZnO (Eg ~3.2 eV) had made these structures to be infeasible [55]. 

Photoelectrochemical cells incorporating n-CdSe have also been reported in combination 

with  p-CdTe (conversion efficiencies of 6–10%)[59], but extreme susceptibility of n-

CdS and p-CdTe in aqueous electrolytes limit the viability of these combinations [55, 

56].  

A silicon photoelectrode with a small band-gap of 1.12 eV and a high photocurrent 

generation ability, resulting a high conversion efficiency ~ 30% (a single p-n junction), is 

a desirable light absorber to use in dual band-gap water splitting cells [24, 34, 36]. Silicon 

is also prevalent in the electronics and PV industries. It is important to note that silicon is 

extremely susceptible to oxidation from being handled in air and there is a high interface 

trap density, N, at silicon-silicon oxide interfaces. The large surface trap and 

recombination density naturally reduces the minority-carrier lifetime, decreasing ܮ஽; for 

instance, the large surface recombination centers reported for micro-, nano-crystalline 

thin films (due to the large surface-to-volume ratio) reduces ܮ஽ to 0.5-2 μm, while  ܮ஽ is 

30-100 μm for multicrystalline wafer silicon [45]. The small  ܮ஽ resulting from the large 

density of recombination centers effectively impacts silicon performance as a 

photovoltaic cell by reducing Voc and Jsc. This issue has led to a variety of attempts to 

stabilize silicon, and garnered tremendous interest in photovoltaic applications owing to 

the favourable band-gap and its natural earth abundance [60, 61]. Stabilization of silicon 

is especially critical for Si photocathodes and photoanodes to function properly because 

silicon-oxide layer not only changes electrical properties (Jsc and Vco), it generates a large 

potential barrier that blocks carrier collection at photoelectrode/solution junction. 
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Oxidation occurs on exposed surfaces of silicon; therefore, surface passivation 

(functionalization), which reduces the activity of the exposed surface, increases its ability 

to resist chemical degradation of the surface. There has been considerable interest in 

methods of silicon surface passivation to protect against oxidation by air or water and to 

prevent charge-carrier recombination.  

2.1.3 Surface Functionalization of Silicon 

The Si microwires used for characterization in this thesis were functionalized with 

methyl-group by collaborators in the Lewis research group at California Institute of 

Technology (Caltech). The technique used by collaborator to passivate the Si microwires 

surfaces with methyl-group for this study will be described in this section.  

For the purposes of this section, the surface recombination velocity, S, is treated as a 

parameter to specify the recombination at a surface. In a surface with no recombination, 

the movement of carriers towards the surface is zero, and hence the surface 

recombination velocity is zero. In a surface with infinitely fast recombination, the 

movement of carriers towards this surface is limited by the maximum velocity they can 

attain, and for most semiconductors is on the order of S~107 cm/sec or larger [62-64]. 

There has been considerable interest on different chemical functionalization processes to 

prevent extensive oxidation of the Si surface while maintaining the surface recombination 

velocity as low as the H-terminated silicon surface. One strategy is the formation of 

surface Si-C bonds [65, 66]. Alkylation of H-terminated Si using alkylmagnesium 

reagents [67, 68]; radical halogenations [69]; chemical free-radical activation [69, 70]; 

irradiation with ultraviolet light [71, 72]; thermal activation [73, 74]; and hydrosilylation 
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[75, 76] have been reported for both the crystalline and porous Si (100) and Si (111) 

surfaces [74, 77]. Enhanced oxidative stability and a low surface recombination velocity 

for some of these surfaces have been reported. Our collaborators functionalized the Si 

microwires used in this study with methyl-group as this approach has been reported to 

improve oxidation resistance and surface recombination velocity (S~460 cm/sec for a 

planar device) [62, 78, 79].  

The methyl-terminated Si surfaces were obtained through the following two steps: (i) a 

wet-chemistry-based chlorination procedure, and (ii) an alkylation procedure (Fig 2.4) 

[65, 78]. First, the samples were etched in NH4F (aq), resulting in H-terminated Si 

surfaces [65, 78]. Then, the H-terminated Si samples were chlorinated by PCl5 in 

chlorobenzene. Following the chlorination, the samples were methylated using CH3MgX 

(X = Cl, Br) [65, 78, 79].  

 

Figure 2.4: Functionalization of Si(111) surfaces by introducing methyl groups on the surface. 

2.1.4 Nano- and Micro-photoelectrodes 

Earlier work on PEC cells was mainly based on planar photoelectrodes (Fig 2.5) [9, 10, 

31, 80]. The minority carrier length, LD, of such a PEC should be greater than 1/α, where 
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α is the absorption coefficient of the semiconductor near the band-gap energy to have the 

maximum collection of photo-generated carriers [24]. These devices should be made of 

high purity semiconductors with lowest possible defect concentrations to reduce the 

number of recombination sites. 

 

Figure 2. 5: Schematic of a PEC device (a) based on planar photoelectrodes and (b) based on nano- and 

micro photoelectrodes. 

  

The small sizes of micro and nano-wires reduce the distance for photo-generated holes 

and electrons to reach the photoelectrode/electrolyte interface for water splitting, and 

hence enable near-unity collection efficiencies despite short minority carrier diffusion 

lengths (0.5-2 μm) for micro and nano-wires (Fig 2.6) [24, 43].  
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Figure 2.6: 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 microwire array assembly (b) with appropriate 

dimensions, carriers reach the microwire surface before recombination.  

 

Employing micro- or nano- wire arrays also increases the absorption of light by 

improving the trapping and scattering of light. In comparison to the conventional planar 

PEC electrode, these structures can reduce the energy loss due to light reflection as the 

coating of micro- or nano- wires on conducting substrates naturally forms an 

antireflection layer [81]. 

Micro- or nano- wire array performance depends on the geometry of wires. It has been 

demonstrated that the photogenerated voltage, Voc, reduces by increasing the junction 

area of the semiconductor photoelectrode (solution-semiconductor contact). This 

behavior is expected from the dependence of Voc on the photogenerated current, Jsc and 

the saturation current, Jo (eq 2.2). The decreased Voc ( > 60 mV per order of magnitude 

increase in the junction area) results from the increased junction area which dilutes the 
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photogenerated charge carriers, yielding the reduced Jsc [82]. Distribution of the 

photogenerated charge carriers over a larger junction area yields a reduction in splitting 

of the quasi-Fermi levels (shifted Fermi energy levels because the populations of 

electrons and holes are displaced from equilibrium) at the solution-semiconductor 

interface. 

 Jsc can be considered as the number of light-generated carriers that are swept across the 

photoelectrodes. Jsc is therefore expected to increase as the thickness increases, yielding 

the more available area for light absorption and carrier generation, until the thickness 

becomes much larger than LD, This factors highlight the junction area (thickness) should 

be enhanced to collect all the carriers generated by light, while ensuring that the junction 

area is as small as possible to avoid unwanted decrease in the Voc (i.e. radius of the rods ~ 

LD) [82]. 

Jsc is also expected to increase as the length of the rods increases, until some limiting 

value, when it becomes much larger than the optical thickness of the material. Jsc remains 

constant when the length of the rod becomes much longer than the optical thickness. 

Therefore, the silicon rods must be up to 125 µm (~1/α) long to absorb 90% of the 

incident light at wavelengths from 700 to 1100 nm [43, 81, 83].  

2.1.5 Crystalline Silicon Microwire Array Growth 

There are two basic approaches to synthesizing microwires: top-down and bottom-up. 

Top-down approaches such as electron beam lithography and deep-UV photo lithography 

are well established techniques (CMOS technology) for nano-patterning, contact 

formation and doping [84, 85]. There are also different methods to synthesize large-scale 
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rods array using the bottom-up approach such as Oxygen-Assisted-Growth (OAG) [86], 

Vapor-Solid-Solid (VSS) [87], Laser-Assisted Catalytic growth (LAC) [88], Vapor-

Liquid-Solid (VLS) [44, 89]. 

 The Si microwires used for electrical characterization in this thesis were grown by 

collaborators in the Lewis group at California Institute of Technology (Caltech) using 

The Vapor-Liquid-Solid (VLS) technique. In the VLS technique, the lithographically 

patterned gold on a silicon substrate catalyzes the growth of silicon rods or whiskers in 

chemical-vapor-deposition (CVD) conditions from the reaction of SiCl4 and H2 vapor 

phases (Fig 2.7). Mixing Au with Si greatly reduces the melting temperature of the alloy 

to (~363 °C) as compared to the alloy constituents. Au particles can form Au-Si eutectic 

droplets at temperatures above ~363 °C and adsorb Si from the vapor state (SiCl4) until 

reaching a supersaturated state of Si in Au. Gaseous substances (SiCl4 and H2) react at the 

gold droplet surfaces and produce Si and HCl (volatile by-product) and Si diffuses into 

gold droplets. The supersaturation of droplets leads to axial crystalline silicon upon the 

substrate. The gold-catalyst droplets rise elevator-like from the substrate to the tips of the 

growing wires [89]. 
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Figure 2.7: a) Schematic diagram of VLS-growth of Si microwire arrays [90], b) SEM images of a 

microwire array taken by 10 kV-500X (the magnified image on the left is taken by 10 kV-2500X). 

  

This growth mechanism can produce highly anisotropic  nano- and micro-rods (up to 

the cm scale) arrays with a well-defined orientation because the substrate influences the 

orientation and low defect density because the liquid alloy protects the growing crystal 

from foreign particles [89, 91]. This technique also produces rods with high growth rates 

(up to several μm/s) and at a low deposition temperature because the growth occurs at the 

liquid-solid transformation [92]. The diameter of the crystal can be well-controlled by the 

initial amount of catalysts used for alloying and the deposition temperature [91-94]. The 

length can be controlled by ceasing the growth when the temperature reduces or the 

gaseous substances (supply) stops [93].  

In the case of Si, contrary to the previous works which had favored the use of Au 

catalyst, a variety of other metals such as Cu, Bi, Cd, Co, Fe and Al have also been used 

to catalyze the growth process [95, 96]. Different gaseous substances such as SiCl4 (at ∼ 

1000°C), SiH4 and Si2H6 (at ~500°C) have been reported to be used in VLS growth 

technique [97]. The collaborators used Cu and Au as catalysts and SiCl4 as a gaseous 
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substance to grow microwires. The basic procedure followed by them to grow Si 

microwires was the same; but the flow rates and temperatures varied from system to 

system. The basic procedure for VLS growth of Si microwires is the same, and the flow 

rates and temperatures vary from system to system. In the beginning, SiO2 is grown 

thermally on Si wafers and then positive photoresist is deposited on the oxide layer. The 

photoresist is patterned using standard photolithographic methods to produce an array of 

holes in photoresist. The oxide layer exposed through the holes is etched to expose the 

underlying Si substrate using HF. Then, catalyst is thermally evaporated onto the 

substrate and the photoresist is removed [98, 99]. Si  microwires were then grown by 

annealing the samples in a H2 atmosphere at 1000 °C for 20-25 min, followed by 

exposure to flowing SiCl4 saturated in He or H2 (ratio of 50:0.5-2:500), and BCl3 or PH3 

(~0.25% in H2). When the time for microwire growth elapsed, the samples were cooled to 

600°C under H2, and then cooled to room temperature under N2 or He at ambient 

pressure [98-100]. 

