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General Introduction

    Since the oil crisis in 1973, the solar energy has attracted strong attention as

an inexhaustible new energy source for the present and future human society. ln

addition, the global environmental problems have arisen recently, such as the green

house effect due to carbon dioxide increase in the atmosphere and the acid rains,

and are getting more and more serious. The clean solar energy is thus attracting more

and more attention these days.

    For the utilization of the solar energy, the photovoltaic conversion using solar

cells is the most promising method. So far, main studies have been made on the p-n

junction solar cells. ln particular, many studies have been made on high-efficiency

single-crystal silicon (Si) solar cells. Green et al. reported 24 O/o of the conversion

efficiency for the PERI. (passivated emitter and rear locally diffused) cells under

the global AMI.5 spectrum (1OOO Wm'2) [1-3]. Although this efficiency is the highest

for the Si solar cells and approaching the theoretical limit, the PERL cell has very

elaborate stmcture, leading to too high production cost for large-scale practical uses.

The low energy density of 700 to 1000 Wm-2 of the solar light requires the

realization ofnot only high efficiency but also low-cost solar cells.

    For the development ofhigh-efficiency and low-cost solar cells, many kinds

ofsemiconductors, such as polycrystalline (or multicrystalline) Si wafers, amorphous

Si thin films, polycrystalline Si thin films, cadmium telluride (CdTe), and copper

indium selenide (CulnSe2), have been studied as the promising low cost materials

[2-8]. For the compound semiconductors 1ike CdTe and CulnSe2, the elements Cd

and ln are not enough in amount as the resources on the earth. The production cost

of the polycrystalline Si wafers is still high. The amorphous Si thin films have

problems of no enough high efficiency nor long term stability. Thus, the
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polycrystalline Si thin films are, at present, expected to be the most promising

material for the high-efficiency and low-cost solar cells. ln order to utilize

effectively such raw granular materials, the p-n junction method is not necessarily

suitable for getting a high efficiency. It is thus very important to find a suitable

method to get a goodjunction for such raw granular materials.

    Photoelectrochemical (PEC) solar cells are a promising candidate for such

purpose [9, 10], because they can be fabricated simply by immersing a

semiconductor electrode and a counterelectrode into a redox electrolyte solution [ l 1 ] .

The PEC solar cells have another advantage that they can directly convert the solar

energy into storable chemical energy, through reactions such as water splitting into

hydrogen and oxygen [10, 12-141, the production of hydrogen and iodine from

hydrogen iodide [15], and the reduction ofcarbon dioxide to hydrocarbons [16] or

carbon monoxide [17, 18]. Unfortunately, the PEC solar cells at present have a

problem that they have no sufficient long-term stability.

    In the laboratory to which the author belongs, both PEC and solid-state solar

cells of a new type have been developed, in which a Si wafer is modified wnh

ultrafine metal particles [19, 20]. Figure 1 shows schematic cross-sections of the

solar cells. The PEC solar cells using a single-crystal n-type Si (n-Si) electrode

modified with ultrafme platinum (Pt) particles generate open-circuit photovoltages

(Voc's) of O.62 to O.68 V, considerably higher than those (ca. O.59 V) of the

conventional p-njunction Si solid•-state solar cells with similar simple stmcture. The

PEC solar cells are enough stable for laboratory experiments but not enough for

practical application. The solid-state solar cells (Fig. IB) operate by the same

principle as for the PEC cells, but, at present, give only a Voc ofO.59 V at highest

and a conversion efficiency of 10.4 O/o due to the formation of surface defects

4
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(surface states) during the deposition of transparent conductor (TC) on the

Pt-modified n-Si wafer [21]. This problem wi11 be solved in the near future by

intervening a thin (ca. 3 nm) organic layer between Si and TC [21]. The solid-state

solar cells are much more stable than the PEC cells, and expected to be enough

stable for practical use. The fabrication method ofthese solar cells (Fig. 1) can be

applied to polycrystalline Si thin films [22]. No high-temperature treatment nor

lithographic technique are necessary for making solar cells of this type. Thus, this

type of solar cells is expected to open a new approach to high-efficiency and

low-cost solar cells.

    The operation principle ofthis type of solar cells is explained as follows [19,

20]. Photogenerated holes in n-Si transfer to the redox solution (or transparent

conductor) through the Pt particles, thus leading to a steady photocurrent. With no

Pt, the photocurrent decays rapidly for the PEC cells (Fig. IA) or gradually for the

solid-state cells (Fig. IB). The surface band energies ofn-Si are modulated by the

deposition ofPt particles. However, the effective barrier height is nearly the same

as that for no Pt in case where the size ofthe Pt particles (or more correctly, the size

of the areas of direct Pt-Si contacts) is small enough, much smaller than the width

of the space charge layer. Thus, a very high banier height, nearly equal to the

band-gap, can be obtained if one uses a redox couple wnh an enough high redox

potential for the PEC cells (Fig. 1A) or a transparent conductor with an enough large

work function for the solid-state cells (Fig. IB). Also, a major part ofthe n-Si surface

is covered with a thin Si-oxide layer and passivated, and hence the electron-hole

recombination rate at the n-Si surface is maintained quite low. For these reasons,

very high Voc can be generated,

    For obtaining high efficiencies and reproducible results in the above solar cells,

it is very important to control the size and the separation of the Pt particles on a

6



nanometer scale. The theoretical consideration predicts that the ideal size and

separation are ca. 5 nm and ca. 20 nm, respectively [19, 20].

    ln the present work, the author has made detailed studies on the

nanometer-scale control ofthe size and the separation ofthe Pt particles and its effect

on the solar cell characteristics. 'Ihe studies have been aimed at obtaining

quantitative relations between the size and the separation ofthe Pt particles and the

solar cell characteristics and verifying the theoretical prediction. Although the

ultimate purpose ofthis work is to develop a high-efficiency and low-cost solid-state

solar cell of Fig. 1(B)-type, the PEC cells equipped with single crystalline n-Si

electrodes have been used in the present work because they are fabricated simply

by immersing the n-Si electrode into a redox electrolyte solution, without any other

procedures causing surface damages, and thus they are suitable for investigating the

relations between the properties of the Pt particles and the solar cell characteristics.

