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General Introduction 

 
 The solar energy that is always streaming from the sun onto the earth has fostered all of 

us unconsciously for a long time. The nature has a great factory for solar energy utilization as 

the “photosynthesis” and its ingenious mechanism is now quite attractive from a scientific 

point of view. If the artificial utilization of the solar energy is realized as an energy resource, 

our life will become more and more pleasant and fertile. A main method of the artificial solar 

energy utilization is the photovoltaic conversion using solar cells because the electric energy is 

one of the most indispensable energies for our modern life. The photovoltaic conversion is also 

desired from another view-point of environment protection, because the thermal power 

generation by using fossil fuels, which is the main energy resources in the present societies, 

emits a large amount of CO2 gas to cause the green house effect (global warming), together 

with NOx and SOx gases to cause environmental pollution. Furthermore, the fossil fuels are 

limited in amount on the earth and will have to be used in the best way under deep 

considerations. 

 Fortunately, recent progress in studies on single crystal silicon (Si) p-n junction solar 

cells has realized high conversion efficiencies close to the theoretical limit. Very high 

conversion efficiencies have also been achieved for tandem-type solar cells with 

MOCVD-made high-quality compound semiconductors. However, a serious problem has still 

remained in that the fabrication costs for these solar cells are quite high, about 10 times higher 

than the cost for practical application on large scales. Thus, the main target in the present 

solar-cell studies lies in lowering the fabrication cost without reducing the conversion 

efficiency.  

One of the most promising approaches to this target is to develop high-efficiency 

thin-film solar cells, fabricated with inexpensive thin-film semiconductor materials. In fact, 



 2

much attention has recently been paid to this-type solar cells,1-3 such as amorphous silicon (Si) 

solar cells, polycrystalline Si thin film solar cells, and dye-sensitized TiO2 solar cells. However, 

we have to mention that this-type solar cells have faced a serious deadlock because the use of 

expensive transparent conductive oxide (TCO) such as indium tin oxide is inevitably necessary 

for efficient current collection. In addition, the TCO has no enough electrical conductivity and 

thus it is needed to adopt a complex solar-cell structure composed of series connection of a 

large number of tiny solar cells to avoid an increase in the current density and hence in the 

ohmic loss,4 which leads to a significant cost increase. Furthermore, this series-connection 

structure induces another cost increase because high-quality fabrication of tiny solar cells is 

required, for in this structure damage of one tiny cell ruins all the performance of tiny cells 

connected in series with it. 

Another promising approach is to develop an efficient and stable solar to chemical 

conversion system, such as solar water splitting, by use of a semiconductor/electrolyte 

junction.5 Merits of this approach lie in that (1) inexpensive thin-film semiconductor materials 

can easily be used and (2) photogenerated electrons and holes are converted to chemical fuels 

such as hydrogen and oxygen within a photoelectrolysis cell and thus no current collection 

(and no TCO) is necessary.  

The main problem in developing the direct solar to chemical conversion system lies in 

that it is difficult to find an efficient and stable semiconductor electrode. It is well known 6 that 

titanium dioxide (TiO2) is stable and can oxidize water into oxygen and H+ ions, but it only 

absorbs UV light and is inefficient in solar energy conversion.7,8 On the other hand, a silicon 

(Si) semiconductor is one of the most suitable semiconductors for solar energy conversion in 

view of an appropriate band-gap of 1.1 eV for obtaining a high efficiency, abundance in 

natural resources, and non-toxicity.9 However, Si has a serious problem when it is used as a 

photoelectrode in aqueous electrolytes, in that it is easily oxidized at the surface and 
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passivated.10-23 

Recently, a number of studies have been reported on modification of Si surfaces with 

organic alkyl groups.24-32 A large merit of surface alkylation is the improvement of Si stability 

against the surface oxidation in air33 and in an aqueous redox electrolyte,34 without any 

increase in the surface carrier recombination rate. However, it is also reported34-40 that the 

surface alkylation tends to retard interfacial electron transfer at the Si/redox electrolyte 

contacts. The surface alkylation for the Si stabilization has thus faced a serious dilemma on 

this point. 

On the other hand, the research group to which the author belongs has studied for a long 

time the metal nano-dot coating for obtaining efficient n-Si electrodes. The studies have 

revealed23,41-47 that single crystal n-Si electrodes loaded with Pt nano-dots, in a Br−/Br2 

aqueous redox electrolyte, generate very high open-circuit photovoltages (Voc) of 0.62 - 0.64 V, 

considerably higher than those of conventional solid-state p-n junction Si solar cells. This 

finding has provided a new way to utilize Si for solar to chemical conversion, but 

unfortunately the n-Si electrode showed no enough stability for long-term operation. 

Theoretically, it was expected41,42 that the Si surface was stabilized by metal particles at 

metal-coated parts and Si-oxide layers at naked parts, but actually gradual Si oxidation 

occurred even beneath the metal particles, which led to the electrode degradation. 

Under these circumstances, the author started studies on the n-Si electrodes for the 

purpose of obtaining the high-efficiency and stable electrodes. The main strategy was to 

combine the method of surface alkylation for the stability and the method of metal nano-dot 

coating for the high efficiency. The author has finally succeeded in demonstrating that the 

surface alkylated and Pt nano-dotted n-Si electrodes are really the high-efficiency and stable 

electrodes. He has also succeeded in clarifying some important new aspects in the surface 

modification, in relation with the control of the flat-band potential as well as the method to 
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prepare doubly surface-modified electrodes such as the surface alkylated and Pt nano-dotted 

n-Si electrodes. 

 In the first chapter, it is shown that the surface methylation (CH3-termination), 

combined with the Pt nano-dot coating, can provide an efficient and stable n-Si (111) electrode 

for use in a photoelectrochemical (PEC) cell. The surface methylated and Pt nano-dotted n-Si 

electrodes showed efficient and stable photocurrents in an aqueous HBr/Br2 redox electrolyte 

of a highly corrosive nature for more than 6 h. It is also shown that the Pt nano-dots can act as 

an effective catalyst (or gates) for interfacial electron transfer, which effectively overcomes the 

demerit of the surface alkylation to retard the interfacial electron transfer.  

In the second chapter, the properties of the surface methylated and Pt nano-dotted n-Si 

electrodes in an aqueous I3
－/I－ redox electrolyte are studied in detail. This-type electrodes 

gave a high Voc of about 0.57 V and the photovoltaic characteristics were stable for more than 

24 h, in contrast to hydrogen (H)-terminated and Pt nano-dotted n-Si electrodes for which the 

Voc was only 0.3 to 0.4V and the photocurrent degraded seriously in 24 h. In addition, the 

electrodes of this type could successfully be used for photodecomposition of hydrogen iodide 

into hydrogen and iodine in an electrochemical cell with no external bias, and yielded a solar 

to chemical conversion efficiency ( s
chemφ ) of 7.4 %, which is the highest ever reported, apart 

from high values reported for MBE-made expensive high-quality composite multiplayer 

semiconductor electrodes such as p-n AlxGa1-xAs/p-n Si/Pt48 and p-n GaAs/p-GaxIn1-xP/Pt.49,50 

The success is of great importance, in that it has opened a new way of cost lowering for solar 

energy conversion. 

In the third chapter, the photovoltage and stability of the Pt nano-dotted and 

surface-alkylated n-Si (111) electrodes in the I−/I3
− redox electrolyte are studied as a function 

of the chain length of surface alkyl groups. Linear sweep voltammetry revealed that the 

overvoltage for the Pt deposition became larger with increasing the surface alkyl chain length, 
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i.e., in the order of H-, CH3-, n-C4H9-, and n-C6H13-, most probably because of decreased 

stabilization of surface ionic intermediate(s) of the Pt electrodeposition. SEM inspection and 

chronoamperometry revealed that the Pt particle density decreased and the particle size 

increased with increasing the alkyl chain length, suggesting that long alkyl chains attached to 

the n-Si surface lay down on it and covered non-alkylated sites at which the Pt deposition 

occurred, thus having a detrimental effect on the Pt deposition on n-Si. The photovoltaic 

behavior and stability for the surface alkylated n-Si were improved much by the Pt-dot coating, 

but became somewhat inferior with increasing the alkyl chain length, in harmony with the 

above model. 

In the fourth chapter, the flat-band potentials (Ufb) for the Pt nano-dotted and surface 

alkylated n-Si (111) electrodes in the I−/I3
− redox electrolytes are studied in relation with their 

solar cell characteristics. It is found that the Ufb for the surface methylated and Pt nano-dotted 

n-Si (111) electrodes shifted toward the negative with increasing the I− concentration, in 

parallel to the equilibrium redox potential Ueq(I−/I3
−), and thus the Voc was kept nearly constant 

among the redox electrolytes with different Ueq(I−/I3
−) and different pH. This Ufb shift is 

explained by assuming that Si-I bonds are formed at a part of the n-Si surface to which no 

alkyl group nor Pt are attached and that adsorption of an I− ion occurs at this bond in the form 

of Si-I⋅⋅⋅I−, thus the induced negative surface charge causing the negative shift in Ufb. It is also 

shown from the measurements of the Ufb in the dark and under illumination that Pt dots really 

act as an efficient catalyst (gates or channels) for the interfacial electron transfer and prevents the 

positive shift in the Ufb under illumination. 
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Chapter 1 

Stabilization of n-Si electrodes 

by Surface Alkylation and Metal Nano-Dot Coating 

for Use in Efficient Photoelectrochemical Solar Cells 
 

Abstract 

 Surface methylated and Pt nano-dotted single crystal n-Si(111) electrodes yielded 

efficient photocurrent density (j) vs. potential (U) characteristics for more than 6 h in a highly 

corrosive electrolyte of aqueous 8.6 M HBr + 0.05 M Br2. On the other hand, H-terminated and 

Pt nano-dotted n-Si electrodes degraded seriously in about 15 min. Surface methylated but 

non-Pt-dotted n-Si electrodes yielded only poor j-U characteristics with low Voc. The results 

clearly show that a combination of surface alkylation and metal nano-dot coating is an 

effective way to obtain efficient and stable Si photoelectrodes and hence photoelectrochemical 

solar cells. 
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Introduction 

The main target in recent studies on solar energy conversion is to realize a 

high-efficiency and low-cost solar conversion system in the form of either solar cells or solar 

water splitting. In particular, to realize a low-cost conversion system is of key importance in 

view of practical application on large scales. In this respect, thin film solar cells, made of 

inexpensive thin film semiconductor materials such as amorphous Si, polycrystalline Si, 

polycrystalline metal chalcogenides, and dye-sensitized nanocrystalline TiO2 films, are a very 

promising approach, and much attention has been paid to this type of solar cells.1 

 The research group to which the author belongs reported previously2-8 that single 

crystal (flat-surface) n-Si electrodes coated with metal nano-particles, in contact with a redox 

electrolyte such as 8.6 M HBr + 0.05 M Br2, generated very high open-circuit photovoltages 

(Voc) of 0.62 - 0.64 V, considerably higher than those of conventional solid-state p-n junction Si 

solar cells of a similar simple structure. This remarkable result is entirely due to a unique effect 

of metal nano-dot coating,3,4 which leads to ideal semiconductor electrodes.9 It should be 

emphasized that the method can be applied easily to inexpensive polycrystalline Si thin films. 

Also, solar cells of a solid-state type can be fabricated by the same principle.6 However, this 

method still had a problem in that the n-Si electrodes did not show enough stability for 

long-tern operation. 

Recently, a number of studies have been reported on the modification of Si surfaces with 

organic alkyl groups.10-16 A large merit of surface alkylation is the improvement of Si stability 

against surface oxidation in air17 and in an aqueous redox electrolyte,18 without any increase in 

the surface carrier recombination rate.17 However, it is also reported19,20 that the surface 

alkylation tends to retard interfacial electron transfer at the Si/redox electrolyte contacts. In this 

chapter, the author reports that the surface alkylation, combined with metal nano-dot coating, 

can provide an efficient and stable n-Si electrode for use in photoelectrochemical solar cells. In 
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this approach, the metal nano-dots can act as an effective catalyst for interfacial electron 

transfer to overcome the demerit of the surface alkylation used for the Si stabilization. 
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Experimental 

Single crystal n-Si (111) wafers of the resistivity of 1 ∼ 5 Ω cm, donated by Shin-Etsu 

Handotai Co. Ltd., were used. The surfaces of the Si wafers were cleaned by washing in 

boiling acetone for 2 min and successive immersing in a mixture of 95% H2SO4 and 30 % 

H2O2 (1:1 in volume) at 100 °C for 20 min and in 5 % HF for 5 min. The hydrogen 

(H)-terminated Si surfaces were obtained by further consecutive immersion of the above Si 

wafer in a mixture of 25 % aqueous NH3, 30 % H2O2, and water (1:1:5 in volume) at 80 °C for 

20 min, in 5 % HF for 5 min, and in 40 % NH4F for 15 min. 

The alkylation (methylation) of the Si surface was, in this chapter, obtained by a method 

of photochlorination followed by Grignard reaction, which was first reported by Bansal et al.12 

An H-terminated n-Si (111) wafer was put in a saturated chlorobenzene solution of phosphorus 

pentachloride (PCl5) and the solution was refluxed under UV illumination for 1 h. After 

washing with toluene, the wafer was put in a 3.0 M diethylether solution of CH3MgI (Grignard 

reagent) and the solution was refluxed for 1 h. All the procedures were done under a dried 

argon atmosphere. The Si wafer thus methylated was finally washed with tetrahydrofuran and 

pure water.  

Platinum nano-particles were deposited on the methylated Si surface by a method of 

dropping a Pt-colloid solution, which was prepared by the Bredig method.4 Ohmic contact was 

obtained with indium-gallium alloy. The n-Si wafer thus prepared was then mounted in a 

Teflon holder (effective area: 0.25 cm2) and used as an electrode in photoelectrochemical 

experiments.  