2.2 Candidate Membrane Systems 

An artificial photosynthesis device is a light-collecting device, which uses solar energy 

to split water molecules into H2 and O2. Hydrogen would be stored as a form of chemical 

fuel and the O2 would be vented to the atmosphere [24, 101]. Two microstructure 

semiconductor photoelectrodes in series embedded in a supporting membrane is a 

practical approach to split water into its components using sunlight (Fig 2.8) [17, 33, 

101]. 
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Figure 2.8: Schematic diagram of the proposed artificial photosynthesis system. The components are: light 

harvesting electrodes (one absorber acting as a photocathode and the other as a photoanode); a membrane 

barrier for separating the products of the oxidation and reduction reactions in two chambers; and redox 

catalysts.  

 

The membrane must be (i) effectively adhesive to a wide range of semiconductors, 

mechanically stable, water insoluble and homogeneous to provide enough mechanical 

support; (ii) electrically conducting (σ > 0.2 mS cm-1 per micron of membrane thickness) 

to prevent any need for any external electrical wiring connections to keep overall charge 

neutrality of system when the protons and electrons are generated in oxidation and 

reduction chambers; (iii) impermeable to gases to effectively separate the gaseous 

products because H2 and O2 generated respectively from redox process to recombine and 

produce water;  (iv) ionically conducting (σ > 0.2 mS cm-1 per micron of membrane 

thickness [25]) to transfer ions of H+ produced from oxygen evolution reaction (OER) to 

other chamber to be use in the hydrogen evolution reaction (HER) and generate hydrogen 

fuels; (v) optically transparent, allowing light to be effectively absorbed by both 

microstructure electrodes assemblies [25, 102] ; and (vi) stable in the presence of various 
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pH conditions because cation H+ and anion (OH) ¯ generated respectively produce acidic 

media at the oxygen evolution reaction chamber and alkaline media at hydrogen 

evolution reaction. 

 In principle, there is no single material that able to satisfy all the mentioned 

requirements. Poly (3,4-ethylenedioxythiophene) or PEDOT is a conducting polymer 

carrying positive charges; its structure is based on 3,4-ethyleneqdioxylthiophene or 

EDOT monomer (Fig 2.9). PEDOT exhibits optical transparency in thin structures and a 

very high stability in the oxidized state. In addition, it also shows a conductivity between 

1-300 S/cm with moderate band-gap (Eg = 1.6 ~ 1.7 eV) and a very low redox potential 

[103-105]. However, PEDOT was initially found to be poor in ionic conductivity (orders 

of magnitude lower than their electronic conductivity,) and water insoluble polymer, 

which cannot form a homogeneous solution of the solute in water. It is not possible to 

easily form a homogeneous, crack, and pinhole free membrane for those artificial 

photosynthesis system applications. 

 
Figure 2.9: Chemical structure of Poly (EDOT) based on 3,4-ethylenedioxylthiophene or EDOT monomer. 

Those problems can be circumvented by mixing PEDOT with a water-soluble 

polyelectrolyte, known as PSS poly (styrene sulfonicacid). The combination of PEDOT 

and PSS yields PEDOT:PSS composite membrane (Fig 2.10) with a very high electronic 

conductivity > 10 Scm-1 and ionic conductivity of ~8.1mScm-1 [25, 106-108] as the 
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sulfonyl groups  are deprotonated and carry a negative charge in the composite.  PEDOT 

solubility increases by 30% in the presence of PSS [109]. PEDOT:PSS are sufficiently 

soluble to allow spin-coating and forming a homogenous and continuous films.  

 

Figure 2.10: Chemical structure of conducting polymer PEDOT PSS. 

 

Water based PEDOT:PSS inks are commercially available and they show good film 

forming properties. Its good film forming properties allow to obtain a continuous, 

homogeneous, crack, and pinhole free layer of PEDOT:PSS on the micron scale with 

long term stability by spin coating and driving out the water by heat.  

Optimization of the material parameters for membrane will gain desirable efficiencies 

in the final device. This is especially important for electrical junctions between the 

photoelectrode microwires and the candidate membrane. 

2.3 The Polymer/microwire Systems: Requirements 

 The solar water-splitting devices focused in this thesis comprise of two junctions in 

series, n-Si microwire/PEDOT:PSS and p-Si microwire/PEDOT:PSS [26, 29, 101, 110]. 
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Absorption of photons with energy greater than the band-gap of the microwires and 

normally incident on a 7 μm pitch array have been estimated to result in a maximum 

short-circuit photocurrent of ~21 nA per microware [26, 27]. The source of electrical loss 

must be minimized to effectively use the available photocurrent generated by the system 

to split water with reasonable efficiency. To minimize the electrical losses in such a 

system, voltage drops of <10 mV yield losses that were 1% of total photogenerated 

voltage required for water splitting. Considering 21 nA flowing through the microwire–

polymer system, the acceptable resistance to have voltage drops of < 10 mV in the 

junction to the polymer film is < 0.5 MΩ [27]. However, the required energy of 1.6-2.4 

eV is frequently reported [24] for such a device to efficiently function in which 1.23 eV 

is used for water electrolysis reaction and 0.37-1.17 eV to cover the losses, yielding the 

minimum junction resistance of ~17 MΩ to 21nA photo-current in the system. In this 

thesis the worse situation was assumed in which 1.23 eV energy was available for 

electrolysis of water and 1% of this energy was allowed for losses; thus the total 

resistance was needed to be <0.5 MΩ [27]. Functionalization of Si microwires with 

methyl groups (CH3) produces long-term electrical and chemical stability, with negligible 

native oxide growth over time [62, 66, 78].  Previous studies showed an acceptable 

junction resistance ~ 0.1 MΩ for the junctions between a conducting polymer and 

methyl-terminated p-Si microwires [26, 27]. However, the junction between methyl-

terminated n-Si microwires and the conducting polymer showed a larger resistance > 20 

MΩ far above the minimum requirements [27, 78, 111]. The large junction resistance 

resulted from the formation of a Schottky barrier at the junction between the methyl-

terminated n-Si microwires and the membrane [27, 29].  
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Modification of n-Si microwires in contact with the membrane is expected to improve 

the electrical properties of the n-Si/PEDOT:PSS junction [27]. Two possible approaches 

to modify n-Si microwires can be raising the doping concentration of n-Si to lower the 

depletion region and facilitate quantum mechanical tunnelling of the charge carriers or by 

addition of a metallic interfacial layer to reduce the Schottky barrier height at the contact 

with semiconductor and make Ohmic contact with conducting polymer.  

2.4 PEDOT:PSS/silicon Assembly 

The mechanism of electron tunneling through the Schottky barriers is described in the 

next few pages to explain that raising the doping density in n-Si microwires embedded in 

PEDOT:PSS will potentially improve the electrical behavior of the junctions. When a 

conducting polymer is electrically connected to a semiconductor, electrons traverse the 

junction from higher energies to lower energies until Fermi energy of both polymer and 

semiconductor align and equilibrium is established. The Fermi energy in semiconductor 

materials depends on the doping density of carriers and the temperature, calculating from 

eq 2.3[30]: 

௙ܧ                                    െ ௜ܧ ൌ ሺ൅/െሻ݇஻݈ܶ݊ሺ
௡/௣

௡೔
ሻ,                                               (2.3) 

Where ܧ௙	is Fermi energy, is ܧ௜ the intrinsic energy (~ 4.6 eV), n is electron density, p is 

hole density, and ݊௜	is intrinsic carrier concentration (~ 1.45×1010 cm-3 for Si at T = 

300°K). The polymer in contact with the semiconductor forms a barrier at the junction, 

namely Schottky barrier. The barrier height (ݍ߶௕) of the junction is obtained using 

Schottky-Mott relationship ݍ߶௕ ൌ ௚ܧ െ ௣߶ݍ ൅ ௕߶ݍ ௦ (for p-semiconductors) and߯ݍ ൌ
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௣߶ݍ െ  ௣ is the work function of߶ݍ  (for n-semiconductors) [29, 30, 112, 113], where	௦߯ݍ

the conducting polymer and ߯ݍ௦  is the electron affinity of the semiconductor (Fig 2.11).  

 

Figure 2.11: Energy band diagram of a conducting polymer junction with (a) n-semiconductors in contact 

before (left) and after establishment of electrochemical equilibrium (right) and (b) p-semiconductors in 

contact before (left) and after establishment of electrochemical equilibrium (right). 

 

The polymers with a large work function normally make Ohmic contacts to the p-

semiconductors with small barrier heights and rectifying junctions to n-semiconductors 

with large barrier heights. The region in the semiconductors close to the junction, which 

is depleted of mobile carriers, is the depletion region. The depletion layer width, ܹ is 

obtained from eq 2.4 [30]: 

                                                       ܹ ൌ ට
ଶఌೞሺథ೔ି௏ሻ

௤௡
 ,                                                (2.4)       
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where ߶௜ is the built-in potential (Fig 2.11), ݊ is the majority carriers concentration of 

semiconductors and ߝ௦ is the permittivity of the semiconductors. The built-in potential is 

obtained from ߶௜ ൌ ௕߶ݍ െ
ா೎ିாಷ
ଶ

 for n-type semiconductors [30]. 

Once a Schottky barrier forms, there are three distinctly different transport mechanisms 

for an electron to overcome the potential barrier [29, 114]: (i) thermionic emission (TE) 

over the barrier, (ii) field emission (FE) near the Fermi level, and (iii) thermionic-field 

emission (TFE) at an energy between TE and FE (Fig 2.12) [29, 30].  

 

Figure 2.12: Energy-band diagrams showing transport mechanisms in a Schottky diode (on n-type 

degenerate semiconductor) under (a) forward bias and (b) reverse bias. TE = thermionic emission. TFE = 

thermionic-field emission. FE = field emission [30]. 

 

If the quantity of electrons arriving at the barrier through drift and diffusion 

mechanisms exceeds the number of electrons traversing over the barrier, thermionic 

emission dominates. It requires a large depletion layer compared to the mean free path 

and normally this condition is satisfied in the forward bias [30, 115]. When a forward 

bias voltage is applied to a Schottky contact (to the polymer or metal), the electrons on 
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the semiconductor side of the interface increase by the factor of expሺ ௤௏ೌ

௡௞ಳ்
ሻ, where Va is 

the voltage across the junction, n is the ideality factor (typically varies from 1 to 2). So, 

there are more electrons with energy larger than the top of the barrier, yielding an extra 

current flow from the semiconductor through the junction [30, 116-119]. In reverse bias, 

FE and TFE are dominant in which carriers with energies lower than the barrier height 

are able to traverse across the barrier using the quantum mechanical tunneling 

mechanism. FE is a pure tunneling process; and TFE is tunneling of thermally excited 

carriers.  

Basically, carriers can tunnel through a potential barrier if the width of the depletion 

region is narrow enough. In relatively highly doped semiconductors, the depletion region 

becomes so narrow (especially near the top) that electrons can tunnel through the barrier 

(Fig 2.13). 