    In the frrst chapter, a simple method of dropping a solution of colloidal Pt

particles on an n-Si electrode is used for the electrode preparation. The solutions

of Pt colloid of 5 to 50 nm in diameter were prepared by various methods such as

the use of commercially available Pt black, the microemulsion method, the

extraction-reduction method, the alcohol-reduction method and Bredig's method.

The Voc's of O.550 to O.630 V are obtained, independent of the size of the Pt

particles. This result is explained by taking into account the presence of the

nanometer-scale roughness of the n-Si surface. By use of n-Si electrodes wnh

textured surfaces, modified with the Pt colloid particles prepared by Bredig's method,

the solar energy conversion efficiency (AMI) of 14.9 O/o is obtained, which is the

highest for the n-Si PEC solar cells ever reported.

    ln the second chapter, the Langmuir-Blodgett (LB) layers ofPt colloid particles

are prepared for the frrst time and used for controlling the Pt-particle distribution

7



on n-Si on a nanometer scale. The Pt-particle density is successfully controlled by

regulating the specific area ofthe Langnuir layer on a water surface. It is confirmed

that the Voc increases with decreasing Pt particle density and reaches O.635 V at

maxlmum.
    ln the third chapter, it is shown that the minority-canier controlled (ideal) PEC

solar cells are obtained in case where the n-Si electrodes are modified with the LB

layers of the Pt-colloid particles at a small density. This indicates that an ideal

n-Silsolution junction is obtained. The ideality factor (n) and the dark saturation

current density Go) are determined from plots of logarithm of the shortd•circuit

photocurrent density versus Voc. It is found that n is unity for all the electrodes. As

the Pt particle density is decreased and the post-heat-treatment temperature is

lowered, the jo decreases and thus the Voc increases. The decrease in jo is mainly

caused by the decrease ofthe majority-carrier dark saturation current density go.).

For the n-Si electrodes modified with Pt at a small density and heat-treated at low

temperature, the jo. becomes lower than the minority-carrier dark saturation current

density Gop), thus leading to the minority-canier controlled solar cells.

    ln the founh chapter, the structure and properties of porous n-Si electrodes

coated with Pt are studied in detail. The porous n-Si electrodes, prepared by

photoetching in hydrofluoric acid (HF), have macroporous layers, consisting of

micrometer-sized pores and Si pillars. The wall and top ofthe Si pillars are further

covered with nanoporous layers having nanometer-sized pores. The nanoporous

layer can be thtmed by immersion in HF. The solar cell characteristics are frrst

improved by thinning the nanoporous layer, but reaches maxima, and then are

worsened. A high conversion efficiency of 14.0 O/o is obtained. A new mechanism

for obtaining high efficiencies by use ofporous n-Si electrodes is discussed.
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Chapter 1

Efficient Photoelectrechemical Solar Ceils, Equipped with an n-Si Electrode

             Modified with Colloidal Platinum Particles

Introduction

    Recent studies on single-crystal silicon (Si)-based p-njunction solar cells have

shown that the solar energy conversion efficiency reaches 20 O/o or more by

elaborating mierostructures by photolnhographic techniques [1-3]. However, it seems

very difficult to apply such techniques to semiconductor materials such as

polycrystalline thin films, which are expected to be the most promising materials

for the fabrication ofpractical low-cost solar cells.

    It is thus still important to develop new approaches to high-efficiency and

low-cost solar cells. Lewis et al. reported an efficient (ÅëS = 14.0 O/o)

photoelectrochemical (PEC) solar cell using a single crystal n-Si electrode and a

non-aqueous redox electrolyte solution [4]. We have been studying the solar cells

of a new type [5-13], in which semiconductor wafers are modified wnh sparsely

distributed ultrafine metal particles, the naked part of the semiconductor surface

being covered with a passivating thin oxide layer.

    Our recent experiments showed that the single crystal n-Si PEC solar cells of

the above type gave the open-circuit photovoltages (Voc) ofO.59 to O.68 V [5-8],

considerably higher than that (O.59 V) for the conventional p-njunction Si solid solar

cells having nearly the same simple structure. The n-Si PEC cells have stability
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sufficient for the laboratory-scale experiments, but unfortunately have no enough

stability for long-term practical application. However, we can make stable solid-state

solar cells ofa stmcture "transparent conductorlultrafine metal particles embedded

in an oxide layerlsemiconductor", by applying the principle and the techniques of

the above n-Si PEC solar cells [5, 13]. Furthermore, the PEC cells of the present

type equipped with p-type Si electrodes are stable because they are stable for

photocathodic reactions, and can be used for direct conversion ofsolar energy into

chemical energy such as hydrogen photoevolution [8-10] and carbon dioxide

photoreduction [1 1].

    Although we have obtained very high Voc's for the n-Si PEC cells of the

present type, as mentioned above, the Voc values are scattered from electrode to

electrode, even for electrodes prepared in the same conditions. This is probably due

to the scattering in the size and the separation ofthe metal particles on n-Si because

they were not well controlled in the methods adopted thus far. Theoretical

consideration has shown that it is very important to control the size and the

separation of the metal particles on a nanometer scale for both the PEC and the

solid-state solar cells, the ideal size and separation being estimated to be ca. 5 nm

and about 20 nm, respectively [5, 7].

    Thus, we have started studies for controlling the size and the separation ofthe

metal particles by using the n-Si PEC cells, which are convenient for testing how

well the metal particles are deposited because only immersing the n-Si electrode in

the solution is enough to make the PEC cells. In the present work, we have prepared

various colloidal platinum (Pt) solutions and applied them to n-Si.