Photocurrent density (j) vs. potential (U) was measured with a potentiostat 

(Hokuto-Denko HA 501) and a potential programmer (Nikko Keisoku NPS-2). A Pt plate was 

used as the counter electrode, and a saturated calomel electrode (SCE) was used as the 

reference electrode. Electrolyte solutions were prepared using special grade chemicals and 
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pure water, the latter of which was obtained from deionized water by purification with a 

Milli-Q water purification system. Surface inspection was carried out with a Hitachi S-5000 

high-resolution scanning electron microscope (SEM). X-ray photoelectron spectroscopic 

(XPS) analysis was performed with a Shimadzu ESCA-1000 spectrometer using an MgKα 

line. 
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Results and Discussion 
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FIGURE 1  C-1s XPS peaks for (A) methylated (CH3-terminated) and (B) hydrogen 

(H)-terminated Si surfaces. The broken lines in (A) are deconvoluted Gaussian curves for 

curve fitting. 

 

The methylation of the n-Si surface by the above-described chemical treatment could be 

simply recognized with eyes by an increase in the hydrophobicity of the Si surface (or an 

increase in the contact angle for a water droplet at the Si surface). The methylation was also 

confirmed by XPS analysis. Figure 1 shows carbon-1s XPS peaks for (A) methylated 

(CH3-terminated) and (B) hydrogen (H)-terminated Si surfaces. The main peak at about 284.9 

eV, observed for both the Si surfaces, can be attributed to carbon in C-C bonds of 

contaminating hydrocarbons. A higher energy shoulder at about 286.7 eV can also be attributed 

to contaminating organic compounds, i.e., carbon of oxidized groups such as C=O in them. On 



 15

other hand, a lower energy shoulder at about 283.8 eV, which is only observed for the 

methylated (CH3-terminated) Si surface, can be attributed to carbon in surface Si-CH3 bonds. 

This assignment is in good agreement with the work reported by other workers.15,21 Thus the 

author can conclude that the Si-CH3 bonds are really formed at the n-Si surface in this chapter. 

A very rough estimation of the surface coverage (θ) of CH3 group from the intensity of the 

283.8-eV peak, with a correction for contributions of inside Si atoms by the method of 

Himpsel et al.,22 led to a value of θ of around 70 %, which is somewhat higher than a reported 

value of less than 50 %14 probably owing to an influence of contaminating organic compounds 

at the Si surface. 

0

10

20

30

0-0.5

0

10

20

30

(A) Si-H

(B) Si-CH3

initial

after 30 min

initial

after 30 min

after 390 min

Ph
ot

oc
ur

re
nt

 d
en

si
ty

 / 
m

A
 c

m
-2

Potential (n-Si vs. Pt-counterelectrode) / V

0

10

20

30

0-0.5 0-0.5

0

10

20

30

(A) Si-H

(B) Si-CH3

initial

after 30 min

initial

after 30 min

after 390 min

Ph
ot

oc
ur

re
nt

 d
en

si
ty

 / 
m

A
 c

m
-2

Potential (n-Si vs. Pt-counterelectrode) / V  

FIGURE 2  (A) A time course of the j-U curve for a non-methylated (H-terminated) and 

Pt nano-dotted n-Si electrode, and (B) that for a surface-methylated and Pt nano-dotted 

n-Si (111) electrode, both in 8.6 M HBr + 0.05 M Br2 under continuous illumination by 

simulated solar light (AM 1.5G, 100 mW cm-2). 
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Figure 2(B) shows a time course of photocurrent density (j) vs. potential (U) for a 

surface-methylated and Pt nano-dotted n-Si (111) electrode in a redox electrolyte of 8.6 M HBr 

+ 0.05 M Br2 under continuous illumination by simulated solar light (AM 1.5G, 100 mW cm-2). 

For comparison, Figure 2(A) shows a time course of j vs. U for a non-methylated 

(H-terminated) and Pt nano-dotted n-Si electrode. The j-U curve for the methylated and Pt 

nano-dotted n-Si electrode remained unchanged, except a slight decrease in Voc, under 

long-term continuous illumination for 390 min in a very corrosive solution of 8.6 M HBr + 

0.05 M Br2. On the other hand, the j-U curve for the H-terminated and Pt-nano-dotted n-Si 

electrode degraded seriously in 30 min (Figure 2A). The result clearly shows the effectiveness 

of the surface alkylation for obtaining stable n-Si electrodes. 
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FIGURE 3  A time course of the j-U curve for a methylated but non-Pt-dotted n-Si 

electrode in 8.6 M HBr + 0.05 M Br2 under continuous illumination by simulated solar 

light (AM 1.5G, 100 mW cm-2). 

 

It is to be mentioned here that methylated but non-Pt-dotted n-Si electrodes showed only 

poor j-U curves in 8.6 M HBr + 0.05 M Br2, with the photocurrent onset at around −0.2 V, as 

shown in Figure 3, though H-terminated n-Si electrodes with no Pt showed fairly efficient j-U 
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curves at least at the very initial stage. This result indicates that the surface methyl group 

considerably retards the interfacial redox reaction. This conclusion is in contrast to the result of 

Bansal et al.,18 who reported fairly efficient j-U curves for methylated n-Si in aqueous 

[Fe(CN)6]3-/[Fe(CN)6]4-. The difference may arise from the fact that the oxidation of 

[Fe(CN)6]4- by photogenerated holes at the Si surface occurs by a simple electron transfer 

mechanism, treated by a Marcus-Gerischer theory, whereas the oxidation of Br− occurs via 

adsorbed intermediate(s) at the electrode surface. It is likely that the surface methyl group 

hinders the adsorption of oxidized intermediates such as Br⋅ atoms, which leads to the poor j-U 

curve for the methylated but no Pt dotted n-Si in aqueous Br−/Br2. The above argument clearly 

indicates the important role of metal nano-dot coating in obtaining efficient n-Si electrodes. In 

addition, it may be interesting to note that the poor j-U curve for the methylated but no Pt 

dotted n-Si electrode in aqueous Br−/Br2 was stable under continuous illumination for 30 min 

(Figure 3), contrary to the case of H-terminated n-Si with no Pt, again showing the 

effectiveness of the surface alkylation for the Si stabilization. 

One may note from Figures 2A and 2B that the open-circuit photovoltage (Voc) for the 

methylated and Pt-dotted n-Si electrode is, at the initial stage, slightly lower than that of the 

H-terminated and Pt-dotted one. Moreover, the Voc for the methylated and Pt-dotted electrode 

decreases slightly with time under long-term illumination (Figure 2B), though the short-circuit 

photocurrent (jsc) and the fill factor (F.F.) remains nearly unchanged. The fact that the F.F. 

remains unchanged strongly suggests that no surface oxidation proceeds in this case, for 

otherwise the F.F. should decrease to a large extent, as observed in Figure 2(A). 

What is the reason for the decrease in the Voc for the methylated and Pt-dotted electrode 

under long-term illumination? One possibility is to assume a change in the size and the 

separation of surface Pt particles during the illumination. The research group to which the 

author belongs reported before3,4 that the optimal size and separation of surface Pt particles is 
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about 5 nm and about 200 nm, respectively. The increase in the size of the Pt particles, as well 

as the decrease in their separation, both lead to a decrease in the Voc owing to a decrease in the 

barrier height for the n-Si/solution contact.3,4 

 

300nm

（Ａ）

300nm300nm

（Ａ）

   300nm

（Ｂ）

300nm300nm

（Ｂ）

 

FIGURE 4  SEM images of surface-methylated and Pt-dotted n-Si (111) electrodes (A) 

before and (B) after a long-term stability test for 360 min.  

 

Figure 4 shows SEM images of a surface-methylated and Pt-dotted n-Si (111) electrode 

(A) before and (B) after a long-term stability test for 360 min. Even at the initial stage, Pt 

particles exist as large aggregates (Figure 4A). Besides, the size of the Pt aggregates seems to 

increase after the long-term stability test, together with a change in the shape, though the 

image in (B) is blurred under best focused conditions for an unknown reason. The author might 

thus tentatively say that this increase in the size and the change in the shape (or the separation) 

of the Pt aggregates might be responsible for the decrease in the Voc for the methylated and Pt 

nano-dotted Si electrode during the long-term stability test. It is likely that the Pt particles are 

photoanodically dissolved in 8.6 M HBr + 0.05 M Br2 in the form of PtBrx
 to a slight extent 

under illumination, which leads to a change in the size and shape of the Pt aggregates during 
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long-term illumination.  

It may be noted also that Pt particles exist as large aggregates even at the initial stage 

(Figure 4A), as already mentioned above. This may be the reason why the Voc for the 

methylated and Pt-dotted n-Si electrode is, at the initial stage, lower than that for the 

H-terminated and Pt-dotted one (Figure 2). Such aggregation of the Pt particles arises from an 

experimental difficulty that the methylated Si surface is much more hydrophobic than the 

H-terminated one, and thus, when a Pt-colloid solution was dropped on the surface, the 

solution tends to form small round spheres. This necessitates us to drop a large amount of 

Pt-colloid solution to cover all over the Si surface. Anyway, further studies are necessary to get 

a definite conclusion on the reason for the decrease in the Voc after the long-term stability test. 

Why is the n-Si electrode stabilized by surface methylation? A possible explanation is 

that the surface methyl group forms a hydrophobic thin layer on the Si surface and prevents the 

approach of water molecules to it. At present the author have no information on the detailed 

morphological structures of surface methyl group and Pt particles and their interrelations on an 

atomic scale. More regulated alkylation and deposition of Pt particles are necessary to clarify 

these points. Such studies will be helpful for the improvement of the j-U characteristics and 

stability for the n-Si electrodes. A problem of slight degradation of j-U characteristics (Figure 

2B), most probably arising from the aforementioned slight dissolution of Pt particles in the 

Br−/Br2 redox electrolyte, will be able to be overcome by choosing another appropriate redox 

couple. An interesting approach is to use the n-Si electrodes for solar water splitting in 

combination with another semiconductor electrode such as an N-doped (and hence visible-light 

absorbing) TiO2 particulate film. 
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Chapter 2 

Efficient Solar to Chemical Conversion 

by a New-type n-Si Electrode 

with Metal Nano-contact and Surface Alkylation 
 

Abstract 

 The author has succeeded in developing a new-type Si electrode with metal nano-contact 

and surface alkylation, which shows excellent and stable photovoltaic characteristics in 

aqueous redox electrolytes. The electrode has achieved solar decomposition of hydrogen 

iodide into hydrogen and iodine under no external bias with a solar to chemical conversion 

efficiency s
chemφ  of 7.4 %, which is the highest efficiency ever reported, apart from the values 

reported for high-quality expensive multilayer semiconductor electrodes. The present success 

is of great importance in that it has opened a new way of cost lowering for solar energy 

conversion. 
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Introduction 

 The main target in recent solar-cell studies lies in lowering the fabrication cost without 

reducing the conversion efficiency. Most attention has thus been paid to thin-film solar cells,1,2 

fabricated with inexpensive thin-film semiconductor materials such as amorphous silicon (Si), 

polycrystalline Si, and dye-sensitized TiO2. However, this-type solar cells have faced a serious 

deadlock because the use of expensive transparent conductive oxide (TCO) such as indium tin 

oxide is inevitably necessary for efficient current collection. In addition, the TCO has no 

enough electrical conductivity and thus it is needed to adopt a complex solar-cell structure 

composed of series connection of a large number of tiny solar cells to avoid an increase in the 

current density and hence the ohmic loss,2 which leads to a significant cost increase. 

Furthermore, this series-connection structure induces another cost increase because 

high-quality fabrication of tiny solar cells is required, for in this structure damage of one tiny 

cell ruins all the performance of tiny cells connected in series with it. 

 Solar to chemical conversion by use of a semiconductor/solution junction has attracted 

strong attention as another new technology for solar energy conversion, in particular, since the 

report of water splitting with n-TiO2 in 1972 by Fujishima and Honda.3 This method has great 

advantages in cost lowering over the thin-film solar cells, in that it does not use any expensive 

TCO and is easily adaptable to low-cost thin-film semiconductor materials. This method has, 

however, had the severe problem that most semiconductor electrodes with band-gaps suitable 

for solar energy conversion are chemically unstable in aqueous electrolytes.4,5 For example, 

silicon (Si) is the most suitable semiconductor for solar energy conversion in view of an 

appropriate band-gap of 1.1 eV, abundance in natural resources, and non-toxicity, but easily 

oxidized and passivated in aqueous electrolytes. Stable semiconductors such as TiO2, on the 

other hand, have wide band-gaps and absorb only UV light (or hardly absorb solar light). The 

dilemma has not been overcome for a long time.  
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 The research group to which the author belongs reported fairly long ago6-13 that single 

crystal n-Si electrodes loaded with metal nano-particles, immersed in a Br−/Br2 redox 

electrolyte, generated very high open-circuit photovoltages (Voc) of 0.62 - 0.64 V, considerably 

higher than those of conventional solid-state p-n junction Si solar cells of a similar simple 

structure. This finding provided a new way to utilize Si for solar to chemical conversion, but 

unfortunately the n-Si electrode showed no enough stability for long-term operation. 

Theoretically, it was expected7,8 that the Si surface was stabilized by metal particles at 

metal-coated parts and passivating Si-oxide layers at naked parts, but actually gradual Si 

oxidation occurred even beneath the metal particles, which led to the electrode degradation. 

Recently, a number of studies have been reported on modification of Si surfaces with 

organic alkyl groups.14-21 A large merit of surface alkylation is the improvement of Si stability 

against the surface oxidation in air22 and in an aqueous redox electrolyte,23 without any 

increase in the surface carrier recombination rate. However, it is also reported24,25 that the 

surface alkylation tends to retard interfacial electron transfer at the Si/redox electrolyte 

contacts. The author reported in Chapter 1 that this problem could be solved by metal nano-dot 

coating because the metal nano-dots acted as an effective catalyst for interfacial electron 

transfer reactions. 