 

Figure 2.13: The depletion widths of Schottky junctions for n- Si with n ~ 1018 cm-3, n ~ 1019 cm-3and n ~ 

1020 cm-3. The width of the depletion layer calculated using eq 2.4. The relative permittivity of silicon was 

 ௕=1.1eV. The Fermi energy levels for different߶ݍ ௦=11.7 and the barrier height was assumed to beߝ

doping density obtained from eq 2.3. The intrinsic carrier concentration was ni~ 1.45×1010 cm-3; the thermal 

energy was ݇஻ܶ=0.0256 eV ; and the intrinsic energy was Ei~ 4.6 eV.  
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 In general, the tunneling current J through the Schottky barrier is generally obtained by 

(eq 2.5):  

ܬ                                                                   ൌ  (2.5)                                                 ,߆ோݒ݊ݍ
  

where ݒோ	is the Richardson velocity, the average velocity of the carriers approaching 

the barrier, n is the carrier density of available electrons and ߆ is the tunneling 

probability of electrons. The tunneling probability, ߆ is given by (eq 2.6): 

                                                        ,                                (2.6) 

where  is the barrier height of the Schottky junction and E is the electric field across 

the Schottky barrier. The possibility of the electrons tunnelling through the barrier 

increases exponentially with the decrease in the barrier heights and the barrier width 

because the electrical field is inversely proportional to the barrier width. When the doping 

increases, the barrier becomes thinner and the number of electrons available for tunneling 

also increases. Hence, the electrons can tunnel through the barrier and the tunneling 

current is dominant at the doping density greater than 1018-1019 cm-3 [30].  

TFE dominates for doping density less than 1020-1021 cm-3 and FE dominates for the 

doping density more than 1020-1021 cm-3 because TFE is tunneling of thermally excited 

carriers which see a thinner barrier than FE (Fig 2.13) [30].   

In TFE regime, current, J and contact resistance, RJ, are given by 

ܬ                          ൌ ஺∗∗	்

௞ಳ
ඨܧߨ଴଴ݍ ൥ ௔ܸ ൅

థ್

஼௢௦௛మ൬ಶబబ
ೖಳ೅

൰
൩ exp ቀെ

௤థ್
ாబబ

ቁ exp ቀ௤௏ೌ
ఌ́
ቁ,               (2.7) 
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                           ௃ܴ ൌ
௞ಳඥாబబ஼௢௦௛൬

ಶబబ
ೖಳ೅

൰஼௢௧௛ሺಶబబ
ೖಳ೅

ሻ

஺∗∗	்௤ඥ௤గሺథ್ିథ೔ሻ
exp൭

௤ሺథ್ିథ೔ሻ

ாబబ஼௢௧௛൬
ಶబబ
ೖಳ೅

൰
൅ ௤థ೔

௞ಳ்
൱,                (2.8)  

where 

଴଴ܧ                                                            ≡
௤԰

ଶ ට
௡

௠∗ఌೞ
,                         (2.9) 

́ߝ             ൌ ாబబ
ಶబబ
ೖಳ೅

ା୲ୟ୬୦	ሺாబబሻ
,                               (2.10) 

where ݉∗ is the effective mass, A** is the effective Richardson constant. In FE regime, 

current, J and contact resistance, Rc, are given by 

ܬ                                ൌ ሺாబబ	∗∗ܣ
௞ಳ
ሻଶ ቂ௏ೌ ାథ್

థ್
ቃ exp ൬െ

ଶ௤థ್
య
మൗ

ଷாబబඥ௏ೌ ାథ್
൰,        (2.11) 

 

                                           ௃ܴ ൌ
௞ಳௌ௜௡ሺగ஼భ௞ಳ்ሻ

஺∗∗	்௤గ
exp ቀ௤థ್

ாబబ
ቁ,          (2.12) 

where  

ଵܥ                ≡
ଵ

ଶாబబ
log	ሺସሺథ್ି௏ೌ ሻ

ିథ೔
ሻ.                    (2.13) 

In the case of the solar water-splitting devices considered in this thesis, a unit cell of 

this structure would include two junctions in series, n-Si microwire/PEDOT:PSS and p-Si 

microwire/PEDOT:PSS (Fig 2.14) [26, 29, 101, 110]. Studies on the junction between Si 

 ,reported a negligible barrier height (௣~5 eV߶ݍ) and PEDOT:PSS (௦~ 4.05 eV߯ݍ)

 ,௕~0.15 eV  for p-Si /PEDOT:PSS junction, yielding an low resistance, Ohmic contact߶ݍ

with an average contact resistance of 1−2 Ω·cm2 over a voltage range of −1.0 to 1.0 V 

[29]. 
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Figure 2.14: n-Si and p-Si microwire provide the photovoltage needed to evolve O2 from H2O and are 

embedded into a membrane that separate the products. 

 

In contrast, this polymer results in a large barrier height (ݍ߶௕~0.888 eV) [29] at the 

junction with n-Si (݊~1016 cm-3), resulting in highly rectifying contacts for n-

Si/PEDOT:PSS junction (Fig 2.15) [26, 27, 29]. Functionalization of Si surfaces with 

CH3- groups (methyl-group) generates the surface dipoles, slowing down the silicon 

oxidation growth and yielding a more stable Si surface. However, methyl termination of 

silicon surface shifts the band edge energies of silicon from change in the electron 

affinity ( ) from 4.17 eV for H−Si (111) to 3.67 eV for  methyl-terminated Si (111), 

yielding a larger potential barrier height (ݍ߶௕~ 1.01 eV) [29] at n-Si/PEDOT:PSS 

junction and accordingly greater rectifying behaviour compared to H-terminated n-Si. 

This process also yields a lower potential barrier height for p-Si/PEDOT:PSS junctions 

and improves the junction resistance [26, 27, 29, 110]. 

sq
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Figure 2.15: The energy level positions of Fermi levels (Ef) and conduction band (CB) of PEDOT:PSS/n-

Si before and after establishment of electrochemical equilibrium; the Fermi energy levels for different 

doping density obtained from eq 2.3 for n-Si with 1016~࢔ cm-3. 

 

However, Ohmic low contact resistance (0.5−1.0 Ω·cm2) junctions have been reported 

on methyl-terminated highly-doped n-type silicon electrodes (n+-Si) with doping density 

݊~ 1019 cm-3 in contact with PEDOT:PSS [29]. n+-Si with doping density of ~ 1019 cm-3 

forms a narrower depletion layer ܹ~ 3 nm (eq 2.4) at the junction with PEDOT:PSS, 

yielding an Ohmic tunnel junctions, whereas n-Si with doping density of ~1016 cm-3 

forms a wide depletion layer ~ 80 nm in contact with PEDOT:PSS (eq 2.4) yielding a 

rectifying junction [29].   

In the same manner, the rectifying behavior and very large junction resistance of 

methyl-terminated n-Si in contact with PEDOT:PSS is expected to be modified by 

increased doping (n+-Si, degenerate levels) to narrow the depletion region and facilitate 

quantum mechanical tunneling of charge carriers. In crystalline silicon wafers, one of the 

most important recombination losses occur through impurities that create energy levels 

within the band-gap. The effect of such recombination centers predicts that the lifetime is 
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a function of the doping density. Increasing the doping concentration of the 

semiconductor (>1018 cm-3) from ~1018 cm-3 to ~1020 cm-3 increases the defects from 

~1014 cm-3 -1016 cm-3 [120, 121] and consequently reduces carrier diffusion length from 

~1 mm to 1 µm [30, 122]. In order to lower the depletion layer width to form an Ohmic 

tunneling junction at PEDOT:PSS/n-Si by raising the doping level and avoiding 

increasing recombination sites as the doping increases, it is possible to use low-doped n-

Si (~1018 cm-3) and raising doping level (1019 -1020 cm-3 ) of Si where it is in contact with 

the polymer. Hence, methyl-terminated n+-Si microwires with doping density of ~1020 

cm-3, and n+n-Si microwires with highly-doped base ~1019 cm-3 were utilized in this 

thesis in order to make Ohmic tunneling junctions with PEDOT:PSS and explored the 

electrical behavior of the junctions.  

Another common technique to improve the junction resistance of the Schottky barriers 

is to add a metallic interfacial layer with smaller work function, which can form Schottky 

barriers with smaller barrier heights. Effective reduction in the barrier heights of the 

Schottky diodes fabricated on the n-type semiconductor substrates using an interfacial 

layer have been shown in different studies [123, 124]. The effect of copper and gold 

interfacial layer at PEDOT:PSS/n-Si on the electrical behavior of the structure were 

explored in this thesis. For the purpose of this study, the n-Si microwires grown with Cu 

and Au catalysts were utilized; while the catalysts were kept intact on microwires, they 

were embedded in the polymer to form PEDOT:PSS/n-Si junction with metallic 

interfacial layers, PEDOT:PSS/Cu/n-Si or PEDOT:PSS/Au/n-Si. 

In the case of PEDOT:PSS/Cu/n-Si, the structure include two junctions, PEDOT/Cu 

and Cu/n-Si junction. When a conducting polymer and a metal with their own Fermi 
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energy are electrically connected, such as PEDOT:PSS and Cu; electrons will move from 

one material to other one until the energy levels are equal, forming  a well-defined Ohmic 

contact (with small contact resistance, R~ 0.01 µΩ/cm2) [125].  

It is important to give an introduction about silicides to describe the electric properties 

of Cu/n-Si and Au/n-Si junctions produced at T~ 1000 °C during fabrication process. The 

deposition of a metal over a silicon substrate followed by a thermal annealing at T greater 

than the eutectic temperature of the metal-silicon compound produces silicides (Figure 

2.16) [30, 126]. Silicides are formed via interdiffusion of metals and Si atoms to a growth 

interface at temperatures above the eutectic temperature [126, 127]. Silicide/silicon 

junctions show stable electric characteristics compared to metal-silicon contacts [128]. 

The vast majority of the silicides exhibit metallic conductivity [126] and the silicide-

silicon junction behaves as a metal semiconductor contact with smaller barrier heights, 

and consequently lower the contact resistances [30].  

 

Figure 2.16: Metal deposition on Si and formation of silicide by thermal annealing. 

 

Deposition of Cu with work function of ݍ߶஼௨~ 4.7 eV on n-Si forms a Schottky barrier 

~0.65 eV  and formation of copper silicide at T >800 °C reduces this barrier to ~0.59 eV 

[129, 130]. Taking Ohmic junctions of PEDOT:PSS/Cu into account, PEDOT:PSS/Cu/n-

Si forms a structure with a smaller Schottky barrier ~0.59 eV compared with 
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PEDOT:PSS/n-Si ~1.01 eV; It results in a increase in tunneling current and a reduction in 

the junction resistance.   