12



Experimental

1. Preparation ofPlatinum CoUoidSolutions.

Use ofCommerciallyAvailable Pt Black: Commercial Pt black (N.E. Chemcat) and

stearic acid (recrystallized from benzene solutions) or oleic acid were mixed and

ground well in a mortar. The mixture was dispersed into benzene. The supernatant

liquid was used as the Pt colloid solution.

Microemulsion Method II47: O.58 g ofpentaethyleneglycol mono-n-dodecyl ether

was dissolved in IO.69 g n-hexane. 33.2 mg water including 9.07 mg

hexachloroplatinic(IV) acid was dispersed in this n-hexane solution, in the form of

                                                               3microemulsion through the formation of reversed micelles. Then, O.025 cm

hydrazine monohydrate was added as a reductant. The color of the solution changed

from light yellow to black as the reduction reaction proceeded.

Extraction-Reduction Method I157: 10 cm3 of an aqueous solution of 1.s Å~ 10'3 M

(M = mol dm'3) hexachloroplatinic(Iv) acid and so cm3 of a chloroform solution

         -3          M dioctadecyldimethylammonium chloride (DDAC) were mixed andof 1.5 Å~ 10

shaken for l2 h. The hexachloroplatmic(IV) acid was extracted by the surfactant

(DDAC) into the chloroforrn solution, and it was reduced by refluxing at 65OC in

the presence of formaldehyde, triethylamine and water under a nitrogen atmosphere.

The solution tumed dark brown in 1 h.

Alcohol-Reduction Method (Polymer-Stabilized Platinum Colloid Solutions? fl 67:

3 mg ofpoly(N-vinyl-2-pyrrolidone) (PVP) was dissolved in 3O cm3 ofa 1-propanol

               -3                 M hexachloroplatinic(IV) acid. The solution was refluxed tillsolution ofO.5 Å~ 1O

it became black. As an alternative method, 20 cm3 of water containing 6 mg
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polyvinylalcohol (PVA) and 10 cm3 of an ethanol solution of3 Å~ 10'3 M

hexachloroplatinic(IV) acid were mixed and refluxed.

Bredig's Method fl 77: Two platinum wires, between which a DC voltage of35 V

was applied, were patted together repeatedly for about 10,OOO times in ethanol, till

it became dark grayish. The platinum colloid solution thus obtained contained O.1

          -3           plaimum.- O.2 mg cm

2. Preparation ofn-Si Electrodes and Deposition ofPlatinum Cotloid Particles.

    Single crystal n-Si wafers {Shin-Etsu Handotai Co., Ltd., CZ, (100), p = O.7

- 1.3 9cm, ND = (3 - 7) Å~ 1Oi5 cm-3 as estimated from the p values using Fig. 21

of chapter 1 of ref. 18, O.4 - O.7 mm thick, and (111), O.4 - O.9 9cm, O.605 mm

thick] were cut into small pieces (O.6 - O.7 cm2). Textured Si surfaces were

produced by the irnmersion ofthe Si pieces successively in a 4 M sodium hydroxide

(NaOH) solution at 85OC and in a (O.25 M NaOH + O.6 M 2-propanol) solution at

850C [19]. The flat- and textured-surface n-Si pieces were washed with boiled

acetone and water, etched in a 33 O/o CPD-2 [a mixture of nitric acid (HN03),

hydrofluoric acid (HF) and bromine (1:1:O.OOI in volume)], and fmally etched again

with 1 or 12 O/o HIF.

    The deposition of platinum colloid particles on n-Si was performed by

dropping 3 - 50 Å~ IO'3 cm3 platinum colloid solutions on the n-Si pieces, followed

by drying in vacuum. In some cases, the n-Si pieces thus modified were heated at

                         -4                           Pa) Qr a stream ofhydrogen for 1O min in order3000C under vacuum (- 1.3 Å~ 1O

to obtain good solar cell characteristics.

14



3. Current Density e7 vs. Potential (Z() Measurements.

    Ohmic contacts were made on the rear side of the n-Si pieces wnh

indium-gallium alloy. The n-Si piece, having the Pt colloid on the front side, was

placed in a Teflon holder (effective area: O.25 cm2) [l9] and used as an n-Si electrode

for photoelectrochemical measurernents. A platinum plate was used as the

counterelectrode, and an aqueous solution of 8.6 M hydrogen bromide (HBr) and

O.02 - O.05 M bromine (Br2) was used as the redox electrolyte. Deionized water and

reagent-grade chemicals were used for all the experiments.

    Photocurrent density G) vs. potential (U) curves were obtained with a

potentiostat and a potential programmer. The electrolyte solution was stirred

magnetically during the measurements. The potential of the n-Si electrode was

                                                           -2measured with respect to the counterelectrode. An AMI 100 mWcm                                                              solar

simulator (WXS-85H, Wacom) was used as the light source.

    The Pt colloid particles on n-Si were inspected with a scanning electron

microscope (ALPHA-30A, Akashi-Seisakusyo). X-ray diffraction (XRD) patterns

were measured with a Rigaku Model RAD-ROC X-ray diffractometer and a

Shimadzu VD-1 X-ray diffractometer. X-ray photoelectron spectroscopic (XPS)

analysis was performed with Shimadzu ESCA-750 and ESCA-1OOO spectrometers

with MgK. X-ray sources. Light transmittance spectra ofthe redox solutions were

recorded with a Shimadzu UV-360 spectrophotometer. Photocurrent action spectra

were measured using a monochromator (MC-50, Ritsu Oyokogaku) and a 500 W

Xe-lamp (Ushio).
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ResuRts

    Figure 1 shows the j-U curves for the PEC solar cells, equipped with the n-Si

electrodes modified with Pt colloid particles prepared by Bredig's method. The

curves a and b are for textured- and flat-surface n-Si electrodes, respectively. By the

formation ofthe textured surface, the Voc was decreased from 618 mV to 597 mV,
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Figure 1. Photocurrent density q) vs. potential (U) curves for the PEC cells

equipped with the n-Si electrodes modified with the Bredig's-method Pt

particles in a 8.6 M HBr + O.025 M Br2 aqueous solution under simulated solar

AMI 100 mWcm'2 illumination. The curves a and b are for textured- and

flat-surface n-Si electrodes, respectively.
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                                                            -2but the short-circuit photocurrent densjty Osc) was increased from 30.9 mAcm

to 35.4 mAcm'2 as calculated from the apparent surface area ofthe electrode. Thus,

the solar energy conversion effriciency (ÅëS for the textured-surface electrode (curve

a ofFig. 1) reached 14.9 e/o.