The above finding is of great importance because it finally provides an effective way to 

utilize Si for solar to chemical conversion. In Chapter 1, the author studied the behavior of the 

n-Si electrode in 8.6 M HBr + 0.05 M Br2 with a highly positive redox potential to get high 

Voc’s. In this chapter, the author has studied the behavior of the n-Si in 7.6 M HI (or 7.6 M HI + 

0.05 M I2) to examine a possibility of efficient solar to chemical conversion via 

photodecomposition of HI into H2 and I2 (or I3
-) with no external bias. 
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Experimental 

Single crystal n-Si (111) wafers of the resistivity of 1 ∼ 5 Ω cm and the thickness of 825 

± 25 µm, donated by New Win Go Co. Ltd., were used. The Si surfaces were cleaned by 

immersing in a boiling mixture of 95% H2SO4 and 30% H2O2 (3:1 in volume) for 15 min and 

in 5% HF for 5 min. The hydrogen (H)-terminated Si surfaces were obtained by further 

immersion in a boiling mixture of 25% aqueous NH3, 30% H2O2, and water (1:1:5 in volume) 

for 15 min, followed by consecutive immersion in 5% HF for 5 min and 40% NH4F for 15 

min. 

The alkylation (methylation) of the Si surface was obtained by a method of 

photochlorination followed by Grignard reaction, which was reported by Bansal et al.16 and 

Okubo et al.20 Namely, an H-terminated n-Si (111) wafer was put in a saturated chlorobenzene 

solution of phosphorus pentachloride (PCl5) and illuminated at 100 °C for 1 h. The wafer was 

then put in a saturated diethyl ether solution of CH3Li and kept for 2 h at room temperature. All 

the procedures were done under a dried argon atmosphere by use of the schlenk technique. The 

Si wafer thus methylated was finally washed with diethyl ether, ethanol and pure water.  

The n-Si wafer was attached to a photoelectrochemical cell with an O-ring (effective 

area: 0.18 cm2) in a form of a “window”. Ohmic contact with n-Si was obtained with 

indium-gallium alloy. A platinum plate was used as the counter electrode, and an Ag|AgCl (sat. 

KCl) electrode was used as the reference electrode. Platinum nano-particles were deposited 

electrochemically on the methylated Si surface at −1.0 V vs. Ag|AgCl in 5 mM K2PtCl6 + 100 

mM LiClO4. The amount of electricity passing across the Si surface was 83 mC cm−2. All 

chemicals were of reagent grade and used without further purification. Pure water with a 

resistivity of 18 MΩ cm–1 was obtained by a Milli-Q purification system. 

Photocurrent density (j) vs. potential (U) was measured with a “Hokuto-Denko HSV-100 

standard voltammetry tool”, composed of a combination of potentiostat, potential programmer, 
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and recorder. The electricity passing across the electrode was measured with a digital coulomb 

meter (Nikko-Keisoku NDCM-3). Surface inspection was carried out with a Hitachi S-5000 

high-resolution scanning electron microscope (SEM). X-ray photoelectron spectroscopic 

(XPS) analysis was performed with a Shimadzu ESCA-1000 spectrometer using an MgKα 

line. 
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Results and Discussion 

The methylation of the n-Si surface by the above-described chemical treatment was 

confirmed by XPS analysis, as reported in Chapter 1. The methylated (CH3-terminated) Si 

surface gave the carbon-1s XPS peak at 283.8 eV that was attributed to carbon in surface 

Si-CH3 bonds, in contrast to non-methylated (H-terminated) Si surfaces. This assignment was 

in good agreement with the work reported by other researchers.20,26 A very rough estimation of 

the surface coverage (θ) of CH3 group from the C and Si XPS peaks, using the method of 

Himpsel et al.,27 gave a value of around 70%, which was somewhat higher than a reported 

value of less than 50%19 probably owing to an influence of contaminating organic compounds 

at the Si surface. 
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FIGURE 1  Scanning electron micrographs of (A) CH3-terminated and Pt-dotted and 

(B) H-terminated and Pt-dotted n-Si surfaces just after Pt deposition. 

 

Figure 1 shows scanning electron micrographs (SEM’s) of (A) CH3-terminated and 

Pt-dotted and (B) H-terminated and Pt-dotted n-Si surfaces just after Pt deposition. Circular Pt 

particles were deposited fairly homogeneously all over the n-Si surface in both cases, though 
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the size of the Pt particles for the CH3-terminated and Pt-dotted n-Si was much larger, and the 

density of them was much less, than the corresponding values for the H-terminated and 

Pt-dotted n-Si. The current density vs. potential for electrodeposition of Pt on the 

CH3-terminated n-Si was similar to that on the H-terminated n-Si, strongly suggesting that Pt 

for the CH3-terminated n-Si was deposited on non-methylated (uncovered) parts of the Si 

surface, not on the methyl group of the methylated parts. It will be reasonable to assume that 

the methylated Si surface with the coverage of about 50% has non-methylated parts (domains) 

of nano-sizes here and there, at which Pt can be deposited. 
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FIGURE 2  j vs. U curves for (A) CH3-terminated and Pt-dotted and (B) H-terminated 

and Pt-dotted n-Si (111) electrodes in 7.6 M HI + 0.05 M I2 under simulated solar (AM 

1.5G, 100 mW cm-2) illumination. Solid curves were observed at the initial stage, whereas 

dotted curves were observed after 24-h illumination. 

 

Figure 2 shows the photocurrent density (j) vs. potential (U) for (A) CH3-terminated and 

Pt-dotted and (B) H-terminated and Pt-dotted n-Si (111) electrodes in 7.6 M HI + 0.05 M I2 

under simulated solar (AM 1.5G, 100 mW cm-2) illumination. Solid curves were observed at 

the initial stage, whereas dotted curves were observed after 24-h illumination. The 

CH3-terminated and Pt-dotted n-Si electrode gave an efficient j-U curve, yielding a much 
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higher open-circuit photovoltage (Voc) than the H-terminated and Pt-dotted n-Si electrode. It is 

to be emphasized that it is for the first time that such an efficient j-U curve as Figure 2(A) was 

obtained for n-Si in a redox electrolyte of 7.6 M HI + 0.05 M I2 with a fairly less positive 

redox potential. This clearly indicates the effectiveness of Pt nano-contact and surface 

methylation. It is to be noted also that the j-U curve for the CH3-terminated and Pt-dotted n-Si 

electrode was quite stable, showing almost no change during 24-h illumination, contrary to the 

case of the H-terminated and Pt-dotted n-Si electrode. This also indicates the effectiveness of 

the Pt nano-contact and surface methylation. Methylated but no Pt dotted n-Si electrodes 

showed only poor j-U curves, with the photocurrent starting at a fairly positive potential and 

increasing very gradually with the potential, though the j-U curves were stable for more than 

30 min under continuous illumination, as already reported in Chapter 1. 
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FIGURE 3  Si 2p XPS peaks for (A) CH3-terminated and Pt-dotted and (B) 

H-terminated and Pt-dotted n-Si surfaces just after the Pt deposition. Solid curves were 

observed at the initial stage, whereas dotted curves were observed after 24-h illumination. 

 

Figure 3 shows Si 2p XPS peaks for (A) CH3-terminated and Pt-dotted and (B) 

H-terminated and Pt-dotted n-Si surfaces. Similarly to Figure 2, solid curves were observed at 

the initial stage just after the Pt deposition, whereas dotted curves were observed after the 24-h 
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illumination. The H-terminated and Pt-dotted n-Si showed an additional high-energy peak at 

103.5 eV, attributed to formation of SiO2 (Figure 3B), suggesting that the H-terminated 

n-Si(111) surface was slightly oxidized during the Pt deposition. The oxidation will occur at 

naked (non-Pt-deposited) parts of the Si surface, as reported.7,8 The oxidation was prevented by 

the methylation (Figure 3A) most probably because the surface methyl group formed a 

hydrophobic thin layer on the Si surface and prevented the approach of water molecules to it. It 

is likely that the positive shift of the onset potential of the photocurrent (or a decrease in the 

Voc) for the H-terminated and Pt-dotted n-Si electrode in Figure 2 is caused by the surface 

oxidation mentioned above, because the surface oxidation induces a positive shift in the 

flat-band potential (Ufb) of n-Si owing to the formation of an electrical double layer of surface 

dipoles (Siδ+−Oδ−). 

 One may note that almost no further oxidation of the Si surface proceeded during the 

illumination in the (HI + I2) solution for both the electrodes (Figures 3A and 3B), whereas the 

j-U curve for the H-terminated and Pt-dotted n-Si electrode degraded severely after the 24-h 

illumination (Figure 2B). The degradation can be attributed to gradual progress of the Si 

oxidation just beneath the Pt nano-particles, which leads to formation of a thin insulating layer 

between Si and Pt and thus the degradation in the j-U curve. An increase in the amount of the 

Si oxide by this oxidation may be negligible because only a very small part of the whole Si 

surface is covered with Pt nano-particles, thus resulting in almost no change in the XPS peak 

height.  

A success of development of a new-type Si electrode with metal nano-contact and 

surface methylation has enabled us to accomplish efficient and stable solar to chemical 

conversion through photodecomposition of HI into H2 and I2 with no external bias. The key 

lies in that the photo-induced oxidation of I− ions to iodine (I2 or I3
-) on this n-Si occurs at a 

potential more negative than hydrogen evolution on a Pt electrode, which implies that HI can 
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be decomposed into H2 and I2 (or I3
-) with no external bias by such a cell as shown in Figure 4. 
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FIGURE 4  Schematic illustration of a photoelectrochemical cell for efficient solar 

decomposition of hydrogen iodide (HI) into hydrogen (H2) and iodine (I2 or I3
-). 
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FIGURE 5  (A) The redox potentials for oxidation of I− to I2 (or I3
-), E(I3

−/I−), and 

hydrogen evolution, E(H+/H2), (B) the Gibbs energy ∆G for the decomposition of HI into 

H2 and I2 (or I3
-) and the observed photocurrent density (j), and (C) the solar to chemical 

conversion efficiency s
chemφ , all plotted as a function of the concentration of HI. 

 

The solar to chemical conversion efficiency s
chemφ  can be calculated by an equation 

 

(%)100)/(
×

∆
×∆

=
s

s
chem E

jeGφ         (1) 

 

where ∆G is the Gibbs energy (in a unit of eV) for the decomposition of HI into H2 and I2 (or 

I3
-), e the elementary charge, j the observed photocurrent density (in a unit of mA cm−2), and 

∆Es is the input solar energy (in a unit of mW cm−2). Figure 5 shows the ∆G and j values, 

together with the redox potentials for the oxidation of I− to I2 (or I3
-), E(I3

−/I−), and hydrogen 

evolution, E(H+/H2), measured as a function of the concentration of HI in the electrolyte. The 

E(I3
−/I−) and E(H+/H2) were determined from cyclic voltammograms with a Pt-plate electrode. 

Their dependences on the HI concentration should theoretically be given by the Nernst 

equation, though the activity coefficients in high HI concentrations will be deviated largely 

from unity and difficult to estimate. The Gibbs energy ∆G in Figure 5(B) was calculated from 

E(I3
−/I−) and E(H+/H2).  

 

∆G/e = E(I3
−/I−) − E(H+/H2)         (2) 

 

The s
chemφ  in Figure 5(C) was calculated by equation (1). The author can see in Figure 5 that 

the ∆G decreases with the increasing HI concentration, whereas the j increases with it, and thus 
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the s
chemφ  takes a maximum at the HI concentration of 3.2 to 4.5 M. The maximum s

chemφ  

value is 7.4 %, which is probably the highest of the solar to chemical conversion efficiencies 

ever reported, if he separate high values reported for molecular beam epitaxy (MBE)-prepared 

expensive high-quality composite multiplayer semiconductor electrodes such as p-n 

AlxGa1-xAs/p-n Si28 and p-n GaAs/p-GaxIn1-xP/Pt.29,30 
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FIGURE 6  The j-U curves for the photo-oxidation of I− on n-Si (111) and hydrogen 

evolution on Pt, in order to explain the principle of operation of the solar decomposition 

cell of Figure 4. 

 

Figure 6 shows the j-U curve for the photo-induced oxidation of I− ions to iodine (I2 or 

I3
-) on the CH3-terminated and Pt-dotted n-Si (111) electrode, compared with that for the 

hydrogen evolution on a Pt plate electrode in the same electrolyte solution. The anodic current 

for the n-Si electrode and the cathodic current for a Pt electrode became equal in the absolute 

value at about −0.32 V, which explained the principle of operation of the solar decomposition 

cell of Figure 4. The conversion efficiency obtained in this chapter is high enough, as 

mentioned above, but this value can still be increased by optimization of the experimental 

parameters such as the coverage of the CH3 group and the quantity and the size of the Pt 

particles. The matt-texture treatment of the n-Si surface to decrease the light reflectivity at the 
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surface will also be important in increasing the photocurrent density. 

 In conclusion, the author has revealed that an n-Si electrode with metal nano-contact and 

surface methylation gives a high Voc even in a redox electrolyte of 7.6 M HI (or 7.6 M HI + 

0.05 M I2) and thus can be used for efficient solar to chemical conversion through 

photodecomposition of HI into H2 and I2. The solar to chemical conversion efficiency s
chemφ  

reached a very high value of 7.4 % at the HI concentration of 3.2 to 4.5 M. It can be 

emphasized that it has long been believed that Si is unstable in aqueous electrolytes and 

useless for solar to chemical conversion, but the author has shown that the “unstable useless 

Si” can be converted to “stable useful Si”. The combination of this method with low-cost Si 

materials such as amorphous Si or polycrystalline Si thin films will lead to realization of a 

high-efficiency and low-cost system for large-scale practical application of solar energy 

conversion. 
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Chapter 3 

Surface Structures, Photovoltages, and Stability 

of n-Si (111) Electrodes Surface-Modified 

with Metal Nano-Dots and Various Organic Groups 
 

Abstract 

The surface structures, photovoltages, and stability of n-Si(111) electrodes 

surface-modified with Pt nano-dots and organic groups were studied in an I3
−/I− redox 

electrolyte, using alkyls of varied chain length and those having a double bond and ester at the 

terminal as the organic groups. The n-Si was first modified with the organic groups and then Pt 

was electrodeposited on it. Linear sweep voltammetry revealed that for the modification with 

alkyls, the overvoltage for the Pt deposition became significantly larger with increasing the 

alkyl chain length, though this does not necessarily hold for the modification with alkyls 

having a double bond and ester. SEM inspection showed that the Pt-particle density decreased 

and the particle size increased, with increasing the alkyl chain length. The photovoltaic 

characteristics and stability for the n-Si electrodes modified with the organic groups were 

improved much by the Pt nano-dot coating, though they became somewhat inferior with 

increasing the alkyl chain length. Based on these results, it is concluded that the surface 

alkylation at high coverage together with the coating with small Pt nano-dots gives efficient 

and stable n-Si electrodes. 
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Introduction 

Various approaches have been studied on photovoltaic solar energy conversion with the 

aim to realize high-efficiency and low-cost conversion systems for practical application on 

large scales. Of these, thin-film solar cells, such as amorphous Si solar cells, polycrystalline Si 

thin-film solar cells, and dye-sensitized TiO2 solar cells, have been attracting much attention1-3 

because they are fabricated by use of inexpensive thin-film semiconductor materials. However, 

this approach has faced a serious deadlock in efficient current collection in large-area cells, 

because transparent conductive oxide (TCO) films, such as indium tin oxide (ITO), which are 

inevitably necessary in this approach, are expensive and moreover do not have a sufficiently 

high conductivity. 