Gold with a work function ݍ߶஺௨~ 5.2 eV in contact with n-Si produces a Schottky 

barrier ~0.8 eV; however, formation of gold silicide significantly decreases (T >350 °C) 

the barrier height in the way that gold silicide in contact with n-Si makes Ohmic like 

junction and it is normally used to make Ohmic contact into the n-Si for different 

applications [131-133]. Considering an Ohmic contact for both PEDOT:PSS/Au and 

Au/n-Si, PEDOT:PSS/Au/n-Si should exhibit an Ohmic behavior.   
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Chapter Three 

Experimental Method 

Fully Ohmic behavior at all inner contact junctions, PEDOT:PSS/ n-Si microwires and 

PEDOT:PSS/ p-Si microwires, is desirable for highly efficient water-splitting cells. It has 

been estimated that a 7 µm square array of semiconductor microwires with diameter of ~ 

1.5 µm, length of ~100 µm generates a maximum of ~21nA photocurrent in each 

microwire by absorption of photons from the global AM 1.5 spectrum [134]. An 

electrical resistance < 0.5 MΩ for the microwire/membrane structure guarantees less than 

1% IR losses (1% of 1.23V, ~10mV) for an idealized solar water splitting system. The 

resistance of the junction formed between the n-silicon microwires and the p-type 

conducting membrane is the largest contribution to the end-end resistance of this system 

[26, 27, 110].  Modification of the methyl-terminated n-Si microwires base either by 

increasing the doping concentration of carrier or adding a metallic interfacial layer  

suggests an improvement in the contact behavior because this approach narrows down the 

depletion region at polymer/ microwire junction and facilitate quantum mechanical 

tunneling of charge carriers. 
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A direct-contact formation technique was used to investigate the electrical properties of 

the junction between the conducting polymer membrane (PEDOT:PSS) and four different 

types of methyl-terminated n-type silicon microwires. They were: highly-doped 

microwires (n+-Si), highly- doped base microwires (nn+-Si), highly- doped base 

microwires with copper (Cu) interface at low-doped end (Cu/nn+-Si), and highly- doped 

base microwires with gold (Au) interface at low-doped end (Au/nn+-Si) (Fig 3.1). 

 

 

Figure 3.1:  Schematic diagram for junction between PEDOT:PSS and methyl-terminated n-type silicon 

microwires (a) highly-doped microwires (~1020 cm-3), (b) highly- doped base microwires with highly-doped 

base in contact (~1019 cm-3), (c) highly- doped base microwires with low-doped end in contact (~1018 cm-3), 

(d) highly- doped base microwires with copper (Cu) interface at low-doped end (e), and highly- doped base 

microwires with gold (Au) interface at low-doped end . 

 

In order to investigate electrical properties of n-Si microwire/membrane systems, single 

microwires needed to be isolated and form electrical connections into the candidate 

polymer membrane. In this chapter, the experimental methods that were used to 
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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 Silicon Microwires  

Silicon microwires were grown by collaborators in the Lewis group at California 

Institute of Technology (Caltech) using vapor liquid solid (VLS) chemical vapor 

deposition (CVD) from Si (111) wafers patterned with copper (Cu) or gold (Au) catalyst. 

The samples were doped with phosphorus (P) up to different doping concentration levels 

in a square arrangement with a 7 μm pitch [83, 89, 101, 135, 136]. The highly doped base 

microwires were grown in two steps with different flows of PH3 and durations. For 

instance, ~50 sccm of PH3 for 2 min followed by ~1.6 sccm of PH3 for 6 min produce 

~40 μm highly-doped base (~1019 cm-3 ) with ~80 μm remaining (low-doped~1018 cm-3). 

3.1.1 Highly-doped Microwires: n+-Si  

Highly-doped microwires (n+-Si) were uniformly grown with doping concentration 

~1020 cm-3 from Si wafers patterned with copper (Cu) catalyst (Fig 2.8) [83, 89, 101, 135, 

136]. The microwires were 1.5 μm in diameter and 80-85 μm in length and were arranged 

in a square pattern with a 7 μm pitch. The metallic growth catalyst, Cu, was removed 

using a two-step etching procedure conducted prior to surface treatment (methyl-

termination) of microwires [27].  
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3.1.2 Highly-doped Base Microwires: nn+-Si 

Microwires with a modified base (nn+-Si) were grown using copper catalyst in two 

steps. The microwires were 60-70 μm in length and 1.5 μm in diameter and were 

arranged in a square pattern with a 7 μm pitch. The initial (20-30 μm) (base) was grown 

with a doping concentration ~1019 cm-3 and the remaining (30-40 μm) was grown with a 

doping concentration ~1018 cm-3. The metallic growth catalyst, Cu, was also removed 

using a two-step etching procedure conducted prior to surface treatment of microwires 

[27]. 

3.1.3 Metallic-capped Microwires: Cu/nn+-Si 

The n-doped Si microwires were fabricated similarly to the microwires with a modified 

base (above) in two steps. These Si microwires were 30-40 μm in length and 1.0 μm in 

diameter and were arranged in a square pattern with a 7 μm pitch.  The base with 15-20 

μm in length was grown with a doping concentration ~1019 cm-3 and the remaining (low-

doped) with 15-20 μm was grown with doping concentration ~1018 cm-3. The microwires 

did not undergo the metallic growth catalyst removal process and the copper catalyst was 

retained on the low-doped region. The microwire surfaces were functionalized with 

methyl groups to ensure CH3-Si termination, exploiting the kinetic stability of the Si-C 

bond to minimize oxide formation [62, 65, 78]. This termination was achieved using a 

two-step chlorination-alkylation process [62, 65, 66, 78]. 
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3.1.4 Metallic-capped Microwires: Au/nn+-Si 

The n-doped microwires (Au/nn+-Si) were grown with 120 μm length using gold 

catalyst in two steps. The base with ~40 μm in length was grown with a doping 

concentration ~1019 cm-3 and the remaining (low-doped) with ~80 μm was grown with 

doping concentration ~1018 cm-3. These Si microwires were 1.0 μm in diameter and were 

arranged in a square pattern with a 7 μm pitch. The gold (Au) catalyst at the top of each 

microwire did not undergo the metallic growth catalyst removal process. The microwires 

were functionalized with methyl groups using a two-step chlorination–alkylation 

procedure [62, 65, 66, 78]. 

3.2  Ohmic-Contact to Silicon Microwires 

The microwires were removed from the growth substrate by scraping a corner of the 

substrate using a razor blade and were pushed onto a glass substrate. The electrical 

characterization on individual microwires and microwire/polymer junctions were 

performed on glass substrates in order to eliminate unwanted conduction paths into the 

substrate (Fig 3.2). 

 

Figure 3.2: Optical micrographs of microwires isolated on a glass substrate. 
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In order to make electrical measurements, there exist many techniques to form Ohmic 

contacts to individual Si microwires. Direct-contact formation employing tungsten probes 

(W) (with a diameter of ~2 μm) eliminates the lithographic and high temperature micro-

fabrication processes for contact formation that they are not compatible with combination 

of microwire/polymer systems [90, 137]. This technique is an inexpensive measurement 

compared to micro-fabrication based techniques and provides a simple, fast and more 

flexible method to characterize microstructure systems such as solar water splitting 

system. This non-destructive approach provides this ability to repeat measurements on a 

system under different conditions (Fig 3.3). 

The contact between tungsten probe and silicon is naturally a Schottky contact. 

However, electronic band structure of Si has been reported to vary as a function of 

pressure on the lattice structure. The pressure that needs to be applied to silicon to make a 

transition from a semiconducting to a metallic phase is ~11 GPa, i.e. ~11 mNμm-2 [138]. 

The transition from a semiconducting to metallic phase leads to change the Schottky 

contact to an Ohmic contact. Therefore, the application of sufficient local mechanical 

pressure on silicon structure using tungsten probes (W) can make a direct and reliable 

Ohmic contact to the Si microwires [26, 110]. The pressure applied to the Si microwire 

by the probe during the measurements can be estimated by measuring the force of the 

probe holder setup using a balance [28]. In this case, the probe holder was placed on a 

balance and the balance is then tared. Next, the probe was lowered until the recorded 

weight was saturated and a constant weight ~ 3.8 g was achieved. The weight shows that 

a maximum value of ~37.3 mN force exerted on the microwires by the W probes. 

Assuming a maximum circular contact diameter of 2 μm (the maximum diameter of the 
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microwires), the local mechanical pressure at the point of contact is > 12 mNμm-2 which 

is enough to pass the reported metallic transition threshold (~11 mNμm-2) [138]. The 

contact area was overestimated to obtain the minimum amount of pressure [28]. 

Consequently, the basic electrical properties of a single Si microwire and Si 

microwire/polymer junction can be extracted using a standard probe station (Fig 3.3) [26, 

27, 110].  

 

 

Figure 3.3: a) Optical micrograph of an isolated Si microwire on a glass substrate. The tungsten probes are 

approaching from the above to make contact with the microwire. It is possible to move microwire along the 

microwire and make resistance measurement at different probes spacing. b) Schematic diagram for 

resistance measurement along an individual Si microwire using tungsten probes [110]. 
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3.3 PEDOT:PSS/Si microwire Assembly 

PEDOT:PSS was purchased from HC Stark (Newton, MA) in the form of Clevios F HC 

(highly conductive blend 3.5 wt % in dimethyl sulfoxide, density 0.95 g/L). Samples of 

the conducting polymer (PEDOT:PSS) were spin coated at 2000 rpm for 20 seconds on 

glass substrates with prepositioned Parafilm masks separated by 0.5 cm, yielding a film 

thickness of 150-200 nm . The thickness of the film was determined using the function of 

thickness measurement of the four-point probe instrument. The results of measurements 

were also verified using Alpha-step profilometer technique. The four point probes 

technique measures the average resistance (R), resistivity (ρ), sheet resistance (Rs) and 

thickness (t) of a thin layer by passing current through the outside two points of the probe 

and measuring the voltage across the inside two points. The sheet resistance of the 

polymer film, Rs ~ 600 Ω/□, is measured using four-point probe measurement (Fig 3.4 a). 

The unit for sheet resistance is the ohm; however, it is specified in unit of "ohms per 

square" to avoid confusion between R and Rs. The resistance of the polymer was also 

obtained from, Rpolymer ~ 120 Ω [139], where W~ 2.5 cm and the length was L ~ 

0.5 cm. After removal of the Parafilm masks, the microwires were scraped onto the 

substrate adjacent to the border between the conducting polymer and the substrate. Using 

the tungsten probes, single microwires were positioned perpendicular to the border 

between the conducting polymer and the glass substrate. The microwires were then 

inserted into the polymer by pushing microwires using the tungsten probes. Good 

electrical contact between the polymer and microwire was ensured by covering the 7-10 

μm of the microwire that was in contact with the polymer with a small amount (<10 µL) 

w
Rs



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of the polymer solution. The contact area between microwires and the polymer is 

obtained by, A=π(d/2)2+ πdl ,where l is the length of microwires in contact with polymer 

and d is the diameter of microwires (Fig 3.4 a); and it is A~ 18×10-8-25×10-8 cm2 for 

microwires with d~1.5 μm and A~ 12×10-8-16×10-8 cm2 for microwires with d~ 1 μm. 

The n-Si microwire/polymer assembly was used as a model for a half cell of the proposed 

solar water splitting microwire array cell (Fig 3.4 b). 

 

Figure 3.4: (a) The design used to the test half cell of artificial photosynthesis cells in this study. The 

thickness is t~ 200 nm, the width is W~ 2.5 cm and the length L ~ 0.5 cm for PEDOT:PSS thin film spin 

coated on a glass substrate. (b) Optical micrograph of a Si microwire embedded in to the polymer.  
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Contact pads on the polymer films were formed by sputtering gold through an 

aluminum shadow mask with circular apertures (5 mm diameter, 9 mm center to center 

spacing). The resulting 32 nm thick gold pads have been shown to form an Ohmic contact 

between the polymer and tungsten probes (Fig 3.5). 

 

Figure 3.5: (a) Schematic diagram for a single microwire/polymer junction. It displays a microwire aligned 

at the polymer border and contact gold pads on the polymer films to provide Ohmic contact between the 

polymer and tungsten probe. (b) Optical micrograph of the half cell of artificial photoelectrolysis system 

under test. 