    Table 1 summarizes characteristics ofthe PEC solar cells equipped with the

n-Si electrodes modified with various Pt colloid particles. All the Pt particles

prepared in the present work gave Voc's ofO.550 to O.630 V, which are much higher

than those (O.25 -J O.30 V) for the PEC cells equipped with n-Si electrodes coated

with continuous Pt layers (O.1 t- 3 nm thick) by the electron-beam evaporation

method [7]. Of the various n-Si electrodes, the n-Si electrodes modified with Pt

particles prepared by Bredig's method yielded the highest fi11 factors (F.F.) on the

average.

    Figure 2 shows scanning electron micrographs (SEM) for the

microemulsiond-method Pt particles (A) and the Bredig's-method Pt particles (B)

dropped on n-Si. The Pt particles (white parts of the micrographs) in both the

electrodes aggregate with each other, forming fairly 1arge islands, and are rather

inhomogeneously distributed. The average diameters of the Pt particles were

calculated from the width at the half height of the XRD peaks, Pt <100> (2e =

39.80) and R <200> (2e == 46.3O), by using Scherrer's equation [20]. The results are

listed in Table 1. The diameters thus obtained from the XRD peaks were much

smaller than the size of the Pt islands in the SEM (Fig. 2).

    Figure 3 shows the spectral response curve (A) for the n-Si electrode modified

with the Bredig's-method Pt particles, as compared with the light transmittance

spectra (B) of 8.6 M HBr + O.025 and O.05 M Br2 solutions. ln Fig. 3B, two

depressions at wavelengths A = 1190 rm and 970 nm are due to the vibrational

overtone bands ofwater [21]. The depression in wavelengths shorter than 560 nm
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  (O.609) (21.0)
O.550-O.598 22.9-27.8

(O.572 Å} O.O1 7) (25.7 Å} 1 .8)

O.593-O.608 24.5-28.6
(O.602 Å} O.O05) (25.8 Å} 1 .4)

O.610-O.625 25.8-27.5
(O.616 Å} O.O06) (27.1 Å} O.3)

O.610-O.630 21.6-25.6
(O.618Å}O.OIO) (23.5Å}1.5)
O.570 - O.620 23.0 - 29.3

(O.601 Å} O.O1 3) (25.8 Å} 1 ,6)

O.610 - O.627 26.5 - 279
(O.619Å}O.O06) (27.2Å}O.6)

O.565-O.620 23.0-279
(O.592 Å} O.O1 6) (25.4 Å} 1 .5)

O.592-O.602 32.0-35.4
(O.596 Å} O.O03) (34.7 Å} 1.4)

O.658 - O.699 7.2 - 9.6

  (O.665) (8.1)
O.591-O.709 6.9-9.6

(O.677 Å} O.040) (8.7 Å} 1 .0)

O.664-0743 8.7-10.3
(O.698 Å} O.029) (9.6 Å} O.6)

O.613-O.681 7.8-8.5
  (O.MO) (8.2)
O.643-O.708 8.7-11.0

(O.681 Å} O.023) (10.2 Å} O.5)

O.505-O.631 8.0-10.2
(O.573 Å} O.033) (8 .9 Å} O.8)

O,550-O.606 9.1-10.0
(O.577 Å} OD20) (9.6 Å} O.3)

O.679-O.709 9.0-10.6
(O.688 Å} O.04 1) (1 0.0 Å} O.6)

O.546-O.757 8.0-12.8
(O.702Å}O.083) (11.0Å}1.0)

O.687-O.753 11.7-12.8
(O.732 Å} O.026) (12.3 Å} O.4)

O.695-O.748 10.1-11.8
(O.724 Å} O.O1 8) (1 0.9 Å} O.6)

O.650-O.709 13.4-14.9
(O.690Å}O.021) (14.2Å}O.6)

Oxl HTI CI   tt
HF2, Cl

HFI HTI CI   tl
Ox2, HTI, Cl

HFI HTI C3   11
Ox2, HTI, C3, F

HF2, Cl

HF2, Cl

HF2, Ct

Ox3, Cl

Oxl, HT2, Cl

HF2, C2, S

(Table 1, continued on P. I9)
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(Table I, continuedfromp. 18?

a) The average diameter of the Pt particles estimated from the XRD peaks (see

    text), except the value for D which is estimated by the transmission electron

    mlcroscopy.

b) The lowest and highest values are indicated, together with the average value

    and the standard deviation in parentheses. The ÅëS values for the cells indicated

    in the lowest row are 13.4, 14.0, 14.1, 14.8, and 14.9.

c) H]Fl and HF2: The n-Si electrodes were etched wnh 1 O/o HF for 30 -• 60 min

and with 12 O/o H[F for 2 min, respectively, before dropping the Pt colloid

solutions. Oxl, Ox2 and Ox3: The n-Si surfaces were slightly oxidized by

immersing in 63 O/o HN03 for 10 min, in 63 O/o HN03 for 20 s, and in5M

HN03 for 20 s, respectively, all at 20 - 25eC, before dropping the Pt colloid

solutions. HTI and HT2: The n-Si electrodes were heat-treated at 3000C for

1O min under H2 or vacuum, respectively, after the dropping of the Pt colloid

solutions. C1, C2 and C3: The Br2 concentration of the electrolyte was O.05,

O.025 and O.02 M, respectively, the HBr concentration being 8.6 M in all the

cases. F: The n-Si [CZ, (111), O.4 - O.9 9cml wafers were used only for this

case, though the n-Si [CZ, (1OO), O.7 -- 1.3 9cm] wafers were used in all the

other cases. S: The textured-surfaces electrodes were used only for this case,

though the flat-surface electrodes were used in all the other cases.
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(A)