An alternative promising approach is direct solar to chemical conversion, such as solar 

water splitting, by use of a semiconductor/electrolyte junction.4 The merits of this approach lie 

in that (1) inexpensive thin-film semiconductor materials can easily be utilized and (2) no 

current collection (and hence no TCO) is necessary. The latter is a great advantage in view of 

the above-mentioned difficulty of the thin-film solar cells. The main problem in this approach 

is that it is not easy to find efficient and stable semiconductor electrodes. For example, 

titanium dioxide (TiO2) is stable and can photooxidize water into oxygen and H+ ions,5,6 but it 

only absorbs UV light. On the other hand, Si effectively absorbs solar light, but is unstable in 

aqueous electrolytes.  

Recently, a number of studies have been made on modification of Si surfaces with 

organic alkyl groups with and without functional groups.7-19 It is reported that the surface 

alkylation is effective to stabilize Si against surface oxidation.20,21 However, it is also 

reported22-27 that the attached surface alkyl groups retard interfacial electron transfer at the 

Si/redox electrolyte contacts. In Chapter 1, he reported that the dilemma could be solved by a 

combination of the surface alkylation with metal nano-dot coating, since the metal nano-dots 
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could act as an effective catalyst for interfacial electron transfer.28-31 Moreover, a very high 

photovoltage could be generated for the electrodes of this type owing to a unique effect of 

metal nano-contact clarified in Chapter 2. With a Pt nano-dotted and methylated 

(CH3-terminated) n-Si electrode, he succeeded in achieving efficient solar to chemical 

conversion through photodecomposition of hydrogen iodide (HI) into hydrogen (H2) and 

iodine (I2 or I3
−). The efficiency reached 7.4% under simulated solar (AM 1.5G, 100 mW cm−2) 

irradiation, which is, to his knowledge, the highest of the solar to chemical conversion 

efficiencies ever reported, apart from values obtained with expensive high-quality multilayer 

semiconductor electrodes.32,33 The finding is important in that it opens a new possibility to 

convert Si that has long been regarded as unstable and useless in aqueous electrolytes to a 

stable and useful material. 

In this chapter, he has made detailed studies on the modification of n-Si with various 

organic groups, including alkyls with varied chain lengths and those having the double bond 

and ester at the terminal, with an aim to find a way to get the further high performance and 

stability. The studies have shown that the size and the distribution of the metal nano-dots and 

the organic groups exert a strong influence on the photovoltaic characteristics and stability of 

the n-Si electrodes. 

. 
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Experimental 

Single crystal n-Si (111) wafers of the resistivity of 1 ∼ 5 Ω cm and the thickness of 

825±25 µm were donated by Osaka Tokushu-Gokin, Co. Ltd. The n-Si surface was cleaned by 

the RCA cleaning method [i.e. successive immersion in a boiling mixture of 95% H2SO4 and 

30% H2O2 (3:1 in volume) for 15 min, 5% HF for 5 min, and a boiling mixture of 25% 

aqueous NH3, 30% H2O2, and water (1:1:5 in volume) for 15 min]. The hydrogen 

(H)-terminated Si surface was obtained by immersion in 5% HF for 5 min, followed by 

immersion in 40% NH4F for 15 min. 

The modification of the n-Si surface with alkyls and those having the terminal C=C 

bonds was carried out by a method of photochlorination, followed by reaction with 

organolithium or organomagnesium, based on reports by Bansal et al.9 and Okubo et al.16 It is 

reported19,34 that well ordered modified surfaces were obtained by this method. Experiments 

were done by illuminating an H-terminated n-Si (111) wafer in a saturated chlorobenzene 

solution of phosphorus pentachloride (PCl5) with an ultrahigh pressure 500 W Hg lamp as the 

light source at 100°C for 1 h, to convert surface Si-H bonds to Si-Cl bonds. The wafer was 

then put in an organic solution of a carbanion reagent, such as 1.0 M methyl lithium (CH3Li) in 

diethyl ether, 2.6 M n-butyl lithium (n-C4H9Li) or 1.9 M n-hexyl lithium (n-C6H13Li) in 

n-hexane, 1.0 M vinylmagnesium bromide (CH2=CHMgBr) in THF, and 1.0 M 4-pentenyl 

lithium (CH2=CH(CH2)3Li) in Et2O/hexane, and refluxed for 3 h for CH3Li, for 24 h for 

n-C4H9Li and n-C6H13Li, and for 48 h for CH2=CHMgBr and CH2=CH(CH2)3Li, to convert the 

Si-Cl bonds to Si-alkyl. All the procedures were carried out under a dried argon atmosphere by 

use of the schlenk technique. The surface-modified Si wafer thus obtained was finally washed 

with diethyl ether, 2-propanol, and pure water. The alkyl lithium and vinylmagnesium bromide 

used above were all commercially available, except that 4-pentenyl lithium was synthesized by 

the reaction of 5-bromo-1-pentene with lithium in Et2O. 



 43

The modification with organic groups was also performed by a method of 

hydrosilylation of activated alkynes (HC≡CX, X=CO2CH3 and Ph).35,36 

 

HC≡CX + ≡Si-H s → ≡Si-CH=CHX s      (1) 

 

where the subscript “s” means the Si(111) surface. The reaction proceeded efficiently when 

freshly prepared H-terminated n-Si wafers were simply immersed in neat liquids of activated 

alkynes at room temperature for 24 to 40 h under irradiation of room light (from 40W 

fluorescent lamps lying about 2 m above the reaction vessel), with the reaction vessel being 

gently rotated. The efficient progress of the reaction was confirmed by X-ray photoelectron 

and IR spectroscopy, as explained in the next section. It is likely that, as the activated alkynes 

are very reactive, the reaction proceeds even under mild conditions, e.g., in the presence of a 

small amount of dissolved oxygen or under irradiation of room fluorescent light, by the same 

mechanisms as reported in the literature.8,12-15,18 The detailed mechanism is now under 

investigation. 

Pt nano-dots were deposited electrochemically. The n-Si wafer modified with the 

organic group was attached to an electrochemical cell in the form of a “window” with an 

O-ring (effective area: 0.18 cm2). Ohmic contact with n-Si was obtained with indium-gallium 

alloy. The electrolyte was 5 mM K2PtCl6 + 100 mM LiClO4. A platinum plate was used as the 

counter electrode, and an Ag|AgCl(sat. KCl) electrode was used as the reference electrode. 

Linear sweep voltammetry (measurements of the Pt-deposition current under a negative 

potential sweep) and chronoamperometry (measurements of the Pt-deposition current at a fixed 

potential as a function of time) were performed with a commercial set of a potentiostat, a 

potential programmer, and a recorder (Hokuto-Denko HSV-100). The electricity passing across 

the electrode surface was measured with a digital coulomb meter (Nikko-Keisoku NDCM-3). 
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Photocurrent density (j) vs. potential (U), or solar cell characteristics for the n-Si 

electrodes were measured with the same electrochemical cell and apparatus as above, with the 

electrolyte being replaced by an aqueous I3
−/I− redox solution. A solar simulator (Kansai 

Kagaku Kikai XES-502S, AM 1.5 G, 100 mW cm−2) was used as the light source. All 

chemicals were of reagent grade and used without further purification. Pure water of a 

resistivity of 18 MΩ cm–1 was obtained by a Milli-Q purification system. 

Surface inspection was carried out with a Hitachi S-5000 high-resolution scanning 

electron microscope (SEM). X-ray photoelectron spectroscopic (XPS) analysis was performed 

with a Shimadzu ESCA-1000 spectrometer and a KRATOS-AXIS-165 spectrometer using an 

MgKα line. 
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Results 

The methylation of the n-Si surface was confirmed by observation of the XPS C-1s peak 

at 283.8 eV, attributable to C in surface Si-CH3 bonds,37,38 as reported in Chapter 1. A rough 

estimation of the surface coverage (θ) for CH3 from the C-1s and Si-2p peaks, using the 

method of Himpsel et al.,39 gave a value of about 70 %, which was somewhat higher than a 

reported value of less than 50%15 probably owing to an influence of C-1s peaks of 

contaminating hydrocarbons at the Si surface. The θ for alkyl groups with long chain lengths 

were difficult to determine because of decreased intensities of the 283.8-eV peak. The θ for 

organic esters were, on the other hand, obtained35,36 with fluorinated alkynes, by measuring the 

relative intensities of the F-1s to Si-2p peaks at different take-off angles. By this way, the θ 

value for the modification with HC≡CCO2CH2CF3 by immersion at room temperature under 

irradiation of room light (40W fluorescent lamps) for 24 h and 40 h was estimated to be 37 and 

56%, respectively. 

Figure 1 shows linear sweep voltammograms (LSV’s) for the Pt electrodeposition on 

n-Si (111) modified with various organic groups, in 5 mM K2PtCl6 + 100 mM LiClO4. The 

LSV’s for H-terminated n-Si and one covered with a thin Si-oxide layer are included for 

reference. (The oxide layer was formed by immersion in a mixture of 95% H2SO4 and 30% 

H2O2 of 3:1 in volume for 15 min.) The potential was scanned from −0.05 V vs. Ag|AgCl 

toward the negative at a rate of 0.05 V s-1. The Pt-deposition current for H-terminated n-Si 

started to increase (in the absolute value) at about −0.3 V, took a maximum at −0.72 V, and 

then decreased owing to diffusion limitation of [PtCl6]2−. The second increase in the current at 

about −1.0 V was due to hydrogen evolution. The LSV for methyl-terminated n-Si was similar 

in shape to that for H-terminated n-Si, but shifted in potential by about 0.05 V to the negative. 

The LSV’s for n-Si modified with n-C4H9 and n-C6H13 largely shifted to the negative, losing 

the current maximum. The negative shift became much more prominent with increasing the 
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alkyl chain length. On the other hand, the LSV’s for n-Si modified with long alkyls having the 

terminal C=C bond and ester were rather similar to that for CH3-terminated n-Si, with the clear 

current maximum. 
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FIGURE 1  Linear sweep voltammograms for the Pt electrodeposition on n-Si(111) 

modified with various groups such as H, CH3, n-C4H9, n-C6H13, -CH=CH2, 

-(CH2)3-CH=CH2, -CH=CH-Ph, and -CH=CH-COOCH3. The curve marked by 

“oxide-covered” is for an n-Si electrode covered with a thin oxide layer. The electrolyte: 

5 mM K2PtCl6 + 100 mM LiClO4. The scan rate: 0.05 V s-1. 
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FIGURE 2  Chronoamperograms for the Pt electrodeposition on n-Si(111) modified 

with various groups such as H, CH3, n-C4H9, n-C6H13, -CH=CH2, -(CH2)3-CH=CH2, 

-CH=CH-Ph, and -CH=CH-COOCH3, together with that for “oxide-covered” n-Si. The 

potential was stepped from 0 to −1.0 V and kept at −1.0 V. The electrolyte: 5 mM K2PtCl6 

+ 100 mM LiClO4. The figures on the right-hand side indicate sharp rise and decay of the 

current at the initial stage on an expanded time scale. 

 

Figure 2 shows chronoamperograms for the Pt electrodeposition, obtained upon a 

potential step from 0 to −1.0 V, with the same electrodes and the same electrolyte as in Figure 

1 being used. The Pt-deposition current for H-terminated n-Si showed an initial sharp rise, 

followed by a gradual decay exactly obeying the Cottrell equation,40,41 indicating that the decay 

is due to the diffusion limitation of [PtCl6]2−. On the other hand, the current for n-Si modified 
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with CH3, n-C4H9, and n-C6H13 showed, in addition to the initial sharp rise and decay, the 

second gradual increase (and decay). Moreover, the initial sharp rise and decay became less 

prominent and the second gradual increase became more prominent, with increasing the alky 

chain length. The n-Si modified with alkyls having the terminal C=C bond and an organic ester 

showed similar behavior to those for alkyl-modified n-Si. 

Figure 3 shows SEM images of the n-Si surfaces terminated with H, CH3, n-C4H9, and 

n-C6H13 just after the Pt deposition. The Pt deposition was carried out by the potential step 

from 0 to −1.0 V, as in Figure 2, followed by keeping the potential at −1.0 V until the fixed 

amount of electricity (83 mC cm−2) passed across the electrode surface. For H-terminated n-Si, 

Pt was deposited homogeneously in the form of small nano-dots with the average diameter of 

about 6 nm. For CH3-modified n-Si, a similar result was obtained, except that some of Pt dots 

grew to a large size of about 60 nm. For n-Si modified with long alkyls such as n-C4H9 and 

n-C6H13, most of Pt dots grew to large sizes. One may notice that the total amount of the 

deposited Pt is not the same among the electrodes of Figure 3, though the electricity passing 

across the Si surface was kept the same. This is mainly due to the fact that a part of the current 

contributes to hydrogen evolution, which occurs competitively with the Pt deposition, and the 

extent of its contribution strongly depends on the alkyl chain length. he can see from Figure 1 

that the contribution of the hydrogen evolution to the current at −1.0 V (the Pt-deposition 

potential) decreases in the order, H- > CH3- > C4H9- > C6H13-termination, and thus he can 

expect that the total amount of deposited Pt increases in this order. The prominent occurrence 

of hydrogen evolution for the H- and CH3-terminated electrodes was also confirmed by 

observation of formation of gas bubbles at the Si surface after the Pt-deposition experiments. 
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FIGURE 3  SEM images of the n-Si surfaces modified with (a) H, (b) CH3, (c) n-C4H9, 

and (d) n-C6H13 just after the Pt electrodeposition. The amount of electricity passing 

across the electrode surface was 83 mC cm-2 in all cases. 
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FIGURE 4  XPS Si-2p peaks for (a) H- and (b) n-C4H9-modified n-Si, (solid curve) 

before and (dashed curve) after the Pt electrodeposition. 