3.4 Instrumentation 

To make an Ohmic contact to the polymer, an Edwards s150b sputter coater was used 

to sputter Au pads onto the polymer surface. Direct Ohmic contacts were formed using 

tungsten probes (W) from American Probes & Technologies model 72T-G3/10 (with a 

diameter of ~2 μm) (Fig 3.6).  
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Figure 3.6: 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. 

 

In order to improve the quality of the contacts formed, the tungsten native oxide were 

removed by etching the probes for ~1 min in 2.0 M KOH(aq.) immediately before the 

experiments. Upon the direct-contact formed using standard tungsten probes (diameter of 

~2 μm) in a Suss MicroTec standard probe station (Fig 3.6), current flows through the 

system was recorded for different applied voltage using an Agilent 4155c semiconductor 

parameter analyzer.  

A four point probe is a simple apparatus for measuring the resistivity of semiconductor 

samples. By passing a current through two outer probes and measuring the voltage 

through the inner probes allows the measurement of the substrate resistivity. FPP 5000 - 
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four point probe manufactured by Miller Design and Equipment was used to measure the 

sheet resistance of the polymer film spin coated on a glass substrate with thickness of 

150-200 nm. The thickness of the polymer was measured using the function of thickness 

measurement of the four-point probe instrument. The results of the thickness 

measurements were also verified by using a KLA-Tencore AS-500 Alpha-Step which 

quantitatively measures the 2D topography of surfaces.   
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Chapter Four 

Results and Discussion 

4.1 Results 

There are two possible approaches to change the band structure of methyl-terminated n-

Si microwire/PEDOT:PSS junction, yielding an improvement in the electrical behavior of 

the system. One approach is raising the doping concentration of the microwires to lower 

the depletion region width. A narrow depletion layer facilitates quantum mechanical 

tunnelling of the charge carriers, increasing the conductivity of the structure. Another 

practical approach is addition of a metallic interfacial layer to reduce the Schottky barrier 

height at the contact with semiconductor and make Ohmic contact with conducting 

polymer. This work reports the electrical behavior of the junctions formed between a 

conducting organic polymer, PEDOT:PSS, and highly-doped microwires (n+-Si) and 

highly-doped base microwires (nn+-Si, n+ in contact) as well as the electrical behavior of 

junctions formed between the conducting polymer and the low-doped end of highly-

doped base microwires (nn+-Si, n in contact). The current-voltage responses of the 

junctions with the presence of a metallic layer (copper or gold) at the polymer/microwires 

interface were also studied. These junctions are formed by embedding copper-capped 
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(Cu/nn+-Si) and gold-capped (Au/nn+-Si) highly-doped based microwires in the 

membrane. 

Figure 4.1 demonstrates the measurement system that was used to study the n-Si 

microwire/PEDOT:PSS junction. It resembled a half cell of the proposed artificial 

photosynthesis device structure in which microwires were physically embedded in the 

polymer film layer.   

 

Figure 4.1: Schematic diagram of polymer/n-Si microwire junction measurements. This structure is used as 

a representation for the water splitting half-cell system in which n-type Si microwires aligned at the 

PEDOT:PSS /glass border  

 

Taking the sputtered Au/PEDOT:PSS with well-defined Ohmic contact into 

consideration, the total resistance of such a system includes the contribution of the 

tungsten probe/microwire contact resistance (Rc); the microwire resistance (Rw); the 

microwire/polymer junction resistance (RJ); and the polymer film resistance (Rp) as 

follows: 

                            (4.1)  

Measurement of Rtotal, Rw, Rc and Rp allows calculation of the polymer/n-Si microwire 

junction resistance. Having known Rp~120 (Sec 3.3), Rw, Rc and Rtotal, were other main 

parameters in the final measurement structure (Fig 4.1) and estimating those allows for 

pJwctotal RRRRR 
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calculation of the microwire/polymer junction resistance (RJ). Rw and Rc using the 

resistance measurement along single microwires were measured (Sec 4.1.1); and Rtotal 

using the resistance measurement of the polymer/microwires assemblies was determined 

(Sec 4.1.2).  

4.1.1 Resistance Measurement of Single Microwires 

 The microwires were scraped from the growth substrate onto the glass substrate to 

perform resistance measurements on them. Then, the tungsten probes were moved down 

to the microwire until the contacts formed. The soft physical contact between the probes 

and Si microwires led to Schottky contact. This Schottky contact changed to Ohmic 

contact as the applied force by the probes on Si microwire was gradually increased to the 

threshold force level (~11 mNμm-2) [26, 28]. The current flowing through the system was 

recorded for a range of applied voltages (-1, +1) in the forward (trace) and reverse 

(retrace) directions of voltage. Both I-V profiles were checked to see if trace and retrace 

were tracking each other well (i.e. look the same). I-V profiles (trace and retrace) for 

different probe separations were linear, and this was expected due to the Ohmic contact 

formation to the silicon microwires (Fig 4.2). The I-V curves show a resistance ~ 0.5 kΩ 

associated with ~5 µm of the n-Si microwire (120 µm long) with ~1 µm diameter.  
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Figure 4.2: An example of the initial I-V measurement results for the probe spacing ~5µm on the n-Si 

microwire (120 µm long) with ~1 µm diameter and doping density of ~ 1019 cm-3.  

 

The electrical DC resistance of system was calculated from the slope of I-V curve. This 

technique provided the ability to form an Ohmic contact to each arbitrary point along 

microwires and obtain the resistance. It was possible to freely decrease or increase the 

probes separation across the length of the microwires and make resistance measurements 

versus probe separation (Fig 4.3). This information (resistance versus spacing) was used 

to determine the basic electrical properties of individual Si microwires (doping density 

along microwire).  
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Figure 4.3: Contact formation along individual n-Si microwires (~1µm in diameter and ~120µm long) to 

make resistance measurement versus probe separation. 

 

The gradient of the measured data (Ω/µm) was used to estimate the resistivity of the 

microwire and, in turn, the doping concentration for highly-doped and low-doped 

regions. The electrical resistivity ρ for a conductor similar to these microwires with a 

uniform cross section and a uniform flow of electric current is defined as: 

,                     (4.2) 

 where R is the electrical resistance of specimen (Ω), is the length of specimen (cm) 

and A is the cross-sectional area of the specimen (cm²). In the case of silicon microwires, 

 is the resistance per unit of length (Ω/cm) extracted from the slope of the line fitted to 

the data. The general formula for the resistivity is, 



A
R





R
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,                         (4.3) 

where = 1.6×10-19 C, n is concentration of electrons (cm-3),  is electron mobility 

(cm2/V.s) , p is concentration of holes (cm-3),  is hole mobility (cm2/V.s). In the case 

of n-type semiconductors (n >> p), (4.3) can be simplified to . The measured 

drift mobility is a function of doping density  and is shown in Figure 4.4 [30, 140]. 

 

Figure 4.4: Drift mobility of Si at 300 K versus impurity concentration. Adapted with permission 

from[140]. Copyright (1993) Solid-State Electronics. 

 
 

 Referring to the resistance measurement performed (resistance ~ 0.5 kΩ) on ~5 µm of 

the n-Si microwire with ~1 µm diameter and doping density of ~ 1019 cm-3, the resistance 

per length of ~ 100 Ω/µm resulted in a doping concentration of electrons ~ 6×1018 

cm-3. The result of the measurement was consistent with the expectation n~ 1019 cm-3. 

4.1.1.1  Highly-doped Microwires: n+-Si 

Ohmic contacts were formed to n+-Si, at different spacing of the probes in which the 

probes was completely disconnected from the microwire before the contact for the next 

measurement was made (Fig 4.4). Figure 4.4 demonstrate the results of resistance 

)(

1

npq np 
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

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measurement for one pair of microwires and were verified by repeating the experiment 

with five other microwires from different regions of the growth substrate received in a 

batch. A linear fit was performed to the measured resistances versus contact separation 

with regression coefficient of r2 ~ 0.99. The regression coefficient of r2  >0.9 were 

measured for the data associated with all tested microwires. The uniform slope of the 

fitted line reflects constant resistance per length of ~10 Ω/µm and uniformity in the 

doping distribution over the length scale under consideration (µm).  

 

Figure 4.5: Contact resistance measurements for n+-Si microwires with 1.5 μm diameter. The results 

shown here represent one microwire and were verified by repeating the experiment with five other 

microwires from different regions of the growth substrate received in a batch. The linearity of the data 

along the length of microwires (squares) reflects the uniformity of the doping concentration within each 

region at the length scale considered.  

The resistance per length of ~ 10 Ω/µm resulted in a doping concentration of 

electrons ~ 2×1020 cm-3. The measured doping concentration of the microwires in these 



R

n
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measurements (on six microwires from different regions of the growth substrate) was 

consistent with the known doping concentration based on the fabrication process. 

For the all resistance measurements along the microwires, the tungsten 

probes/microwire junction resistances (2Rc) were added to the resistance of microwires 

due to the contact formation. The intercept of the line fitted to the data (~ 80 Ω) presented 

the tungsten probes/microwire junction resistances (2Rc). Each probe-microwire contact 

resistance (Rc ~ 40 Ω) was half of the intercept value (2Rc ~ 80 Ω). The probe-microwire 

contact resistance (Rc ~ 40 Ω) exhibited a negligible contribution to the total measured 

microwires resistances. The maximum resistance obtained for the length of these 

microwire (~ 80 µm) were Rw ~ 0.8 kΩ. 

4.1.1.2  Highly-doped Base Microwires: nn+-Si 

The resistance measurements results for nn+-Si are displayed in Figure 4.5. The 

measurements were performed in two directions between the top and the base of 

microwires. The results were obtained from one microwire and were verified by 

repeating the experiment with three other microwires from different regions of the growth 

substrate. Three independent resistance measurements were conducted at each point on 

the microwires to demonstrate the reliability and reproducibility of the Ohmic contacts 

performed. For each measurement, the probe was completely disconnected from the 

microwires before the contact for the next measurement was made.  
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Figure 4.6: Contact resistance measurements for nn+-Si microwires with 1.5 μm diameter. Three 

independent measurements were carried out for each selected point along the microwire and were 

conducted in both directions, from (a) the top to the base and (b) the base to the top. The results shown here 

represent one microwire and were verified by repeating the experiment with other microwires from 

different regions of the growth substrate. The linearity of the data within the highly-doped base (diamonds) 

and remainder of the microwires (squares) reflects the uniformity of the doping concentration within each 

region at the length scales considered.  
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The slope of the line fitted to the data in both directions changed once, yielding a 

change in doping concentration of carriers along the silicon microwire. The constant 

slope of the lines showed the uniform distribution of carriers within each region.   

Fig 4.5.a depicts the resistance versus probe separation for when a probe was held at the 

highly-doped end of the microwire and a second probe was moved from the opposite end 

of the microwire toward the highly-doped region. Two lines were fitted to the data for 

highly-doped base (squares) with r2 ~0.99 and for the remainder of the microwire 

(diamonds) with r2~ 0.98. In the case of all microwires tested, r2 > 0.9 were measured.   

The slope of the fitted line was 70 Ω/µm for the base and 250 Ω/µm along the 

remainder of the microwire. The resistivity associated with these measurements 

corresponded to doping concentrations of ~4×1019 cm-3 and ~4×1018 cm-3 for the highly-

doped and low-doped regions respectively.  