2um

(B)

2"m

Figure 2. Scamiing electron micrographs for the microemulsion-method Pt

particles (A) and the Bredig's-method Pt particles (B) dropped on n-Si. The

electrodes (A) and (B) in this figure were made by the same conditions as the

second row ofB and the fust row ofE in Table 1, respectively.
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Figure 3. (A): Relative photocurrent quantum yields vs. wavelength for the

n-Si electrode modified with the Bredig's-method Pt particles in a 8.6 M HBr

+ O.05 M Br2 aqueous solution. The thickness of the solution layer between

the electrode surface and the glass window is 5 mm. (B): The transmittance

spectra of8.6 M HBr + O.05 M Br2 (solid lme) and 8.6 M HBr + O.025 M Br2

(broken 1ine) solutions. The optical path length is 1O mm.
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is due to the absorption ofbromine, and thus depends on the Br2 concentration. The

light transmittance of a layer of the Bredig's-method Pt particles on a glass plate,

                                                           -6prepared by dropping the Pt colloid solution in the same Pt density (8 Å~ 10                                                            g Pt
per O.64 cm2) as for the n-Si electrodes, was 93 O/o to 97 O/o in the wavelength range

from 450 nm to 11OO nm. This is much higher than that (66 O/o to 73 O/o) for a3.4

nm-thick continuous Pt film (4.7 x 10-6 glO.64 cm2) made by the electron-beam

evaporation method.

    The j-U curves for the Pt-particle modified n-Si electrodes such as shown in

Fig. 1 were unchanged during several cyclic potential scans for 1 to 10 min. There

was a tendency that the stability was improved by the increase in the amount ofthe

deposited Pt particles. On the other hand, the photocurrents for naked n-Si

electrodes in the HBrBr2 solution at O V vs. Pt counterelectrode quickly decayed

to O.OO mAcm"2 within 15 s after start of illumination, clearly showing typical

passivation behavior. XPS analysis of the passivated electrodes showed the

formation ofthin silicon oxide layers about 1.3 nm thick as estimated on the basis

of the mean free path (2.5 nm) ofSi2p photoelectrons (1150 - 1155 eV) in silicon

oxide [22, 23].

    The stability of the Pt-particle modified n-Si electrodes in general increased

by the heat-treatments at 300OC under H2 or vacuum for 1O min after the Pt-particle

deposition, although unfortunately the Voc values were reduced by O.02 to O.05 V

by the heat-treatments. For the n-Si electrode modified with the Bredig's method

Pt particles and heat-treated, the Voc decreased from O.58 V (initial value) to O.54

and O.49 V by continuous illumination at -O.4 V vs. Pt counterelectrode for 60 and

3180 min, respectively. The F.F. also decreased from O.72 to O.70 and O.56 in the

same experiment, but the jsc of - 25 mAcm-2 was kept unchanged. Similar results

were obtained for other three electrodes. The best stability data were obtained for
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the n-Si electrode frrst covered with a 1.1-nm thick surface oxide layer by dipping

in 63 O/o HN03 for 10 min and coated with the Bredig's-method Pt particles,

followed by the heat-treatment in vacuum. The Voc of O.58 V was kept constant

under continuous 2 h-illumination at -O.4 V and decreased to O.56 V after the 8

h-illumination.

    The SEM inspection before and after the stability tests showed no change of

the deposited Pt, indjcating that no Pt is dissolved. The XPS analysis also showed

no decrease in the amount ofthe deposited Pt. These results, i.e., no dissolution of

the Pt particles together with the passivation behavior of the naked n-Si surface,

strongly suggest that the photocurrents for the Pt-particle modified n-Si electrodes

are due to the redox reaction of the HBrBr2 couple, not due to the photocorrosion

of the electrodes.

    Figure 4 shows the Si2p XPS spectra for the Pt-particle modified n-Si

electrodes. The 99-eV peak is assigned to the Si2p peak from bulk Si, while the

103-eV peak is assigned to that from surface Si oxide [22, 23]. The thickness ofthe

surface Si-oxide layers, estimated from these spectra by the aforementioned method,

was nearly equal to or thinner than O.4 nm for the as-prepared electrodes, but it

became thicker to 1.0 - 1.3 nm after the heat-treatment probably due to thermal

oxidation of the Si surface by a small amount of contaminating oxygen in the

ambient in the heat-treatment experiments. The oxide layers for the as-prepared

electrodes also became thicker to 1.0 - 1.3 nm after the measurements of the j-U

curves or the stability tests most probably due to Br2-induced chemical oxidation

and photoelectrochemical oxidation in the aqueous electrolyte. However, the oxide

layers of the heat-treated electrodes no longer grew by the electrochemical

measurements.
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Figure 4. XPS spectra in the Si2p region for the Bredig's-method Pt-panicle

modified n-Si electrodes: (a) the as-prepared electrode, (b) the electrode

heat-treated at 300OC in H2 for 10 min after the Pt-particle deposition, and (c)

the electrode without the heat-treatment but after the 30-min stability test.
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Figure 5. The j - U cuives for the naked (a) and the Bredig's-method Pt-particle

modified (b) n-Si electrodes in a 6.7 M HBrlO.04 M Br2 aqueous solution

containing 1 .0 O/o HF. The electrolyte solution was stirred magnetically during

the measurements.

    ln order to further confirm the above-mentioned argument that the

photocurrents for the Pt-particle modified n-Si electrodes such as shown in Fig. 1

and Table 1 are not due to the electrode photocorrosion, we measured the j-U curves

by using an aqueous 6.7 M HBr/ O.04 M Br2 solution containing 1.00/o hydrogen

fluoride (HF), in which n-Si can really photocorrode because the passivating silicon
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oxide layer is dissolved by HF. Figure 5 shows the j-U curves obtained for the naked

and the Pt-particle modified n-Si electrodes. lnterestingly, both the electrodes

showed nearly the same curves, contrary to the case of the HBrBr2 solution

containing no HF where the naked n-Si electrode is completely passivated.