 

Figure 4 shows, as typical examples, XPS Si-2p peaks for (a) H-terminated and (b) 

n-C4H9 modified n-Si before and after the Pt deposition. The H-terminated n-Si after the Pt 

deposition showed a clear peak at 104 eV, attributable to formation of SiO2, contrary to n-Si 

before the Pt deposition. The effective surface oxidation in Pt-dotted (naked) n-Si in aqueous 

solutions is reported42 by Yae et al. and explained to be due to hole injection into the valence 

band by dissolved oxygen via deposited Pt as a catalyst. On the other hand, the n-C4H9 

modified n-Si showed almost no (or only a weak) peak at 104 eV even after the Pt deposition. 

The n-Si modified with CH3 (in Chapter 2) and n-C6H13 gave similar results to Figure 4(b), 

indicating that the organic modification effectively prevented the oxidation of the Si surface. 
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FIGURE 5  j - U characteristics for n-Si (111) modified with (●) H, (■) CH3, (◇) 

n-C4H9, and (△) n-C6H13, without and with Pt nano-dots, under simulated solar (AM 

1.5G, 100 mW cm-2) illumination. The electrolyte was 7.6 M HI + 0.05 M I2. The scan 

rate was 0.05 V s-1. 

 

Figure 5 compares photocurrent (j) vs. potential (U) characteristics in 7.6 M HI + 0.05 

M I2 for various alkyl modified n-Si (111) with and without Pt. For no Pt nano-dot coating 

(Figure 5a), the CH3-modified n-Si showed a similar characteristic to the H-terminated one, 

whereas the n-C4H9- and n-C6H13-modified n-Si showed much less efficient characteristics, 

only with gradually increasing low j. The Pt deposition improved the characteristics for the 

alkyl modified n-Si very much (Figure 5b), though they slightly depended on the alkyl chain 

length. Table 1 summarizes solar-cell parameters such as the open-circuit photovoltage Voc, the 

short circuit photocurrent jsc, the fill factor F.F., and the solar energy conversion efficiency η, 
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for various n-Si electrodes. The η values in Table 1 are lower than those reported previously by 

the group he belongs to,28-31 which is mainly due to the low jsc caused by a particular cell 

structure with a long optical path in the colored electrolyte in the present work. 

 

TABLE 1  Solar cell characteristics for n-Si (111) modified with various alkyls, with 

and without Pt nano-dots. Those for the H-terminated and oxide-covered n-Si are also 

included for reference. Voc: the open-circuit photovoltage, jsc: the short-circuit 

photocurrent density, F.F.: the fill factor, η: the solar energy conversion efficiency. 

V oc
/ V

j sc
/ mAcm-2 F.F. η

/ %
V oc
/ V

j sc
/ mAcm-2 F.F. η

/ %

H 0.502 14.59 0.312 2.29 0.359 13.95 0.653 3.27
CH3 0.515 13.77 0.357 2.53 0.576 14.03 0.702 5.67

n -C4H9 0.466 10.12 0.124 0.58 0.535 13.41 0.568 4.07
n -C6H13 0.442 1.99 0.177 0.16 0.546 13.63 0.616 4.59

Surface alkyl
without Pt with Pt nano-dots

 

  

Figure 6 shows results of stability tests for various alkyl modified n-Si with Pt nano-dots 

in 7.6 M HI + 0.05 M I2, in which the j-U curves at the initial stage and after 24-h continuous 

illumination are compared. Figure 7 shows time courses of the η value (which is in proportion 

to the ⏐j×U⏐ at the maximum power point), calculated from the same results as in Figure 6. 

The sudden increase in the η value for the CH3-modified n-Si at the 24-h illumination indicates 

that the η was recovered by replacement of the old electrolyte with a fresh one. This result 

implies that the η decay for this electrode in Figure 7 (except the initial one) is only due to 

coloring of the electrolyte by an increase in the I2 (or I3
−) concentration through air oxidation 

during illumination. This argument is supported by the fact that even after the 24-h 

illumination, the CH3-modified n-Si showed no growth of the surface oxide, as estimated from 

the XPS Si-2p peaks. On the other hand, the n-Si modified with long-chain alkyls such as 
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n-C6H13 showed gradual degradation of the solar cell characteristics (Figures 6 and 7). SEM 

inspection showed that a considerable part of Pt dots of large sizes were peeled off from the Si 

surface after the long-term illumination. 
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FIGURE 6  The j - U characteristics for n-Si modified with (a) H, (b) CH3, (c) n-C4H9, 

and (d) n-C6H13, all with Pt nano-dots, (solid curve) at the initial stage and (dashed curve) 

after continuous 24-h illumination. The light source: a solar simulator (AM 1.5G, 100 

mW cm-2). The electrolyte: 7.6 M HI + 0.05 M I2. The scan rate: 0.05 V s-1. 
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FIGURE 7  Time courses of the solar energy conversion efficiency (η) for n-Si modified 

with (●) H, (■) CH3, (◇) n-C4H9, and (△) n-C6H13, all with Pt nano-dots, under 

continuous simulated-solar (AM 1.5G, 100 mW cm-2) illumination. The electrolyte 

solution was 7.6 M HI + 0.05 M I2. The sudden increase in η for CH3-modified n-Si at the 

24-h illumination is due to replacement of the old electrolyte with a fresh one. 
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Discussion 

The experimental results show that the photovoltaic characteristics and stability for the 

surface alkylated and Pt nano-dotted n-Si electrodes strongly depend on how the alkyl groups 

and Pt nano-dots are attached and distributed on the Si surface. Let him first consider the 

Pt-electrodeposition process at the alkyl-modified n-Si surfaces. Little work has, to his 

knowledge, been done on this process, in contrast to the metal electrodeposition on 

H-terminated n-Si surfaces.43-45 Figure 8 illustrates a plausible model for the Pt 

electrodeposition on the alkyl modified n-Si surface. Here it is convenient to define two kinds 

of the surface coverage for organic groups: θSi-C and θhole, where the θSi-C refers to the ratio of 

the density of Si-C bonds (NSi-C) against the density of the outermost Si atoms (NSi) at the Si 

(111) surface (θSi-C = NSi-C/NSi), whereas the θhole refers to the ratio of the density of holes 

(uncovered domains) (Nhole) in the attached organic layer against the NSi (θhole = Nhole/NSi). 

 

× × × × ×○

× × × ×○ ○ ○

(a)  n-Si(111)-CH3

(b)  n-Si(111)-n-C6H13

with a high
overvoltage

[PtCl6]2－

[PtCl6]2－ [PtCl6]2－ [PtCl6]2－

n-Si(111)

n-Si(111)

× × × × ×○

× × × ×○ ○ ○

(a)  n-Si(111)-CH3

(b)  n-Si(111)-n-C6H13

with a high
overvoltage

[PtCl6]2－

[PtCl6]2－ [PtCl6]2－ [PtCl6]2－

n-Si(111)

n-Si(111)

 

FIGURE 8  Schematic illustrations of the Pt electrodeposition process on the (a) CH3- 

and (b) n-C6H13-modified n-Si (111) surface. Vertical short lines at the Si surface refer to 

non-alkylated Si sites, vertical long lines refer to CH3-attached sites, and zigzag lines 

indicate n-C6H13. Arrows with open circles mean that the Pt deposition can occur, 

whereas arrows with cross marks indicate that it cannot occur. 
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The main features of Figure 8 are summarized as follows: (1) The surface modification 

with organic groups does not proceed completely and thus the θSi-C is less than unity (the θSi-C 

is about 40 to 70 %, as estimated from the XPS data). (2) For short-alkyl (CH3)-modified n-Si, 

the θhole is expected to be nearly equal to the θSi-C, whereas for long-alkyl modified n-Si, the 

θhole is much less than the θSi-C. In other words, the θhole becomes lower as the alkyl-chain 

length gets longer. This feature comes from a consideration that long alkyl chains attached to 

the surface lie down on adjacent non-alkylated Si sites and cover these sites, as schematically 

shown in the lower part of Figure 8. (3) The Pt deposition will occur only at the hole parts 

(uncovered parts) in the attached organic layer and thus the θhole determines the density of the 

deposited Pt particles. This feature comes from the following considerations. The Pt 

electrodeposition on Si from an aqueous [PtCl6]2− solution is expected to occur via adsorption 

of [PtCl4]2− ions, similarly to the case of electrodeposition of Pd on Au (111) reported.46,47 This 

implies that the Pt deposition should occur at non-alkylated Si sites at which the adsorption 

energy is the largest. More strictly, as the anionic reactant, [PtCl4]2−, has a large hydration 

sphere, the Pt deposition might occur only at a part of assemblies of non-alkylated Si sites with 

appropriately wide areas, as shown in the upper part of Figure 8, though further studies are 

needed to get a definite conclusion on this point. 

Now, on the basis of the above model, the SEM images of Figure 3 can be explained as 

follows. For H-terminated n-Si, the Pt deposition can occur at any place of the Si surface, thus 

leading to formation of a high density of crystalline nuclea for Pt growth and hence a high 

density of Pt nano-dots. For alkyl-modified n-Si, the Pt nuclea will be formed only at the holes 

in the attached organic layer, as mentioned above. However, for short-alkyl (CH3)-modified 

n-Si, the θhole is still high, and thus a moderately high density of Pt nano-dots is formed. For 

n-Si modified with long alkyls such as n-C4H9 and n-C6H13, the θhole becomes low, and thus 

only a low density of Pt nano-dots is formed. The size of the Pt nano-dots becomes larger with 
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the decreasing Pt density, because the total electricity passing across the Si surface is kept 

constant (83 mC cm−2). The total amount of the deposited Pt does not look the same among the 

surfaces of Figure 3. This can be attributed to the difference in the contribution of hydrogen 

evolution, which competitively occurs with the Pt deposition, as already mentioned in the 

preceding section. 

 

n-Si(111) n-Si(111)n-Si(111) n-Si(111)  

FIGURE 9  Schematic illustration of two-step Pt growth on the alkyl-modified n-Si 

(111) surface. 

 

The above model can explain the chronoamperograms in Figure 2 as well. For 

H-terminated n-Si, the Pt deposition proceeds with a high density of Pt nuclea, thus producing 

a nearly linear diffusion layer on the n-Si surface. This implies that the deposition-current 

shows an initial sharp rise, followed by a gradual decay obeying the Cottrell equation, as really 

observed. For alkylated n-Si, the peak height for the initial sharp-rising current decreases with 

increasing the alkyl chain length (Figure 2). This can be attributed partly to a decrease in the 

θhole and partly to an increase in the activation energy for the Pt deposition discussed later. For 

the alkylated n-Si, the deposition current shows the second gradual increase and decay (Figure 

2). This can be attributed to successive Pt deposition on the initially formed Pt nano-dots 

(Figure 9). The key is that if the initially formed Pt nano-dots are sparsely distributed, the 

successive Pt deposition produces a spherical diffusion layer around the Pt nano-dots, which 

leads to the increase in the deposition current. This explanation is in agreement with the 
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formation of the large Pt nano-dots for the alkylated n-Si (Figure 3). Moreover, this 

explanation is supported by reported work,48,49 in which the similar gradual current increase 

and decay for metal electrodeposition were explained quantitatively by a 3D crystallite 

nucleation and growth mechanism, in the same way as in the present work. 

How can he explain the dependence of the LSV’s on the alkyl chain length (the 

uppermost figure of Figure 1)? The negative potential shifts in the LSV’s for the alkylated n-Si 

compared with the H-terminated one are most probably due to the increases in the overvoltage 

(or the activation energy) for the Pt deposition by the alkyl modification. The increases in the 

overvoltage will arise partly from steric hindrance of alkyl chains to [PtCl6]2− diffusion from 

the solution bulk to the Si surface and partly from a decrease in the adsorption energy of the 

anionic reactant ([PtCl4]2−) by surrounding alkyl groups. These factors will become more 

important with increasing the alkyl chain length. Here he has to note that the negative potential 

shifts in the LSV’s (or the overvoltages for the Pt deposition) for the modification with alkyls 

having functional groups such as C=C and ester are much smaller than those for the 

modification with simple alkyls with similar chain lengths (middle and lower figures of Figure 

1). The detailed mechanism for this result is unknown at present. A tentative explanation might 

be given by assuming either a slight hydrophilic nature of the functional groups or a 

morphologically flexible nature of alkyl chains containing C=C or C-O-C bonds. 

In relation to the above argument, it is interesting to note a recent paper50 reporting that 

the alkyl modification of the Si surface causes a negative shift of about 0.4 V in the flat-band 

potential (Ufb). The concept of the shift in the Ufb by the surface modification50,51 may provide 

another possibility to explain the negative potential shifts in the LSV’s. However, the shift in 

the LSV’s between the H- and CH3-modification in Figure 1 is only 0.05 V and that between 

the CH3- and C4H9-modification is about 0.12 V, which are both much smaller than the 

reported 0.4 V. Besides, the solar cell characteristics for alkylated n-Si electrodes, explained 
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below, are not necessarily in harmony with the assumption of the shifts in the Ufb. Anyhow, 

further studies are necessary to clarify the above problem. 