The presence of a transition in doping concentration at ~30% of the microwire length 

(as measured from the base of the microwire) and the doping concentration within each 

region were consistent with expectation based on the microwire growth conditions. The 

intercept of the line fitted to the resistance versus probe separation data exhibited 

negligible tungsten probe-microwire contact resistance 2Rc ~ 900 Ω contributed in the 

resistance measurement. Rc increased about an order of magnitude for n+n-Si microwires 

(~1018-1019 cm-3) compared with n+-Si microwires (2×1020 cm-3).  This is consistent with 

the expectation based on eq 4.3 demonstrating a direct correlation between the doping 

concentration of carriers and the resistance. 
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Figure 4.5.b depicts the results for the resistance measurement conducted in the reverse 

direction. In this case, both probes were at the highly-doped base of a microwire at the 

beginning. Then, one of the probes was held at the base, while the second one was moved 

far to the opposite end of the microwire. Two lines were fitted to the data for the highly-

doped base (squares) and for the remainder of the microwire (diamonds) with r2 ~ 0.97 (r2 

> 0.9 for all microwires tested in the growth substrate). 

The slope of the fitted line was 30 Ω/µm within the highly-doped base and 170 Ω/µm 

within the low-doped region. These gradients correspond to doping concentrations of 

~2×1019 cm-3 and ~3×1018 cm-3 for the highly-doped region and the remainder of the 

microwire respectively. 

The intercept of the line fitted to the data showed probe-microwire contact resistance to 

be 2Rc ~ 400 Ω. It showed a very small contribution to the resistance measurements. The 

maximum resistance obtained for the length of these microwire (60-70 µm) was Rw ~ 9 

kΩ. 

4.1.1.3  Metallic-capped Microwires: Cu/nn+-Si 

Figure 4.6 presents the resistance versus contact separation obtained from direct-contact 

formation on Cu/nn+-Si. The results were obtained from one microwire and were verified 

by repeating the experiment with three other microwires from different regions of the 

growth substrate. 
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Figure 4.7: Contact resistance measurements for Cu/nn+-Si microwires. These microwires were 1 μm in 

diameter. The results shown here represent one microwire and were verified by repeating the experiment 

with three other microwires from different regions of the growth substrate. Three independent 

measurements were carried out for each selected point.  

In this resistance measurement, a probe was held at the highly-doped end of the 

microwire and a second probe moved from the opposite end of the microwire toward the 

probe at the highly-doped region. The resistance measurements were performed three 

times at each point along the silicon microwire.Two lines were fitted to the data (Fig 4.7) 

for highly-doped base (squares) and for the remainder of the microwire (diamonds) with 

regression coefficient of r2~ 0.98 and r2~ 0.99, respectively (r2 > 0.9 was measured for all 

tested microwires). 

 The constant slope of the lines within each region reflected the uniform doping 

concentration of electrons. The slope of the fitted lines within highly-doped and low-

doped regions were 25 Ω/µm and 120 Ω/µm, respectively. These gradients in the slope of 
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the line yielded doping concentrations of ~4×1019 cm-3 and ~4×1018 cm-3 for the highly-

doped region and low-doped region respectively. 

The probe-microwire contact resistance Rc ~ 200 Ω exhibited a small contribution to 

the resistance measurement. The maximum resistance obtained for the length of these 

microwires (35-40 µm) was Rw ~ 3 kΩ. 

4.1.1.4  Metallic-capped Microwires: Au/nn+-Si 

To perform the resistance measurement on Au/nn+-Si, a probe was held at the highly-

doped end of the microwire and a second probe moved from the opposite end of the 

microwire toward the highly-doped region (Fig 4.7). The results were obtained from one 

microwire and were verified by repeating the experiment with three other microwires 

from different regions of the growth substrate. To validate the data obtained at each point, 

three independent resistance measurements were conducted at each point along the 

microwires. Two lines were fitted to the data (Fig 4.7) for highly-doped base (squares) 

and for the remainder of the microwire (diamonds) with regression coefficient of r2~ 0.97 

and r2~ 0.91, respectively (r2 > 0.9 was measured for all tested microwires). 
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Figure 4.8: Contact resistance measurements for Au/nn+-Si microwires. The results shown here represent 

one microwire and were verified by repeating the experiment with other microwires from different regions 

of the growth substrate received in a batch. These microwires were 1 μm in diameter. Three independent 

measurements were performed for each selected point along microwire.  

 

The slope of the line fitted to the data varied once along silicon microwires and it 

yielded a change in doping distribution of carriers along the microwire. The slope of the 

lines was constant within each region and it implied uniform doping concentration of 

electrons. 

The slope of the fitted line within highly-doped and low-doped regions was 20 Ω/µm 

and 100 Ω/µm, respectively. The doping concentrations calculated from the gradient of 

fitted lines were ~4×1019 cm-3 and ~6×1018 cm-3 for the highly-doped and low-doped 

regions, respectively. 

The intercept of the line fitted to the data (2Rc ~ 900 Ω) implied a small contribution 

attributable to probe-microwire contact resistance. Rw ~7 kΩ was the maximum 

resistance which might be obtained for the length ~120 µm of these microwires.  
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4.1.1.5  Electrical properties of n-Si Microwires  

The doping concentration for highly-doped and low-doped regions and the maximum 

resistance represented by a microwire (Rw) and the individual tungsten probe/microwire 

contact resistance (Rc) for all sets of microwires obtained by making Ohmic contacts to 

individual microwires using W probes in a standard probe station are presented in Table 

4.1.  

Table 4.1: The results of resistance measurements on n-Si microwires using direct-contact technique by 

means of tungsten probes (W). Apart from the microwires with the copper and gold interface (1.0 µm in 

diameter) the microwires were 1.5 µm in diameter. Rw is representation of the maximum resistance one 

might obtain for the length of the wire. The intercept of the line fitted to the resistance versus probe 

separation data presented tungsten probe-microwire contact resistances (Rc) contributed in the resistance 

measurements. 

 

 

Intercept (kΩ) 

±1% 

Slope (Ω/µm) 

±2% 

Doping Cons. (cm-3) 

±2% Rw(kΩ) 

±1% 

n+                 n n+                 n 

n+-Si 0.08 10 ― ~2×1020 ― 0.8 

nn+-Si (top to base) 0.9 70 250 ~2×1019 ~3×1018 9 

nn+-Si (base to top) 0.4 30 170 ~4×1019 ~4×1018 8 

Cu/nn+-Si 0.4 25 120 ~4×1019 ~4×1018 3 

Au/nn+-Si 0.9 20 100 ~4×1019 ~6×1018 7 

 

4.1.2 PEDOT:PSS/Si Microwire Junction  

To study PEDOT:PSS/n-Si microwire junctions, resistance measurements were 

performed on the configuration demonstrated in Fig 4.8. The structure would represent a 

half cell of the eventual device structure in which one n-Si microwire was physically 

embedded in polymer film layer. One tungsten probe was held in contact with the 
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microwire while the second probe was in contact with a gold pad sputtered on the 

polymer in a standard probe station (Fig 3.6). Then, different voltages were applied and 

the current flowing through the system was recorded using an Agilent 4155c 

semiconductor parameter analyzer (Fig 3.6). 

 

Figure 4.9: Schematic diagram of polymer/n-Si microwire junction measurements. This structure is used as 

a representation for the water splitting half-cell.  

4.1.2.1  PEDOT:PSS/nn+-Si Microwires  

nn+-Si microwires had ~20µm long highly-doped base (n+) with doping concentration 

of 4×1019 cm-3 and ~40µm long low-doped region (n) with doping concentration of 

3×1018 cm-3. Prior to inserting a microwire into the conducting polymer film, tungsten 

probes were used to make two resistance measurements associated with 10 µm at both 

ends of the microwire to identify the low-doped end (n) with larger resistance and the 

high-doped end (n+) with smaller resistance. In order to form PEDOT:PSS/nn+-Si 

systems, 7-10 µm of the low-doped end were positioned perpendicular at the 

polymer/glass interface using tungsten probes, and inserted into the polymer by pushing 

the microwires. To form PEDOT:PSS/n+n-Si combinations, 7-10 µm of the high-doped 

end were positioned at the polymer/glass interface, and inserted into PEDOT:PSS. 
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The I-V curve for PEDOT:PSS/nn+-Si microwire showed an asymmetric profile and a 

strong rectifying behavior with total series resistance of Rtotal > 20 MΩ for small bias 

voltage < 10 mV (Fig 4.9.a). A very small leakage current of ~ 4×10-3 nA flowed through 

the junction at 10 mV and a bias voltage > 380 mV was necessary to have a 21 nA flow 

of current. The results presented in Figure 4.9.a were obtained from one microwire and 

were verified by repeating the experiment with another microwire from different region 

of the growth substrate.  

I-V profile for PEDOT:PSS/n+n-Si microwire systems were symmetric (non-rectifying) 

behavior compared with PEDOT:PSS/nn+-Si for < 1 V (Fig 4.9.b). It also demonstrated 

resistance of Rtotal ~4.5 ± 0.3 MΩ for small bias voltages < 10 mV. A small bias voltage ~ 

10mV led current ~1.73 nA through the system and a bias voltage >130 mV was required 

to be applied to the junction to have 21 nA current. The results presented in Figure 4.9.b 

were obtained from one microwire and were verified by repeating the experiment with 

two other microwires from different region of the growth substrate.  
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Figure 4.10: I-V profile for (a) PEDOT:PSS/nn+-Si microwires and (b) PEDOT:PSS/n+n-Si microwires. 

The microwires were 60-70 µm in length (~20 µm highly-doped and ~40 µm low-doped) and ~1.5 μm in 

diameter. The highly-doped base was 7-10 µm in contact with the conducting polymer. (a) I-V curve was 

asymmetric (rectifying) for voltages < 1 V with a very large total resistance of Rtotal > 20 MΩ for voltages < 

10 mV. (b) The junctions exhibited a symmetric I-V curve (Ohmic-like behavior) compared with 

PEDOT:PSS/nn+-Si and a total resistance 4.5 ± 0.3 MΩ (< 10 mV).The results shown here represent one 

microwire and were verified by repeating the experiment with other microwires from different region of the 

growth substrate. 
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4.1.2.2  PEDOT:PSS/n+-Si Microwires 

N+-Si in the contact with the conducting polymer membrane (PEDOT:PSS/n+-Si) 

displayed a symmetric I-V profile for large bias voltage < 1 V (Fig 4.10). A linear 

symmetric I-V curve with total series resistance of 4 ± 1 MΩ were observed for small 

bias voltages < 10 mV. The current level of 21 nA was anticipated to flow through 

system for V > 100 mV and the current of ~ 10.1 nA flowed through the junction at 10 

mV. The results shown here represent one microwire and were verified by repeating the 

experiment with three other microwires from different region of the growth substrate. 

 

Figure 4.11: I-V characteristic for PEDOT:PSS/n+-Si microwires. The microwires with ~80 µm length and 

diameter of ~1.5 μm were 7-10 µm in contact with the conducting polymer. PEDOT:PSS/n+-Si microwire 

demonstrated a symmetrical I-V curve at large bias voltage (< 1 V). I-V curve is linear with end to end 

resistance of 4 ± 1 MΩ for small bias voltage (< 10 mV). The results shown here represent one microwire 

and were verified by repeating the experiment with other microwires from different region of the growth 

substrate. 
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4.1.2.3  PEDOT:PSS/Cu/nn+-Si Microwires 

Cu/nn+-Si microwires had ~20µm long highly-doped base (n+) with doping 

concentration of 4×1019 cm-3 and ~20µm long low-doped region (n) with doping 

concentration of 4×1018 cm-3 holding cold catalyst on the top (based on the fabrication 

process). Similarly to nn+-Si microwires (Sec 4.1.2.1), the low-doped end (n) of Cu/nn+-

Si microwires holding copper catalyst were identified. Then, 7-10 µm of the end were 

inserted into the polymer film.  