Moreover, the apparent Voc values reached O.85 V and the short-circuit

                               -2photocurrent density reached 40 mAcm                                 or more, both are much higher than the

values in Fig. 1, clearly indicating the behavior ofphotocorroding n-Si electrodes.

The 1arge jsc value can be explained by taking account of the current-doubling

mechanism in the photocorroding processes [24, 25]. Such apparently high Voc and

jsc values were obtained also in the solutions containing much smaller amounts of

HF, though thejsc rapidly decreased with cyclic potential scanning.

    The SEM showed that a large number of etch pits were formed on the n-Si

surface after the experiments ofFig. 5, contraiy to the case of experiments in the

absence ofHF. Also, the XPS analysis indicated that 90 O/o or more of the deposited

Pt, as calculated from the atomic PtiSi ratio, was removed after the experiment of

Fig. 5, suggesting that the deposited Pt is detached from the electrode surface in case

where the electrode corrosion occurs. These results, as compared with the resu!ts

obtained for the HBrBr2 solution containing no HF, confirm that the photocurrents

ofFig. i and Table 1 are not due to the electrode photocorrosion. The same argument

was given in our previous papers [7, 8] by showing that the observed Voc values

strongly depended on the size and the separation of the Pt particles (or islands) in

such a manner as expected by our theory [5, 8], which could not be explained by the

photocorrosion mechanism.
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DisÅëussion

    The n-Si electrodes modified with the Pt colloid particles, prepared in the

present work, gave high Voc's ofO.550 to O.630 V (Table 1). These values can be

explained [5, 7] if we calculate the majority-canier component Go.) of the dark

saturation current density by modifying the thermionic emission theory [18] and the

minority-carrier compenent Gop) by using Shockley's bulk diffusion-recombination

theory [18] with the minority canier diffusion length for n-Si (Shin-Etsu Handotai,

CZ, p -1 9cm) taken to be 110- 120 pm [26], provided that the areas of the Pt-Si

contacts are small enough. However, some discussion is necessary for the last

condition because the SEM showed that the Pt particles on n-Si aggregate wnh each

other, forming 1arge islands O.1 to 1 pm in diameter. This size is much 1arger than

the ideal size (•- 5 nm) estimated theoretically [7]. The size of the Pt particles

themselves, estimated from the widths ofthe XRD peaks, is also fairly 1arge, ranging

from 8 to 50 nm (Table 1).

    The above result can be explained by taking into account a model ofFig. 6. The

Pt particles are expected to be spherical in shape, whereas it js reported by STM

observations [27, 28] that the HF-etched Si surface is atomically rough, showing

a rolling hill stmcture in the 5 to 20-nm scale range. Thus, the areas of direct Pt-Si

contacts (thick black part in Fig. 6) should be much smaller than the diameter ofthe

Pt particles. The situation is unchanged even if the Pt particles aggregate because

the electrolyte solution can penetrate into the openings between the Pt particles and

the n-Si surface. All the n-Si surface, except the direct Pt-Si contacts, is covered with

a thin silicon oxide layer and passivated, as indicated by the j-U curve

measurements and the XPS analysis. Moreover, such oxidation ofthe n-Si surface

may proceed even in the margins of the areas of the direct Pt-Si contacts when the
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direct
Pt-Si contact

siox

Figure 6. Schematic cross section of the n-Si electrode modified with the Pt

colloid particles.

electrodes are immersed and illuminated in the strongly oxidizing HBrBr2 aqueous

solution, which makes the areas of the direct Pt-Si contacts further narrower. It is

thus not unreasonable to assume that the effective width ofthe direct Pt-Si contacts

that cause the energy band modulation at the n-Si electrode [7] is around 5 nm.

   The oxidation ofthe n-Si surface in the margins ofthe areas ofthe direct Pt-Si

contacts may bring the beneficial effect on the Voc as mentioned above, but it is

1ikely that this oxidation leads to the gradual degradation of the Pt-particle modified
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n-Si electrodes as mentioned in the preceding section. The improvement in the

stability by the heat-treatments can be explained by the formation of chemically firm

Pt-Si contacts, probably accompanied by slight silicide forrnation as suggested by

our XPS analysis. The sirnilar argument was reported in our previous paper [8]. The

slight decrease in Voc by the heat-treatments can be explained also in terms of

silicide formation which leads to the increase in the areas of the direct Pt-Si (or Pt

silicide-Si) contacts.

    The highest F.F. was obtained on the average for the n-Si electrodes modified

with the Bredig's-method Pt particles (Table 1). The result can be explained as

follows. The Pt particles prepared by Bredig's method are negatively charged in

ethanol, and dispersed by the electrostatic repulsion without any surfactant or

polymer as a stabilizer. Thus, when this Pt solution is dropped on the n-Si surface

and dried in vacuum, the Pt particles can make direct contact with n-Si. On the other

hand, the Pt colloid solutions prepared by the other methods contain surfactants or

polymers as stabilizers. When such a solution is dropped on n-Si and dried, the Pt

particles are covered with the surfactants or polymers, which hinder the formation

of the direct Pt-Si contacts and decrease the hole transfer rate from n-Si to Pt. This

leads to the lowering ofthe F.F. ln such cases, the heat treatment under vacuum or

a stream of hydrogen is necessary to obtain high F.F., as really observed

experimentally. The XPS analysis for the Cls peak showed that most of the

surfactants are removed by the heat-treatments in H2.