Next, let him consider the solar cell characteristics for the Pt nano-dotted and surface 

alkylated n-Si electrodes. It is reported22-27 that the surface alkylation tends to retard interfacial 

electron transfer at the semiconductor/redox electrolyte interface. In fact, the surface alkylated 

n-Si electrodes with no Pt dots show less efficient characteristics (Figure 5). The drastic 

improvement in the characteristics (in particular, the open-circuit photovoltage, Voc) by the Pt 

deposition (Figure 5) thus clearly indicates that the Pt nano-dots deposited at non-alkylated Si 

sites (Figures 8 and 9) act as an efficient catalyst for electrode reactions (or an effective gate 

for interfacial hole transport). If Pt were deposited on the alkyl group attached to the Si surface, 

it could not act as the effective gate, because the intervening insulating alkyl group gives rise 

to a large electric resistance. The result of Figure 5 thus gives strong support to the model of 

the direct Pt-Si contact, such as shown in Figures 8 and 9. 

Comparison of the solar-cell characteristics for n-Si modified with various alkyl groups 

and Pt nano-dots indicates that the CH3-modified n-Si gives the best characteristic (Figure 5 

and Table 1). The slightly decreased Voc for n-Si modified with n-C4H9 and n-C6H13 can be 

attributed to the increase in the area of direct Pt-Si contact, caused by the increase in the size of 

the Pt nano-dots (Figure 3). The group he belongs to discussed in detail previously28-31 that the 

increase in the area of direct Pt-Si contact causes the decrease in the effective barrier height 

and hence the decrease in the Voc. The decreased fill factor (F.F.) for the n-Si modified with 

n-C4H9 and n-C6H13 (Figure 3 and Table 1) may be attributed to low densities of the Pt 

nano-dots (Figure 3), which leads to a high current density in the area of the direct Pt-Si 

contact as well as at the Pt/electrolyte interface and hence large ohmic losses.  

Finally, let him consider the electrode stability. The η value (or the maximum power) for 

the CH3-modified n-Si shows no decay during the continuous 24-h illumination, except the 
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initial small drop (Figure 7), indicating that this electrode has a high stability. In harmony with 

the result, the CH3-modified n-Si showed no growth of the surface oxide during the 24-h 

illumination. On the other hand, the η value for the n-Si modified with long-chain alkyls such 

as n-C4H9 and n-C6H13 shows gradual decays (Figure 7) mainly owing to decreases in the F.F. 

(Figure 6). The decreased stability for the long-chain alkyl modified n-Si can be attributed to a 

mechanical loss (peeling off) of the deposited Pt dots of large sizes during the long-term 

experiments with electrolyte stirring, as indicated by the SEM inspection. 

In conclusion, the present work has revealed that the alkyl chain length and the 

functional group of modifying organic groups strongly affect the modifying reaction as well as 

the Pt-electrodeposition process, which in turn exerts a strong influence on the solar cell 

characteristics and stability of the electrodes. The detailed analyses have indicated that the 

coating with small Pt nano-dots is effective for obtaining highly efficient solar cell 

characteristics and that the high coverage of the organic group as well as small Pt nano-dots is 

crucial for high stability. The experimental results have also shown that the CH3-modified and 

Pt nano-dotted n-Si nearly meets these conditions, thus yielding efficient and stable 

characteristics. The present result is of high importance, in that it has given a definite way to 

obtain efficient and stable n-Si electrodes for solar to chemical conversion.
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Chapter 4 

Negative Shifts in the Flat-band Potential 

by Adsorption of Iodide Ions 

on Surface-alkylated and Pt Nano-dotted 

n-Si(111) Electrodes 

for Improvement of Solar Cell Characteristics 
 

Abstract 

The flat-band potential (Ufb) and solar cell characteristics for surface-alkylated and Pt 

nano-dotted n-Si (111) electrodes have been studied in I3
−/I− redox electrolytes, using various 

alkyls as the surface terminating group. It is found that the Ufb for the surface-methylated and 

Pt nano-dotted n-Si (111) electrodes shifts toward the negative with increasing the I− 

concentration in the electrolyte, in parallel to the equilibrium redox potential Ueq(I3
−/I−), and 

thus the open-circuit photovoltage Voc remains nearly constant among various I3
−/I− redox 

electrolytes with different Ueq(I3
−/I−). The constant Voc is observed only for the I3

−/I− redox 

couples with varied I− concentrations and not for other redox couples, indicating that it is not 

caused by the Fermi level pinning via a surface state. The Ufb shift with the I− concentration is 

explained in terms of the I− adsorption in the form of a Si-I⋅⋅⋅I− complex at surface Si-I bonds, 

which are formed at non-modified (naked) Si sites. The n-Si electrodes modified with 

long-chain alkyls show similar negative shifts in the Ufb by the iodine adsorption. The Ufb 

measurements in the dark and under illumination have also shown that the Pt nano-dots act as 

an efficient catalyst (gate) for interfacial electron transfer. 
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Introduction 

Silicon (Si) is the most suitable semiconductor for solar energy conversion1,2 in view of 

an appropriate band-gap of 1.1 eV for obtaining a high efficiency, abundance in natural 

resources, and non-toxicity. However, Si has a serious problem when it is used as a 

photoelectrode in aqueous electrolytes for solar to chemical conversion because it is easily 

oxidized at the surface and passivated. Since the solar to chemical conversion is regarded as a 

promising approach to low-cost solar energy conversion in Chapter 2, it is of key importance 

to find a way to stabilize Si without losing efficient photovoltaic characteristics. 

A large number of studies have been made along this line.3-5 He reported fairly long 

ago6-10 that metal nano-dot coating was an effective way to get efficient n-Si electrodes, 

yielding very high open-circuit photovoltages (Voc) of 0.62 to 0.64 V, considerably higher than 

those (about 0.59 V) for conventional p-n junction Si solar cells of a similar simple structure. 

This finding was of much interest, providing a new unique mechanism originating from metal 

nano-contact7,8,10 to get efficient n-Si electrodes, but unfortunately the electrodes of this type 

showed no enough stability for long-term operation. Theoretically, it was expected7,8 that the Si 

surface was stabilized by Pt dots at Pt-dotted parts and by passivating Si-oxide at naked parts, 

but actually gradual Si oxidation proceeded even beneath the Pt dots, thus leading to electrode 

degradation under long-term operation. 

In Chapter 1 and 2, He has found that this instability problem in the metal nano-dot 

coating can be solved by combining it with surface alkylation developed by other workers.11-17 

A merit of the surface alkylation is the improvement of Si stability against the surface 

oxidation.18,19 However, the surface alkylation itself has a detrimental action to retard 

interfacial electron transfer at the Si/electrolyte interface.18,20-25 As reported in Chapter 1 and 2, 

the combination of the surface alkylation and metal nano-dot coating can provide a stable and 

efficient n-Si electrode because in this case the metal nano-dots act as an effective gate for 
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interfacial electron transfer. In fact, the detailed studies on the modification with various 

organic groups in Chapter 3 have shown that the surface alkylation at high coverage together 

with the coating with small Pt nano-dots really gives efficient and sufficiently stable n-Si 

electrodes. 

In this chapter, he reports another interesting aspect of the Pt nano-dotted and 

surface-alkylated Si electrode in I3
−/I− redox electrolytes. The formation of Si-I bonds at 

non-modified (naked) Si surface sites induced adsorption of I− ions, thus leading to a large 

negative shift in the flat-band potential (Ufb) of n-Si. This finding has provided a novel way to 

control the Ufb for n-Si and improve the solar cell characteristics. 
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Experimental 

Single crystal n-Si (111) wafers of the resistivity of 1 ∼ 5 Ω cm and the thickness of 825 

± 25 µm were donated by Osaka Tokushu-Gokin Co. Ltd. The wafers were first cleaned by the 

RCA cleaning method, and then immersed in 5% HF for 5 min and in 40% NH4F for 15 min to 

get hydrogen (H)-terminated surfaces, as reported in previous chapters. 

The surface alkylation was carried out by a method of photochlorination followed by a 

reaction with alkyl lithium, as reported in previous chapters. The H-terminated n-Si (111) was 

put in a saturated chlorobenzene solution of phosphorus pentachloride (PCl5) and illuminated 

at 100°C by an ultrahigh pressure 500 W Hg lamp for 1 h. Then, the n-Si was refluxed in a 

solution of alkyl lithium. The alkyl lithium, solvent, and refluxing time, used in the present 

work, were 1.0 M CH3Li, diethyl ether, 3 h; 2.6 M n-C4H9Li, n-hexane, 24 h; and 1.9 M 

n-C6H13Li, n-hexane, 24 h. All procedures were carried out under a dried argon atmosphere. 

The surface-alkylated Si wafers thus obtained were finally washed successively with diethyl 

ether, 2-propanol, and pure water.  

Pt nano-dots were electrodeposited in 5 mM K2PtCl6 + 100 mM LiClO4 on the 

beforehand surface-alkylated n-Si electrodes, using a platinum plate as the counter electrode 

and an Ag|AgCl(sat. KCl) electrode as the reference electrode, as reported in previous chapters. 

Ohmic contact with n-Si was obtained with indium-gallium alloy. The Pt deposition was 

carried out by stepping the potential from 0 V vs. Ag|AgCl(sat. KCl) to −1.0 V and then 

keeping it at −1.0 V, using a commercial set of a potentiostat, a potential programmer, and a 

recorder (Hokuto-Denko HSV-100). The electricity flowing across the Si surface was regulated 

to be 83 mC cm−2, as measured with a digital coulomb meter (Nikko-Keisoku NDCM-3). 

Photocurrent density (j) vs. potential (U), or solar cell characteristics, for Pt nano-dotted 

and surface-alkylated n-Si (111) electrodes were measured in aqueous I3
−/I− redox electrolytes, 

using a Pt plate as the counter electrode and a solar simulator (Kansai Kagaku Kikai 
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XES-502S, AM 1.5G 100 mW cm−2) as the light source. The differential capacitances of the 

n-Si electrodes for Mott-Schottky plots were measured with an AC impedance electrochemical 

system (Solartron 1287 and 1260), using an Ag|AgCl(sat. KCl) electrode as the reference 

electrode and a Pt plate as the counter electrode. The applied AC voltage and frequency were 5 

mV and 10 kHz, respectively. The Ufb shift by electrode illumination was investigated by 

illuminating the electrode weakly at about 3 mW cm−2 with a 50 W tungsten-halogen lamp. All 

chemicals were of reagent grade and used without further purification. Pure water of a 

resistivity of 18 MΩ cm–1, obtained by a Milli-Q purification system, was used. 

X-ray photoelectron spectroscopic (XPS) analysis of the Si surface was performed with 

a Shimadzu ESCA-1000 spectrometer using an MgKα line. Surface morphology was inspected 

with a Hitachi S-5000 high-resolution scanning electron microscope. 
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Results 

First, let him describe the results of surface characterization for later discussion, though 

most of them were reported in previous chapters. The formation of atomically-flat 

H-terminated Si(111) surfaces by the HF and NH4F etching, which were used as a substrate for 

the surface alkylation, was confirmed by observations of a clear step-terrace structure in AFM 

images26-28 and a sharp strong FTIR peak at 2083.6 cm-1, assigned to the stretching vibration of 

Si-H bonds at the (111) terrace, together with some weak peaks assigned to vibrations of Si-H 

and SiH2 bonds at steps.29,30 The methylation of the n-Si surface by the aforementioned 

treatment was, on the other hand, confirmed by observation of the XPS C-1s peak at 283.8 eV 

attributable to C in surface Si-CH3 bonds,31,32 distinguished from C 1s peaks due to 

contaminating hydrocarbons. A rough estimation of the surface coverage (θ) for CH3 from the 

C-1s and Si-2p peaks, using the method of Himpsel et al.,33 gave values of about 50 to 70 %, as 

reported.34 As reported in Chapter 3, the modification with long alkyls was also confirmed by 

XPS analyses though the θ values were difficult to determine because of decreased intensities 

of the 283.8-eV peak. The AFM inspection revealed that the methylated n-Si surface showed a 

clear step and terrace structure similar to the H-terminated n-Si, indicating that the surface 

methylation gave little damage in the atomic-level structure of the Si surface. 

As reported in previous chapters, the XPS analyses also revealed that the 

surface-alkylated n-Si showed almost no (or only a weak) Si-2p peak at around 104 eV, 

attributable to formation of SiO2, even after the Pt deposition, clearly indicating that the 

surface alkyls effectively prevent the Si surface from oxidation. On the other hand, 

H-terminated n-Si showed, after the Pt deposition, a clear Si-2p peak at 104 eV, which was 

absent before the Pt deposition The effective surface oxidation in Pt-dotted (naked) n-Si in 

aqueous solutions is reported35 to be due to hole injection into the Si valence band by dissolved 

oxygen with the deposited Pt as a catalyst. 
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FIGURE 1  Schematic illustrations of structural models for the (a) surface-methylated 

and Pt-dotted and (b) surface hexylated and Pt-dotted n-Si(111) surfaces. Vertical short 

lines at the Si surface refer to non-alkylated Si-H (or Si-OH) sites, vertical long lines 

refer to CH3-attached Si sites, and zigzag lines indicate n-C6H13. 

 

Scanning electron micrographs (SEM’s) of the surface-methylated and Pt nano-dotted 

n-Si showed that Pt particles with the average size of about 6 nm were deposited 

homogeneously all over the Si surface, similar to the case of H-terminated and Pt-dotted n-Si, 

though for the former n-Si, a small fraction of the Pt dots grew to large sizes of about 60 nm, 

as reported in previous chapters. The linear sweep voltammogram for the Pt electrodeposition 

(the Pt-deposition current measured under a negative potential sweep) on the 

surface-methylated n-Si was similar to that on the H-terminated n-Si, as reported in Chapter 3, 

indicating that the Pt dots for the surface-methylated n-Si was deposited on non-methylated 

(naked) parts of the Si surface, not on the methyl group. It will be reasonable that the 

surface-methylated Si surface with the coverage of about 50 to 70% has non-methylated 

nano-sized domains here and there, at which Pt can be deposited. For n-Si modified with long 
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alkyls such as n-C4H9 and n-C6H13, most of Pt dots grew to large sizes of 20 to 70 nm, with a 

much decreased density, as reported in Chapter 3. From these results, together with 

chronoamperograms for the Pt deposition, he proposed in Chapter 3 a structural model for the 

surface-alkylated and Pt-dotted n-Si(111) surfaces such as schematically shown in Figure 1. 
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FIGURE 2  The j-U characteristics for n-Si(111)-CH3/Pt under simulated solar (AM 1.5G, 

100 mW cm−2) illumination. The electrolyte: 0.05 M I2 containing (●) 7.6 M HI, (■) 4.5 M 

HI, (◆) 1.2 M HI, (▲) 0.4 M HI, and (▽) 1.2 M KI. Note that not only the I− concentration 

but also the solution pH change in these electrolytes. The scan rate: 0.05 V s-1. 