I-V characteristics of PEDOT:PSS/Cu/nn+-Si showed a symmetric I-V curve for large 

bias voltage < 1 V (Fig 4.11). In comparison with PEDOT:PSS/nn+-Si microwires (Sec 

4.1.2.1), the presence of the copper at interface improved the I-V profile to a linear and 

symmetric one for small bias regime < 10 mV. It also improved the total resistance Rtotal 

~ 3.4 ± 0.7 MΩ of such a system for small bias voltage < 10 mV. The current of ~ 3 nA 

flowed through the junction at 10 mV and a bias voltage ~70 mV was enough to flow 21 

nA current through the junction. The results shown here represent one microwire and 

were verified by repeating the experiment with two other microwires from different 

region of the growth substrate. 
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Figure 4.12: I-V characteristic for PEDOT:PSS/Cu/nn+-Si microwires. The microwires with ~40 µm length 

and diameter of ~1 μm were 7-10 µm in contact with the conducting polymer from low-doped end 

including copper catalyst. The presence of copper yielded a symmetrical I-V curve for large bias voltage (< 

1 V). It also showed a linear I-V profile with total resistance of 3.4 ± 0.7 MΩ for small bias regime (< 10 

mV). The results shown here represent one microwire and were verified by repeating the experiment with 

other microwires from different region of the growth substrate. 

 

4.1.2.4  PEDOT:PSS/Au/nn+-Si Microwires 

Au/nn+-Si microwires had ~40µm long highly-doped base (n+) with doping 

concentration of 4×1019 cm-3 and ~80µm long low-doped region (n) with doping 

concentration of 6×1018 cm-3 holding gold catalyst on the top (based on the fabrication 

process). Similarly to nn+-Si microwires (Sec 4.1.2.1), the low-doped end (n) of Au/nn+-

Si microwires holding Au catalyst were identified; and 7-10 µm of the end were then 

inserted into the polymer film.  
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The presence of gold at the interface yielded a linear curve for large bias voltage < 1 V 

with total resistance Rtotal ~ 0.15 ± 0.04 MΩ for operational bias voltage < 10 mV (Fig 

4.12). A very small bias voltage ~1 mV allowed 21 nA current to flow through the 

system. The results shown here represent one microwire and were verified by repeating 

the experiment with ten other microwires from different region of the growth substrate. 

 

Figure 4.13: I-V characteristic for PEDOT:PSS/Au/nn+-Si microwires. The microwires were ~120 µm in 

length and ~1 μm in diameter. They were 7-10 µm in contact with the conducting polymer from the low-

doped end including gold catalyst. The presence of gold yielded a linear I-V profile for large bias regime (< 

1 V) with a small total resistance of 0.15 ± 0.04 MΩ for small bias voltage (< 10 mV). The results shown 

here represent one microwire and were verified by repeating the experiment with other microwires from 

different region of the growth substrate. 

4.1.2.5  PEDOT:PSS/modified n-Si Microwires 

The resistance of the junction between methyl-terminated n-type silicon microwires, 

highly-doped (n+) and highly-doped base (n+n) microwires or metallic-capped microwire 

(n+n-Au/Cu), and a conductive polymer membrane (PEDOT:PSS) were obtained by 
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making Ohmic contact to the microwires. The measured values for all combinations 

between PEDOT:PSS and proposed n-Si microwires, are summarized in Table 4.2. 

Table 4.2: The total series resistance (Rtotal) and the current (I) at 10 mV for the combination of n-Si 

microwires and PEDOT:PSS with 7-10 µm of microwires embedded in the conductive polymer to the 

operational current. n is the doping concentration of carriers associated with the end of the microwires in 

contact with the polymer. 

 Diameter (μm) n (cm-3) Rtotal (MΩ) I (nA) at 10 mV 

PEDOT:PSS/n+-Si 1.5 ~2×1020 4 ± 1 10.1  

PEDOT:PSS/n+n-Si 1.5 ~4×1019 4.5 ± 0.3 1.73 

PEDOT:PSS/nn+-Si 1.5 ~4×1018 >20 4×10-3 

PEDOT:PSS/Cu/nn+-Si 1.0 ~4×1018 3.4 ± 0.7 3 

PEDOT:PSS/Au/nn+-Si 1.0 ~6×1018 0.15 ± 0.04 ~210 

 

4.2 Discussion 

Series resistance values of Rc, Rw, contributed in Rtotal of PEDOT:PSS/Si microwires 

system for small bias voltage (<10 mV) are found in Table 4.1. Rw < 9 kΩ and Rc < 0.5 

kΩ are both 3 orders of magnitude less than Rtotal. Rp ~ 120 Ω (Sec 3.3) also represents a 

negligible contribution. Hence, Rtotal is a very good estimation of the microwire/polymer 

junction resistance, RJ (Table 4.2). 

4.2.1 PEDOT:PSS/nn+-Si 

The PDOT:PSS/nn+-Si represented a high resistance value > 20 MΩ to the junction 

and a very small leakage current ~ 4×10-3 nA flowed through the junction at 10 mV. The 

high junction resistance of > 20 MΩ was in agreement with the minimum attainable 
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junction resistance RJ > 20 MΩ at 21 nA [27] reported for methyl-terminated low doped 

n-Si microwires (1017-1018 cm-3) embedded in the conducting polymer. The results here 

implied that PEDOT:PSS produced Schottky (rectifying) contacts with large barrier 

heights on the low-doped end (n) of nn+-Si. The behavior observed here was consistent 

with the expectation that the high work function (ݍ߶௣~5	ܸ݁) polymer, PEDOT:PSS, 

produces a large barrier heights ݍ߶௕~1.01 eV in contact with n-Si with ߯ݍ௦	~3.67 eV 

[29]. Under reverse bias, the Fermi energy of the polymer was raised with respect to the 

Fermi energy in the low doped silicon, yielding a larger depletion region, and therefore a 

pronounced rectifying behavior.  

For a tunnelling current of 10 mV, the junction resistance and depletion layer width, 

obtained from the theoretical calculations (eq 2.4 for the depletion layer width, eq 2.8 for 

the tunneling current and eq 2.9 for junction resistance) and experiments are presented in 

Table (4.3). For the calculation, the planar junctions were assumed to have a contact area 

the same as PEDOT:PSS/n-Si microwires radial junctions (Sec 3.3); the relative 

permittivity was 11.68, the effective mass was .98m0, the effective Richardson constant 

was 110 Acm2-K2, ݍ߶௕was 1.01 eV, and qVa was 10 meV.    

Table 4.3: The tunnelling current (I) at 10 mV, the junction resistance (RJ ) and depletion layer width (W) 

obtained from the theoretical calculations and experiments for n+n-Si microwires with 7-10 µm in contact 

with PEDOT:PSS. The microwires were ~60 µm length (~20 µm highly-doped and ~40 µm low-doped) 

and diameter of ~1.5 μm. In the case of calculations, the planar junctions were assumed to have a contact 

area the same as PEDOT:PSS/n-Si microwires radial junctions (Sec 3.3). 

    W (nm) I (nA) RJ (MΩ) 
PEDOT:PSS/nn+‐Si  Experiment - ~4×10-3 >20 
PEDOT:PSS/n+n‐Si  Experiment - ~1.7 ~4.5 
PEDOT:PSS/nn+‐Si  Theory ~15 ~2.5× 10-1  ~5.5×105 
PEDOT:PSS/n+n‐Si  Theory ~3 ~8.2×103 ~2.7 
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Theoretical calculation for a planar junction demonstrated that the raising doping 

density from ~4×1018 cm-3 to ~4×1019 cm-3 decreased the depletion region width to W~3 

nm from W~15 nm (eq 2.4), and increased the tunneling current through the junction to I 

~ 8.2 µA from I ~ 0.25 nA (eq 2.7), decreasing the junction resistances to RJ ~2.7 MΩ 

from RJ ~5.5×105 MΩ (eq 2.8). The thinner depletion layer width due to the high doping 

density made quantum mechanical tunnelling of carriers possible through the potential 

barrier and gave a reduction in the junction resistance.  

The experiment results were quite consistent with trends in the theory, in comparison 

with PEDOT:PSS/nn+-Si with I ~4×10-3 nA and RJ >20 MΩ, the PEDOT:PSS/n+n-Si 

junction formed a narrower depletion region, and consequently increased the tunnelling 

current to ~4×10-2 nA at 10 mV and declined the junction resistance to ~ 4.5 MΩ. 

In the table 4.3, RJ from theoretical calculations were significantly smaller than the 

experimental RJ and theoretically calculated I were also larger than the experimental I 

because the formulas used for calculation of I and RJ were for the planar structures and 

they were valid in large scales contact while the PEDOT:PSS/microwires junction were 

tested here had radial structures and the scale of the contacts were in the order of 

micrometers. When devices are miniaturized (Fig 4.13), the radius of the contacts (r) are 

significantly greater than the size of the conductors (L), r << L; the junction resistances 

cannot be simply obtained by ௃ܴ ൌ ܴ
ൗܣ , where R is the junction resistance per a unit of 

area and A is the contact area. In this case, a spreading resistance, Rsp should be added in 

series with junction resistances ௃ܴ ൌ ܴ
ൗܣ ൅ ܴ௦௣ [30]. Therefore, smaller junction 

resistances and consequently larger current through the junctions were expected from 

theory than the experiments.  
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Figure 4.14: The current pattern in (a) a large contact area and (b) a small contact area when r<<L. 

The formula used for the theoretical calculations are driven for Schottky contacts 

between metals and semiconductors. Although, PEDOT:PSS is a metallic like polymer 

and it is treated as a metal in the structures, it is naturally a polymer. 

4.2.2 PEDOT:PSS/n+-Si 

Despite the highly rectifying nature of PEDOT:PSS/n-Si contacts, PEDOT:PSS films 

formed Ohmic tunnel-junction type contacts to n+-Si microwires. The junction resistances 

obtained for n+-Si microwires were significantly improved to 3-5 MΩ compared with 

respectively low-doped n-Si microwires ( > 20 MΩ) and the current also increased to ~ 

10.1 nA at 10 mV from ~ 4.2×10-11 A. The junction resistance, RJ ~ 3-5 MΩ, observed 

was in agreement with RJ ~ 0.5-4 Ω.cm2 reported by Walter, et al., using planar films 

[29].  

I at 10 mV (eq 2.11), RJ (eq 2.12) and W (eq 2.4), obtained from the theoretical 

calculations and experiments are presented in Table (4.4). For the calculation, the planar 

junctions were assumed to have a contact area the same as PEDOT:PSS/n+-Si microwires 

radial junctions (Sec 3.3); the relative permittivity was 11.68, the effective mass was 
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.98mo, the effective Richardson constant was 110 Acm2-K2, ݍ߶௕was 1.01 eV, and qVa 

was 10 meV.    