    The PEC cells equipped with the textured-surface n-Si electrodes, modified

with the Bredig's-method Pt particles, yielded the highest solar energy conversion

efficiency (ÅëS) of 14.9 O/o in the present work. By making the textured surface, the

jsc as calculated from the apparent electrode surface area was 1argely increased, but

the Voc and the F.F. were decreased (Fig. 1). The increase injsc is explained by
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an increase in the light intensity absorbed by the semiconductor due to a decrease

in the reflectivity for the textured n-Si surface [19, 29]. The decreases in Voc and

F.F. by the formation of the textured surface were observed also in our previous

work [5, 8], where the Pt-islands were deposited by the method of coating with a

H2PtC16 solution and reduction under hydrogen at 320OC. The decrease in Voc can

be explained as being due to the increase in the real surface area for the textured n-Si

electrode, which causes the increase in the majority-carrier dark saturation current

density Oo.) arising from the thermionic emission ofthe conduction-band electrons

in n-Si to the Pt particles. If it is assumed that the Pt particles are well dispersed on

the textured n-Si surface, the jo. should increase with increasing the real surface

area. The decrease in F.F. may be ascribed to the centering ofthe photocurrent near

the top ofthe Si pyramids ofthe textured n-Si surface, to which the Br' ions in the

bulk of the solution can diffuse frrst. This will make the local photocurrent density

near the top of the Si pyramids very high and lead to an increase in the potential

drop at the Silsolution interface, resulting in the decrease in F.F.
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                         Chapter 2

Preparation of a Langmuir-Blodgett Layer of Ultrafine Platinum Particles

                             and

  Its Application to n-Si for Efficient Photoelectrochemical Solar Cells

Introduction

    The main target in recent solar-cell researches lies in how to fabricate low-cost

solar cells without lowering the conversion efficiency. Many studies have been made

toward this aim, mostly using polycrystalline thin films ofSi [1-5], CdTe/CdS [6],

CulnSe2 [6], or granular Si [7] for solid-state solar cells. Various types of

photoelectrochemical (PEC) solar cells have been studied, using single crystal Si

[8], polycrystalline FeS2 [9], dye-modified polycrystalline Ti02 [10], among others.

    We have been studying solar cells of a new type, for both PEC and solid-state

application, in which a Si semiconductor is modified with ultrafine metal particles

[1 1-18]. PEC solar cells of this type, with single crystal n-Si electrodes, generate

extremely high opendtcircuit photovoltages (Voc) of O.62 to O.685 V [12-16], and

conversion efficiencies up to 14.9 O/o [16]. Though the n-Si PEC cells have inadequate

stability for long-term practical application, the principle and the fabrication

techniques can be applied to stable solid-state solar cells ofthe same type [1 1, 18].

The method is also expected to be applicable to polycrystalline Si thin films.

    A continuing problem for the above-type solar cells is that, though the n-Si

PEC cells give very high Voc's as mentioned above, the Voc values are scattered
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from electrode to electrode in the range of Å} O.02 V, for ostensibly similar

preparations. This is probably due to scatter in the size and the separation of the

metal particles on n-Si for the metal-particle deposition methods adopted thus far.

Theoretically, it is ofkey importance for obtaining high Voc's to control the size

and the separation of the metal particles on Si on a nanometer scale, the ideal size

and separation for n-Si of 1 9cm being estimated to be about 5 nm and ca. 20 nm,

respectively [12]. To control the metal particles on Si on such an ultrafme scale is

quite difficult at present. It is impossible to attain it by use of the present

photolithographic techniques. However, such ultrafme control is an interesting and

challenging target because growing attention has recently been paid to developments

of mesoscopic (or nanometer-scale) devices in the fields of electronics and

optoelectronics.

    We have then started studies for controiling the size and separation ofthe metal

particles. Although our ultimate goal is to obtain the high-efficiency solid-state solar

cells, we are presently studying n-Si PEC solar cells because they are convenient

for testing how well the metal particles are deposited since they are made by simply

immersing the n-Si electrode in the electrolyte solution. ln the present work, we

prepare Langmuir layers of Pt colloid particles for controlling the Pt particle

distribution on n-Si wafers on a nanometer scale.

    Recently some studies have been made on the preparation of fme particles on

solid substrates by using the Langmuir-Blodgett (LB) layers, e. g., Fe304 (ca. 1Onm)

on Si or poly(ethylene terephthalate) [19], Fe304 (5 nm) on Si021Si [20], CdS or

ZnS (2.5 - 10 nm) on quartz or HOPG [21], CdS (5 nm) on glass [22], Pt on glassy

carbon [23], though the size, and especially the separation of the fine particles on

the substrates, were not well controlled.
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Experimental

    The Pt colloid solutions were prepared by the alcohol reduction method [16,

24]. 25 cm3 of an aqueous solution of 1.32 Å~ 10-3 M hexachloroplatinic(IV) acid

was mixed with 25 cm3 of an ethanol solution of 1.32 Å~ 1o'3 M (in monomer unit)

poly(N-vinyl-2-pyrrolidone) (M.W. 40,OOO, this is hereafter abbreviated as PVP).

The mixed solution was refluxed for 1 h by using an oil bath at the bath temperature

ofca. 1OOOC. The color ofthe solution changed from yellow to dark brown. Stable

and homogeneous Pt colloid solutions were obtained by this method, probably with

PVP acting as a stabilizer.

    The LB layers were prepared using a Langmuir trough made of Teflon,

equipped with a Wilhelmy-type surface pressure measuring unit. The Pt colloid

solution of2 - 4 cm3 was dropped and spread on a cleaned water surface of 803.5

cm2 slowly at a rate of o.os cm3/min wnh an automatic buret (Kyoto Electronics

APB-1 18). After Ieaving the layer as it was for 1O min, it was compressed by moving

a Teflon barrier and its area was reduced at a rate of 16.7 cm2/min. The Langmuir

layer ofthe R colloid particles thus prepared on a water surface was transferred onto

an n-Si wafer by the horizontal lifting method.