 

Now, let him describe results of photoelectrochemical measurements for the 

surface-methylated and Pt nano-dotted n-Si(111), hereafter abbreviated as n-Si(111)-CH3/Pt. 

Figure 2 shows j vs. U (or solar cell) characteristics for n-Si(111)-CH3/Pt in various aqueous 

I3
−/I− redox electrolytes, where the U is measured with respect to the Pt counter electrode 

(Pt(C.E.)). Interestingly, the j-U characteristics, in particular the Voc, are nearly the same 

among the redox electrolytes, though the equilibrium redox potential Ueq(I3
−/I−) and solution 

pH of the redox electrolytes are largely different from each other. 

It is known36-38 that the nearly constant Voc for various redox couples with different 
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Ueq(redox) is observed when the Fermi level pinning via a surface state on a semiconductor 

occurs. In the present work, however, the nearly constant Voc was observed only for the I3
−/I− 

redox couples with varied I− concentrations and not for other redox couples. For example, a 

redox couple of Ru(NH3)6
2+/Ru(NH3)6

3+ (Ueq = 0.01 V vs. Ag|AgCl) gave a Voc of 0.41 V, 

considerably smaller than that for the I3
−/I− redox couples. This implies that the constant Voc in 

Figure 2 was not caused by the Fermi level pinning. This argument is supported also by the 

fact that the n-Si electrodes in Figure 2 yield high Voc’s of about 0.58 V, fairly close to the 

highest Voc for n-Si. If the n-Si had a high-density surface state that might induce the Fermi 

level pinning, such a high Voc would never be obtained owing to efficient surface carrier 

recombination via the surface state.7,8 

In order to investigate the reason for the constant Voc, he then investigated the Ufb for 

n-Si(111)-CH3/Pt in the same electrolytes as in Figure 2. Figure 3 shows some examples of 

Mott-Schottky plots, from which the Ufb could be determined as the potential at a cross point 

of the extrapolated straight line with the U axis.20,39,40 He obtained, for reference, the 

Mott-Schottky plots for surface methylated but non-Pt-dotted n-Si (111) electrodes as well. 

Moreover, he obtained the plots not only in the dark but also under weak illumination (at a low 

intensity of about 3 mW cm−2) in order to see the Ufb shift by illumination. Good straight lines 

were obtained in all cases, with the phase angles higher than 80°. The high phase angles assure 

that the Mott-Schottky plots obtained are reliable.20,39,40 However, the slopes of the plots for the 

Pt dotted n-Si electrodes, in particular those in 7.6 M HI + 0.05 M I2, were larger than those for 

the non-Pt-dotted ones (Figure 3). Repeated experiments gave the same Ufb values within 

experimental errors of ± 0.05 V, though the slope deviated to a small extent from experiment to 

experiment. The reason for the change in the slope is not clear at present. They might arise 

from a certain modulation of the Schottky barrier (or the space charge layer) of n-Si by the Pt 

nano-dot coating. 



 74

 

0

1000

2000

3000

4000

C
-2

 / 
μ

F-2
 c

m
4

●: with Pt (illum)

■: with Pt (dark)

△: without Pt (dark)

◇: without Pt (illum)

(a) 7.6 M HI + 0.05 M I
2

0

1000

2000

3000

4000
(b) 1.2 M HI + 0.05 M I

2

●: with Pt (illum)

△: without Pt (dark)

◇: without Pt (illum)

■: with Pt (dark)

C
-2

 / 
μ

F-2
 c

m
4

0

1000

2000

3000

4000

-1.0 -0.5 0.0 0.5 1.0 1.5

U vs. Ag|AgCl(sat. KCl) / V

(c) 1.2 M KI + 0.05 M I
2

△: without Pt (dark)
■: with Pt (dark)

◇: without Pt (illum)

●: with Pt (illum)

C
-2

 / 
μ

F-2
 c

m
4

 

FIGURE 3  Mott-Schottky plots for n-Si(111)-CH3 with and without Pt nano-dots, 

obtained in the dark and under weak illumination. The electrolyte: (a) 7.6 M HI + 0.05 M 

I2, (b) 1.2 M HI + 0.05 M I2, and (c) 1.2 M KI + 0.05 M I2. 

 

Table 1 summarizes the Ufb values thus obtained, together with the solar cell 

characteristics for n-Si(111)-CH3/Pt in various I3
−/I− redox electrolytes. The Ueq(I3

−/I−) values 

were determined from cyclic voltammograms with a Pt electrode in the I3
−/I− electrolytes. The 

Ufb in the dark, the photocurrent onset Uon, and the Ueq(I3
−/I−) in Table 1 are also plotted in 
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Figure 4 as a function of the HI (I−) concentration for easy comparison, together with the 

amount of adsorbed iodine on n-Si(111)-CH3/Pt explained later. Figure 4 clearly indicates that 

the Ufb and Uon shift toward the negative with increasing the I− concentration, nearly in parallel 

to the Ueq(I3
−/I−). He can thus understand that this parallel shift of Ufb and Ueq(I3

−/I−) is the 

reason for the nearly constant Voc’s in Figure 2. 

 

TABLE 1  The Ufb and solar cell characteristics for n-Si(111)-CH3/Pt in various I3
−/I− 

redox electrolytes. The Ufb in parentheses are for n-Si with no Pt. All the electrolytes 

include 0.05 M I2 though it is not indicated in the table. The experimental errors were ± 

0.02 V for Voc, Uon, and Ueq(I3
−/I−): ±0.5 mA cm−2 for jsc, and ± 0.05 V for Ufb. 

dark illum

7.6M HI 0.58 14.0 5.67 0.701 0.08 -0.50 -0.63 (-0.64) -0.64 (-0.53)

4.5M HI 0.57 13.7 5.06 0.645 0.19 -0.38 -0.54 (-0.58) -0.53 (-0.58)

1.2M HI 0.56 12.7 4.70 0.661 0.35 -0.21 -0.38 (-0.45) -0.39 (-0.35)

0.4M HI 0.57 12.1 4.16 0.601 0.39 -0.18 -0.38 (-0.34) -0.30 (-0.22)

1.2M KI 0.58 12.9 4.64 0.618 0.34 -0.24 -0.24 (-0.45) -0.45 (-0.31)

Electrolyte U on
vs. Ag|AgCl / V

U fb
 vs. Ag|AgCl / VU eq(I3

-/I-)
vs. Ag|AgCl / V

V oc
/ V

j sc
/ mAcm-2

η
/ %

F.F.
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FIGURE 4  The (●) Ufb in the dark, (■) Uon, and (◆) Ueq(I3
−/I−) for n-Si(111)-CH3/Pt as 

a function of the HI concentration of the electrolytes (x M HI + 0.05 M I2), together with 

the (△) XPS I 3d5/2 peak intensity for surface-methylated n-Si with no Pt, after immersion 

in the same electrolytes as above for 5 min in the dark. 
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FIGURE 5  XPS I 3d peaks for methylated n-Si (111) with no Pt, after immersion in 

0.05 M I2 containing (●) 7.6 M HI, (◆) 1.2 M HI, and (▽) 1.2 M KI, for 5 min in the 

dark. 
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Why does the Ufb shift with the I− concentration? In order to clarify the reason, he 

investigated the chemical composition of the n-Si surface by XPS. Figure 5 shows XPS I-3d 

peaks for surface methylated n-Si (111) with no Pt after immersion in the various I3
−/I− redox 

electrolytes. The n-Si with no Pt was chosen because for the Pt dotted n-Si, a considerable 

amount of iodine was adsorbed on the Pt dots and it was difficult to see the iodine adsorption 

on the Si surface. The immersion was carried out for 5 min in the dark, followed by sufficient 

washing with pure water. Two peaks assigned to I 3d3/2 and 3d5/2 were observed for all the 

electrolytes, suggesting that iodine was adsorbed at the n-Si surface. Unfortunately, as the 

reported I 3d5/2 peaks for I− (KI) and I2 are at nearly the same energy (619.2 eV) with almost no 

chemical shift, the XPS analyses could not give a definite conclusion on whether the surface 

iodine was in a form of Si-I or physisorbed I2. However, the following facts strongly suggested 

that the surface iodine was in the form of Si-I: (1) The surface iodine was not removed even by 

thorough washing, and (2) the amount of the surface iodine decreased much with increasing 

the length of the surface alkyl chain, as mentioned later (Figure 8), which will be contrary to 

the behavior expected from the assumption of physisorbed I2. 
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FIGURE 6  Mott-Schottky plots for n-Si(111)-n-C4H9/Pt and n-Si(111)-n-C6H13/Pt with 

and without Pt, obtained in the dark and under weak illumination. The electrolyte: 7.6 M 

HI + 0.05 M I2. 

  

The n-Si electrodes modified with Pt nano-dots and long-chain alkyls (R), abbreviated 

as n-Si(111)-R/Pt, gave essentially the same results as n-Si(111)-CH3/Pt. Figure 6 shows, as 

some examples, the Mott-Schottky plots for n-Si(111)-n-C4H9/Pt and n-Si(111)-n-C6H13/Pt in 

7.6 M HI + 0.05 M I2. The plots for the n-Si electrodes with no Pt, and those under weak 

illumination were also included for reference, in the same way as in Figure 3. Figure 7 shows, 

also as some examples, the j-U (solar cell) characteristics for n-Si(111)-CH3/Pt, 

n-Si(111)-n-C4H9/Pt, and n-Si(111)-n-C6H13/Pt in 7.6 M HI + 0.05 M I2. Table 2 summarizes 

the Ufb and solar cell characteristics, similarly to Table 1. The Ufb shifts slightly toward the 

negative with increasing the alkyl chain length, though the Voc remains nearly constant. It is to 
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be noted also that the Ufb’s for the n-C4H9- and n-C6H13-modified n-Si with no Pt (values in 

parentheses in Table 2) largely shift toward the positive by electrode illumination, in contrast 

to the cases with Pt nano-dots. 
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FIGURE 7  The j-U characteristics for (●) n-Si(111)-CH3/Pt, (■) n-Si(111)-n-C4H9/Pt, 

and (◇) n-Si(111)-n-C6H13/Pt under simulated solar (AM 1.5G, 100 mW cm-2) 

illumination. The electrolyte: 7.6 M HI + 0.05 M I2. The scan rate was 0.05 V s-1. 

  

TABLE 2  The Ufb and solar cell characteristics for n-Si(111)-R/Pt (R = CH3, n-C4H9, and 

n-C6H13) in 7.6 M HI + 0.05 M I2, represented in the same way as in Table 1. The Ufb in 

parentheses are for n-Si with no Pt. The experimental errors were the same as in Table 1. 

dark illum

CH3 0.576 14.03 -0.50 -0.63 (-0.64) -0.64 (-0.53)
n -C4H9 0.535 13.41 -0.45 -0.70 (-0.85) -0.71 (-0.36)

n -C6H13 0.546 13.63 -0.47 -0.77 (-0.77) -0.72 (-0.35)

U fb
 vs. Ag|AgCl / V

j sc
/ mAcm-2

U on
vs. Ag|AgCl / V

Alkyl group V oc
/ V
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FIGURE 8  XPS I 3d peaks for (●) CH3-, (■) n-C4H9-, and (◇) n-C6H13-modified n-Si 

with no Pt, after immersion in 7.6 M HI + 0.05 M I2 for 5 min in the dark. 
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FIGURE 9  The (●) Ufb in the dark and (■) Uon for n-Si(111)-CH3/Pt, 

n-Si(111)-n-C4H9/Pt, and n-Si(111)-n-C6H13/Pt in 7.6 M HI + 0.05 M I2 as a function of 

the carbon number of the modifying alkyl chains, together with the (△) XPS I 3d5/2 peak 

intensity for CH3-, n-C4H9-, and n-C6H13-modified n-Si with no Pt after immersion in 7.6 

M HI + 0.05 M I2 for 5 min in the dark. 
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Figure 8 shows the XPS I 3d peaks for the CH3-, n-C4H9-, and n-C6H13-modified n-Si 

(111) with no Pt, after immersion in 7.6 M HI + 0.05 M I2 for 5 min in the dark. The n-Si with 

no Pt was chosen to see the iodine adsorption on Si as separated from that on Pt, as mentioned 

earlier. The results indicate that iodine is adsorbed also on the n-C4H9 and n-C6H13-modified 

n-Si, though the amount is considerably smaller than the case of CH3-modified n-Si. Figure 9 

shows the Ufb in the dark and the Uon for n-Si(111)-CH3/Pt, n-Si(111)-n-C4H9/Pt, and 

n-Si(111)-n-C6H13/Pt in 7.6 M HI + 0.05 M I2 as a function of the alkyl-chain length, together 

with the XPS I 3d5/2 peak intensity for alkylated n-Si with no Pt after immersion in 7.6 M HI + 

0.05 M I2 for 5 min in the dark. 

 



 82

Discussion 

The experimental results described in the preceding section show that the surface 

alkylated and Pt nano-dotted n-Si(111) electrodes yield efficient solar cell characteristics in the 

I3
−/I− electrolyte, as reported in previous chapters, though they show a slight dependence on the 

alkyl chain length. A remarkable point of the present work is that the Voc for the 

surface-methylated and Pt nano-dotted n-Si electrode hardly depended on the Ueq(I3
−/I−) of the 

electrolytes (Figure 2), or in other words, the Ufb for this n-Si electrode shifted nearly in 

parallel to the Ueq(I3
−/I−) (Figure 4). He argued in the preceding section that the nearly constant 

Voc [or the parallel shift of Ufb with Ueq(I3
−/I−)] could not be attributed to the Fermi level 

pinning via a surface state. Thus, the remaining problem is why the Voc is kept constant or why 

the Ufb shifts nearly in parallel to the Ueq(I3
−/I−). Let him first consider this problem. 