Table 4.4: The tunnelling current (I) at 10 mV, the junction resistance (RJ) and depletion layer width (W) 

obtained from the theoretical calculation and experiments for ~80 μm long n+-Si microwires with doping 

distribution of ~2×1020 cm-3 with an average diameter of 1.5 μm. For the calculations, the planar junctions 

were assumed to have a contact area the same as PEDOT:PSS/n-Si microwires radial junctions (Sec 3.3). 

    W (nm) I (nA) RJ(MΩ) 
PEDOT:PSS/nn+‐Si  Experiment - ~4×10-3 >20 
PEDOT:PSS/n+Si  Experiment - ~10.1 ~4 
PEDOT:PSS/nn+‐Si  Theory 15 2.5× 10-1  5.5×105 
PEDOT:PSS/n+‐Si  Theory 1 ~10×105 0.6 

 

Theoretical calculation for a planar junction demonstrated that the further increase in 

doping density to ~2×1020 cm-3 decreased W to ~3 nm from ~ 15 nm and consequently 

increased quantum mechanical tunnelling of carriers thought the potential barrier to IT  ~1 

mA ( at 10 mV), yielding a significant reduction in RJ  to ~0.6 MΩ.  

The junction behavior observed in this work was in accordance with trends in the 

theory; the degenerately doped n+-Si microwires formed a narrow depletion region at the 

junction with the polymer and raised the number of electrons available for tunnelling 

through the junction. The thinner potential barrier and the high density of available 

electrons for tunnelling (two main factors of tunnelling current through a potential 

barrier) effectively facilitated tunnelling of carriers through the Schottky barrier at 

PEDOT:PSS/ n+-Si junction, yielding an increase in I ~ 10.1 nA  through the junction at 

10 mV and an smaller junction resistance RJ ~4 MΩ.  

However, the measured junction resistance ~4 MΩ resistance is still significant 

compared with other reported junction resistances expected for solar water splitting 
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applications, demonstrating insufficient doping level to improve the junction resistance as 

much as is desired (RJ < 0.5 MΩ). However, this is still possible to increase the doping 

level of microwires up to  ~1021 cm-3 [141].  Two order of magnitude reduction in the 

junction resistance (eq 2.12) is expected when the doping level elevates from ~ 1020 cm-3 

to ~ 1021 cm-3 [30].  

4.2.3 PEDOT:PSS/Cu/nn+-Si 

In comparison with PEDOT:PSS/nn+-Si microwires (Sec 4.2.1), the presence of the 

copper at interface improved the total resistance RJ ~ 3.4 ± 0.7 MΩ of such a system for 

small bias voltage < 10 mV and the current also increased to ~ 3 nA at 10 mV.  

The tunnelling current at 10 mV, the junction resistance and the barrier heights 

obtained from the theoretical calculations (eq 2.4 for ݍ߶௕, eq 2.8 for I and eq 2.9 for RJ) 

and experiments are presented in Table (4.5). For the calculations, the planar junctions 

were assumed to have a contact area the same as PEDOT:PSS/n-Si microwires radial 

junctions (Sec 3.3); the relative permittivity was 11.68, the effective mass was .98m0, the 

effective Richardson constant was 110 Acm2-K2, ݍ߶௕was 1.01 eV, and qVa was 10 meV.    

Table 4.5: The tunnelling current (I) at 10 mV, the junction resistance (RJ) and the barrier heights (࢈ࣘࢗ) 

obtained from the theoretical calculation and experiments for PEDOT:PSS/Cu/nn+-Si microwires. The 

microwires were ~40 µm in length and ~1 μm diameter. The microwires were 7-10 µm in contact 

PEDOT:PSS from low-doped end with copper catalyst. For the calculations, the planar junctions were 

assumed to have a contact area the same as PEDOT:PSS/n-Si microwires radial junctions (Sec 3.3). 

     ௕ (eV) I (nA) RJ (MΩ)߶ݍ
PEDOT:PSS/nn+‐Si  Experiment - ~4×10-3 >20 

PEDOT:PSS/Cu/nn+‐Si  Experiment - ~3 ~3.4 
PEDOT:PSS/nn+‐Si  Theory ~15 ~2.5× 10-1  ~5.5×105 

PEDOT:PSS/Cu/nn+‐Si  Theory ~1 ~1.1× 104 ~0.9 
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A PEDOT:PSS/Cu/nn+-Si consist two junctions in series, PEDOT:PSS/Cu and Cu/nn+-

Si. Highly conductive metal, Cu, in contact with the conductive polymer, PEDOT:PSS, 

forms an Ohmic junction. Deposition of copper with work function of ~ 4.7 eV on n-Si 

with ߯ݍ௦~4.05 eV forms a Schottky barrier ~0.65 eV. The formation of a copper silicide 

layer at high temperature >800°C (T~1000°C according to the fabrication technique) 

reduces the Schottky barrier to ~0.59 eV [130]. Cu/n-Si junction with smaller barrier 

height (~0.59 eV) compared to with	ݍ߶௕~1.01 eV resulting a significant tunneling 

current of ~11 µA at 10 mV and contact resistance of ~0.9 MΩ compared with 

PEDOT:PSS/nn+-Si.  

These expectations were consistent with the behavior observed herein for 

PEDOT:PSS/Cu/nn+-Si, which were ohmic-like structure with significantly (orders of 

magnitude)  smaller junction resistances ~ 3.4 ± 0.7 MΩ compared with PEDOT:PSS/n-

Si (~4×1018 cm-3).  

It is important to note that both metallic-capped microwires had smaller diameters (~1 

µm) compared with the rest of the microwires (~1.5 µm). The resistance of the junction is 

inversely proportional to contact area. Hence, an increase in the diameter of copper-

capped microwires (~1.5 µm) is expected to make more improvement on 

PEDOT:PSS/Cu/nn+-Si microwire junction resistance by a factor of ~1.5.  

4.2.4 PEDOT:PSS/Au/nn+-Si 

The presence of the gold at the interface improved the junction resistance RJ ~ 0.15 MΩ 

of PEDOT:PSS/n-Si (~6×1018 cm-3) for small bias voltage < 10 mV. A junction between 
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PEDOT:PSS and n-Si with gold interface comprises two junctions in series, 

PEDOT:PSS/Au and Au/n-Si. Au forms an Ohmic contact with the conductive polymer, 

PEDOT:PSS. Although deposition of gold with work function of ~ 5.2 eV on n-Si with 

 ௦~4.05 eV should produce a Schottky barrier ~0.7 eV and consequently a rectifying߯ݍ

behavior, the formation of gold silicide at high temperature >350°C (T~1000°C 

according to microwires growth technique) makes an Ohmic contact between Au/n-Si. 

These expectations were in accordance with the behavior observed in this work, the 

presence of the gold interface at PEDOT:PSS/n-Si demonstrated Ohmic behavior with 

very small junction resistance RJ ~ 0.15 MΩ. In comparison with the gold interfacial 

layer at the junction, copper exhibited a nonlinear I-V curve with larger junction 

resistance because gold silicide makes almost a zero Schottky barrier at the junction with 

n-Si, while copper silicide makes a 0.56 eV high Schottky junction with n-Si [130, 142]. 

An increase in the diameter of gold-capped microwires (~1.5 µm) is expected to reduce 

the junction resistance of PEDOT:PSS/Au/nn+-Si by a factor of ~1.5.  
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Chapter Five  

Conclusions and Future Directions 

5.1 Conclusions  

To minimize the electrical losses in the solar water splitting devices, the polymer/Si 

microwire junction resistances < 0.5 MΩ yield losses that were 1% of total 

photogenerated voltage required for water splitting. This thesis has presented further 

evidence that raising the doping density of n-Si microwires in contact with PEDOT:PSS 

or addition of a metallic interfacial layer at PEDOT:PSS/n-Si microwires may offer a 

compelling route toward an improvement in electrical behavior of the junction between 

PEDOT:PSS and methyl-terminated n-Si microwires. This thesis has experimentally 

verified the elevation of doping density on the order of 1019-1020 cm-3 exhibited a 

significant improvement in junction resistance of PEDOT:PSS/n-Si microwires relative 

to low doped n-Si microwires. However, the junction resistance for highly doped n-Si 

microwires (1019 -1020 cm-3) is still about an order of magnitude larger than the resistance 

(R ~ 0.5 MΩ) expected to minimize the impact of IR losses in a functional system. It also 

has shown that the methyl-terminated n-type Si microwires (4×1018 cm-3) in contact with  
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PEDOT:PSS with copper interface reduce the junction resistance of PEDOT:PSS/n-Si 

and have similar current-voltage characteristics to those observed for the highly-doped 

microwires, while junctions incorporating gold exhibited ohmic behavior and 

significantly lower resistances ~ 0.15 MΩ. Hence, PEDOT:PSS provides a potentially 

Ohmic contact with methyl-terminated n-Si microwires through increase of the doping 

and addition of copper and gold; among all the combinations, the PEDOT:PSS/n-Si 

junction with gold interfacial layer demonstrated an ohmic contact with sufficiently small 

junction resistance which met the minimum requirements for contact resistance of 

PEDOT:PSS/n-Si in the solar water splitting device applications. 

5.2 Future Directions 

There are several pathways as potential future work for examining and characterization 

of water splitting structures. Raising the doping concentration of the microwires (~1020 

cm-3) demonstrated a significant improvement in the junction resistance. It is possible to 

raise the doping level one order of magnitude (~1021 cm-3) according to the solid-

solubility limit of n-type dopants in silicon ~1021 cm-3. It has been shown that when 

doping level elevates from ~ 1020 cm-3 to ~ 1021 cm-3, the junction resistance reduces one 

or two orders of magnitude [30] and consequently, acceptable improvement in junction 

resistance of such a system would be expected from significantly high doping of 

microwires (~1021 cm-3). Hence, the effect of higher doping concentration (~ 1021 cm-3) 

for n-Si microwires in contact with the polymer could be investigated as a potential future 

work.  For the purpose of this study, heavily-doped n-Si microwires ~ 1021 cm-3 can be 
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possibly grown by increasing the concentration of PH3 in the growth chamber 

concentration with either raising PH3 flow or decreasing the H2 flow.    

This work demonstrated that addition of a metal interfacial layer at the junction of 

PEDOT:PSS/n-Si is a promising approach to address the large junction resistance, 

specially, the structures with gold interfacial layer; the junction resistance of 

PEDOT:PSS/Au/n-Si was  less than  (~10%) the critical value for the junction resistance 

in proposed structure of solar water splitting devices. However, the main purpose of a 

solar water splitting device is having a viable renewable energy system using earth 

abundant materials, but gold is not an abundant material, suggesting expensive large-

scale production. Hence, the nature of PEDOT:PSS/n-Si junction with contribution of 

other metallic interfacial layers can be explored using the ohmic contact formation to the 

structures with W probes. Ni, Al, Ag, Bi, Cd, Co Dy, Fe, Ga, Gd, In, Mg, Mn, Os, Pb, Pd, 

Pr, Pt, Ru, Sn, Te, Ti, and Zn are the metallic catalysts have been reported in Si 

microwire array fabrication [99]; among them obviously Ni, Fe, Ga, In and Mg are in 

priority since they are more abundant and resistive to oxidation compared to the rest. The 

Schottky barrier heights at the junction between the candidate metallic silicides and n-Si 

is also another important parameter that should be considered in order to choose a proper 

metallic interfacial layer.    
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