    Single crystal n-Si wafers [Shin-Etsu Handotai Co., Ltd., CZ, (100), p = O.8

- 1.16 9cm, ND = (3 - 6) Å~ 10i5 cm'3 as estimated from the p values [15], o.42 mm

thick] were cut into pieces 8 Å~ 8 mm2 in area and washed in boiling acetone for 2

min, then water rinsed. Just before transferring the Langmuir layer ofthe Pt particles,

the n-Si wafers were irnmersed in a CP-4A solution [a mixture ofwater, hydrofluoric

acia nitric acid and acetic acid (22:3:5:3 in volume)] for 2 min, washed wnh water,

etched with 12 O/o hydrofluoric acid for 2 min, and washed with water. After the
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transferring of the LB layers of the Pt particles, the n-Si wafers were in most cases

                                   4heat-treated at 200OC in a vacuum of 1.3 Å~ 1O                                     Pa for 30 min.

    Ohmic contact was made with indium-gallium alloy on the rear surface ofthe

n-Si wafer. It was fixed to a Teflon holder (O.25 cm2 in effective area) [25] and used

as an n-Si electrode for photoelectrochemical measurements. A 1arge-area Pt plate

was used as the counterelectrode, and a 8.6 M hydrogen bromide (HBr) and O.05

M bromine (Br2) aqueous solution was used as the redox solution. Photocurrent

density vs. potential g-U) curves were obtained with a potentiostat and a potential

programmer, the potential of the n-Si electrode being measured with respect to the

Pt counterelectrode. The n-Si electrode was irradiated with simulated solar AMI

(100 mWcm-2) light using a solar simulator (Wacom WXS-85H). The solution was

stirred magnetically during the j-U measurements.

    Water was purified using a rVlilli-Q SP.TOC system (Japan Millipore Ltd.) with

a O.22 pm filter (Millipac-40) at the outlet. The resistivity of the water was more

than 18 M9cm. Reagent-grade chemicals (Ishizu Seiyaku and Tokyo Chemical

lndustry) were used without further purification.

    The surface inspection was perforrned wnh scanning electron microscopes

(Hitachi S-41OO, S-5000), a transmission electron microscepe (Hitachi H-9000), a

non-contact atomic force microscope (NC-AFM, Seiko lnstruments SPI3700), and

a contact-mode atomic force microscope (AFM, Digital instruments Nano Scope

M). An energy dispersive X-ray spectroscopic (EDX) analysis was carried out with

a Horiba EMAX-2770 spectrometer. An inductively coupled plasma (ICP) emission

spectroscopic analysis was performed with a Perkin-Elmer ICP15500 spectrometer.
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Results

    Solid lines in Fig. I show the surface pressure (x) vs. area per PVP molecule

(A), obtained when the Pt colloid solution containing PVP as the stabilizer was

developed on a clean water surface. The surface pressure gradually rose as the area

per PVP molecule decreased, clearly indicating that a Langmuir-type layer of the

Pt colloid particles is forrned. The x-A curve is discontinuous at points marked by

a, b and c in Fig. 1. This is due to the fact that the compression of the layer was

stopped at these points (including point d) for about 15 min in order to transfer the

Langrnuir layer onto the n-Si wafers.
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Figure 1. Surface pressure (x) vs. area per PVP molecule (A) (solid iines)

obtained when the Pt colloid solution containing PVP was developed on a

water surface at 18.5OC, and the same (dashed 1ine) obtained when an ethanol

solution ofPVP was developed at 16.8OC.
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    The dashed 1ine ofFig. 1 shows, for comparison, the T-A curve obtained when

an ethanol solution of PVP containing no Pt particle was developed on a water

surface and compressed. The surface pressure was very small, almost O.O mNlm,

even at an area of3 mm2 per PVP molecule, because PVP is a water-soluble polymer.

This result indicates that the x-A curve ofthe solid 1ines in Fig. 1 is truly due to the

Langmuir layer of the Pt particles.

    Figure 2 a, b and c show scanning electron micrographs (SEM) for n-Si wafers

coated with the LB layer ofthe Pt particles. The micrographs a, b, and c are for the

n-Si wafers on which the LB layer was transferred at the points a, b and c in the sc -A

curve ofFig. 1. Figure 2d is for the n-Si wafer on which the same Pt colloid solution

was dropped and dried. White and black parts ofthe SEM's were confirmed to be

Pt and Si, respectively, by the EDX analysis.

    It is glearly seen from the SEM's that the Pt particles are fairly homogeneously

distributed on the n-Si wafers with LB layers ofthe Pt colloid particles transferred,

contrary to the case ofdropping the Pt colloid solution and drying. Also, the density

of the Pt particles increases with decreasing the area per PVP molecule, indicating

that the separation of the Pt particles can be controlled by changing the area of the

Langmuir layer.

    Figure 3 shows a high resolution SEM of the same sample as Fig. 2b. Figure

4 exhibits a transmission electron micrograph (TE]VD for the LB layer of the Pt

colloid particles which was transferred onto a carbon-coated copper grid at A = 2.2

nm2iPVP molecule. Black particles in the TEM were confirmed to be the Pt particles

by the electron diffiraction pattern. From Figs. 3 and 4, we can conclude that the Pt

particles seen in Fig. 2 a, b and c, in general, consist ofthree-dimensional aggregates

of several primary Pt particles, each being 2 to 6 nm in diameter.
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Figure 2. SEM's for the n-Si wafers coated with the LB layer ofthe Pt colloid

particles. The marks a, b and c represent samples prepared by transferring the

Langmuir layer at the points a, b and c in the x-A curve ofFig. 1. SEM (d) is

for the n-Si wafer on which the Pt colloid solution was dropped and dried. The

Pt-particle densities for a, b, c and d are 1.3, 2.7, 5.3 and 4.0 pgcm'2.
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Figure 3. High-resolution SEM for the same sample as Fig. 2b,
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Figure 4. TEM for the LB layer of the Pt colloid panicles transferred onto a

carbon-coated copper grid. The Pt-panicle density is 2.7 pgcme2.

42




















































































