The Ufb is theoretically determined3-5 by the electron affinity of a semiconductor and a 

surface potential arising from interfacial (or Helmholtz) double layers due to ion adsorption, 

surface bond dipoles, etc., and is in general independent of the equilibrium redox potential of 

the redox electrolyte if the Fermi level pinning is absent. Thus, the Voc in general changes in 

proportion to the change in the equilibrium redox potential of the redox electrolyte. In fact, the 

Pt nano-dotted n-Si showed a linear relation between the change in the Voc and that in the 

equilibrium redox potential of the electrolyte,7,8 indicating that the above argument holds for 

this type of n-Si electrodes. 

One might point out that the oxidation of the Si surface could be responsible for the Ufb 

shifts. This possibility is, however, excluded because the XPS analyses show almost no 

formation of a surface oxide layer for the surface methylated and Pt dotted n-Si, as mentioned 

earlier, contrary to the case of non-alkylated (H-terminated) and Pt dotted n-Si. Besides, the 

surface oxidation, if any, cannot explain the Ufb shifts because the observed Ufb is independent 

of the solution pH (Figure 4). If ionic charges on the surface oxide were responsible for the Ufb 
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shift, the Ufb should shift to the positive with decreasing pH,3-5,39 contrary to the experimental 

results (Figure 4). 

One might point out also that the adsorption of iodine on the Pt particles might affect the 

Ufb. However, this possibility is also excluded because the Pt particles in the present work are 

in contact with the I3
−/I− redox electrolyte, and therefore the Fermi level of Pt is entirely 

regulated by the redox level of the redox couple via electron exchange 

equilibrium, irrespective of surface chemistry of Pt. Namely, even if iodine or iodide is 

adsorbed on Pt, the Fermi level of Pt is kept to equal the redox level of the redox electrolyte. 

Moreover, a change in the Fermi level of Pt particles does not affect the Ufb of n-Si if the 

particle size is very small, i.e. about 5 nm, as discussed in detail in previous papers.7,8 

He can show below that the Ufb shift can be explained reasonably by taking into account 

the iodine adsorption at the Si surface. The upper part of Figure 1 schematically illustrates a 

structural model for the surface-methylated and Pt nano-dotted n-Si(111), derived through 

detailed studies on it in Chapter 3. The main features are, (1) the surface coverage (θCH3) for 

CH3 is about 50 to 70%, and (2) the deposition of the Pt particles occurs at non-alkylated Si 

sites, in particular, at a part of assemblies of non-alkylated Si sites with appropriately large 

areas. The latter argument is based on a consideration that an anionic reactant, [PtCl6]2−, in the 

Pt deposition has a large hydration sphere and thus the Pt deposition will occur only at a part of 

assemblies of non-alkylated Si sites with appropriately large areas, as reported in Chapter 3. 

This implies that a number of isolated Si-H (or Si-OH) sites remains at the Si surface, as 

illustrated in Figure 1. Accordingly, when the surface-methylated and Pt nano-dotted n-Si(111) 

is immersed in an I3
−/I− redox electrolyte, I− ions will be adsorbed at the Si-H (or Si-OH) sites, 

as reported in a previous paper41, resulting in surface Si-I bonds,  

 

Si-H (or Si-OH) + I− + H+ → Si-I + H2 (or H2O)     (1) 
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The bond energy for Si-H (or Si-OH) is larger than that for Si-I, but this reaction will be 

thermodynamically feasible because stable molecules with strong bonds such as H2 or H2O are 

produced as a product. The formation of Si-I bonds is supported also by the observation of the 

XPS I-3d peaks, assignable to the Si-I bonds, at the n-Si surface after its immersion in the I3
−/I− 

electrolytes, as mentioned in the preceding section (Figures 5 and 8). 

Based on this model, he can then assume that I− ions in the electrolytes are further 

adsorbed on the Si-I bonds, forming an Si-I⋅⋅⋅I− complex at the surface. 

 

Si-I + I− → Si-I⋅⋅⋅I−          (2) 

 

This assumption is reasonable because it is well known that an I2 molecule forms a (Mulliken’s 

charge-transfer) complex with an I− ion, resulting in an I3
− ion. 

 

I-I + I− → I-I⋅⋅⋅I−           (3) 

 

The surface complex, Si-I⋅⋅⋅I−, in equation (2) can be regarded as of the same electronic nature 

as the I-I⋅⋅⋅I− complex. 

The formation of the Si-I⋅⋅⋅I− complex gives rise to negative charges at the Si surface, 

which are responsible for the negative shift in the Ufb. This concept is essentially the same as 

that for well-known negative shifts in the Ufb with increasing the solution pH for metal-oxide 

semiconductors such as n-TiO2 and n-ZnO, which are attributed to either desorption of H+ ions 

from the surface or adsorption of OH− ions to the surface. The potential drop (∆φH) at the 

Helmholtz layer (defined as the potential at the surface vs. the electrolyte solution), which 

leads to the Ufb shift, is calculated by assuming an ionic adsorption equilibrium for equation 

(2), in which the electrochemical potentials are equal on the right- and left-hand sides 
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µSi-I + µI− = µSi-I⋅I− − q∆φH         (4) 

 

where µα is the chemical potential for species α and q is the elementary charge. Equation (4) 

can be rewritten by using the surface coverage (θSi-I) for Si-I and that (θSi-I⋅I−) for Si-I⋅⋅⋅I−, and 

the concentration (CI−) for I− ions in the electrolyte, 

 

∆φH = (µSi-I⋅I−
0 − µSi-I

0 −  µI−
0)/q + (kT/q) ln (γSi-I⋅I−θSi-I⋅I−/γ Si-IθSi-I) 

− (kT/q) ln (γ CI−CI−)                                                           (5) 

 

where the superscript “0” means the standard state and γα is the activity coefficient for species 

α. Equation (5) implies that ∆φH, i.e. the Ufb, changes in proportion to −(kT/q) ln (γ CI−CI−) if 

the term, ln (γSi-I⋅I−θSi-I⋅I−/γ Si-IθSi-I), is kept nearly constant for changes in θSi-I⋅I− and θSi-I. This 

condition holds as far as the θSi-I and θSi-I⋅I− are not near zero or one. On the other hand, the 

Ueq(I3
−/I−) also shifts in proportion to −(kT/q) ln (γ CI−CI−) according to Nernst equation. 

Accordingly, the Ufb shifts with increasing the I− concentration in parallel to the Ueq(I3
−/I−), in 

agreement with the observed behavior for the Ufb and Ueq(I3
−/I−) (Figure 4). 

 From the above arguments, one may feel it strange that no dependence of the Ufb on the 

I− concentration has been observed for the H-terminated and Pt-dotted n-Si, which would have 

a high density of Si-H sites. This is because the H-terminated n-Si surface is immediately 

oxidized when Pt is deposited, by the hole injection via molecular oxygen in air as an oxidant, 

with the Pt particles acting as a catalyst. At the oxidized Si surface, the I− adsorption (or Si-I 

formation) can no longer occur. 

Figure 9 shows that the Ufb for the Pt nano-dotted and long-alkyl modified n-Si (111) 

shifts slightly toward the negative with increasing the alkyl chain length, though the Uon or Voc 
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remains nearly constant. The negative Ufb shift in this case will also be explained within a 

framework of discussion made above, because the long-alkyl modified n-Si shows the presence 

of adsorbed iodine (Figure 8). A possible explanation might be given by assuming either that 

the standard chemical potentials, µSi-I⋅I−
0 and/or µSi-I

0, change with increasing the alkyl chain 

length, or that the θSi-I and/or θSi-I⋅I− are coming near zero for the long-alkyl modified n-Si, as is 

expected from Figure 8, and thus the term, ln (γSi-I⋅I−θSi-I⋅I−/γ Si-IθSi-I), can no longer be regarded 

to be nearly constant for the changes in θSi-I⋅I− and θSi-I. The nearly constant Uon or Voc, in spite 

of the negative Ufb shifts, can be attributed to the increase in the size of the Pt nano-dots, or the 

increase in the area of direct Pt-Si contact, for the long-alkyl modified n-Si, as reported in 

Chapter 3. The group he belongs to discussed in detail previously10,11 that the increase in the 

area of the direct Pt-Si contact led to the decrease in the effective barrier height for the n-Si 

electrodes and hence the decrease in the Voc. It is likely that the negative Ufb shift with 

increasing alkyl chain length is nearly compensated by the decrease in the effective barrier 

height due to the increase in the Pt-particles size. 

He has also mentioned in the preceding section that the Ufb’s for the n-C4H9- and 

n-C6H13-modified n-Si with no Pt largely shift (by about 0.3 V) toward the positive by 

electrode illumination, in contrast to the cases of alkylated n-Si with Pt nano-dots. This result 

can be explained by taking into account that the surface alkyl group has a detrimental effect for 

interfacial electron transfer reactions, as reported,18,20-25 and thus photogenerated holes for the 

long-alkyl modified n-Si with no Pt are accumulated at the Si surface, leading to the positive 

shift in the Ufb. For the Pt dotted electrodes, on the other hand, the Pt dots act as an efficient 

catalyst (or gate) for the interfacial electron transfer, thus leading to no accumulation of 

photogenerated holes at the surface and hence no Ufb shift. The results clearly indicate the 

important role of the Pt nano-dots in obtaining efficient n-Si electrodes. 

In conclusion, the present work has revealed that the Pt nano-dotted and surface 
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methylated n-Si (111) electrodes yield nearly the same Voc among various I−/I3
− redox 

electrolytes with different Ueq(I3
−/I−) owing to the fact that the Ufb shifts toward the negative 

with increasing the I− concentration, in parallel to Ueq(I3
−/I−). The negative Ufb shifts are 

explained in terms of I− adsorption in the form of Si-I⋅⋅⋅I−. Besides, the Ufb measurements in the 

dark and under illumination have clearly indicated that the Pt nano-dots act as an efficient gate 

for interfacial electron transfer and prevent the positive shift in the Ufb under illumination (or 

the decrease in the Voc). The results are of much interest, indicating that a combination of the 

surface anionic adsorption with the surface alkylation and the Pt nano-dot coating is a novel 

effective way to obtain efficient and stable n-Si electrodes.
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General Conclusion 

 
Although the realization of the solar energy conversion has been strongly desired in the 

present societies owing to its clean nature, recent studies in this field still have serious 

problems, in particular, in the lowering of the fabrication cost. In the present work, the author 

has adopted an approach of solar to chemical conversion by use of a semiconductor/electrolyte 

junction in view of its large merits in the cost lowering, and studied the surface alkylated and 

Pt nano-dotted n-Si electrodes for the purpose of obtaining the efficient and stable electrodes. 

The main strategy has been to combine the method of surface alkylation for the stability and 

the method of metal nano-dot coating for the high efficiency. The author has finally succeeded 

in demonstrating that this strategy really provides highly efficient and stable n-Si electrodes. 

First, the author has succeeded in demonstrating that the surface methylated n-Si (111) 

electrodes with Pt nano-dots give efficient and stable photocurrent vs. potential characteristics 

in an aqueous HBr/Br2 redox electrolyte of a highly corrosive nature for more than 6 h 

(Chapter 1). He has shown that the surface alkyl group effectively prevents the oxidation at the 

Si surface and that the surface Pt nano-dots act as an effective catalyst (or gates) for interfacial 

electron transfer, thus effectively overcoming the demerit of the surface alkylation to retard 

interfacial electron transfer. The results have shown that the surface alkylated and Pt 

nano-dotted n-Si (111) electrode is a new-type ideal semiconductor electrode for solar energy 

conversion. 

The author has also succeeded in showing that the surface methylated and Pt 

nano-dotted n-Si (111) electrode can successfully be used for photodecomposition of hydrogen 

iodide into hydrogen and iodine in an electrochemical cell with no external bias (Chapter 2). 

Actual experiments have shown that this system yields a solar to chemical conversion 

efficiency ( s
chemφ ) of 7.4 %, which is the highest ever reported, apart from high values reported 
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for MBE-made expensive high-quality composite multiplayer semiconductor electrodes. The 

success is important in that it has opened a new way of cost lowering for solar energy 

conversion. 

Further studies on the Pt nano-dotted and surface-alkylated n-Si (111) electrodes in the 

I3
−/I− redox electrolyte have shown that the surface alkylation gives high overvoltages for the 

Pt electrodeposition and leads to growth of large-sized Pt particles (Chapter 3). This tendency 

has become more prominent with increasing the surface alkyl chain length. The photovoltaic 

behavior and stability for the surface alkylated n-Si electrodes were improved much by the 

Pt-dot coating, but became somewhat inferior with increasing the alkyl chain length. These 

results have suggested the importance of mutually regulated attachments of surface alkyl 

groups and Pt nano-dots as a research subject in the future. 

The author has also revealed that the flat-band potentials (Ufb) for the Pt nano-dotted and 

surface alkylated n-Si (111) electrodes in the I3
−/I− redox electrolytes shift toward the negative 

with increasing the I− concentration, in parallel to the equilibrium redox potential Ueq(I3
−/I−), 

and thus the Voc is kept nearly constant among the I3
−/I− redox electrolytes with different 

Ueq(I3
−/I−) and different pH. The Ufb shift is explained in terms of formation of a surface 

adsorption complex in the form of Si-I⋅⋅⋅I−, which induces negative charges at the surface for 

the negative shift in Ufb. This result is of much interest, not only from the point of view of the 

increase in Voc but also from the regulation of the Ufb of the n-Si electrodes.  

In short, the present work has established that a combination of surface alkylation and 

metal nano-dot coating is an effective way to obtain a highly efficient and stable n-Si electrode 

for solar energy conversion. As the Si is the most important and suitable semiconductor for 

solar energy conversion, the present success in utilizing it as a photoelectrode for solar to 

chemical conversion is of key importance in that it has opened a new way of cost lowering in 

the solar energy conversion. 
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