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ABSTRACT

This PhD dissertation is concerned with an experimental study of

solid surfaces and interfaces. The electronic structure of magnesium

hydride, chemisorption of oxygen or hydrogen on the Kg surface, and

photoeffect of the Pd/SiOx/Si interface were investigated using the

techniques of ultraviolet photoemission (UPS), x-ray photoemission

(XPS), and interfacial photoemission (photoemission into solution).

The core level binding energies, the valence bandwidth and the

volume plasmon energy of KgH2 were determined from the x-ray

photoelectron spectra. The observed plasmon energy was found to be

useful in calculating the average energy gap and the static dielectric

constant of 11g112' which is new information on MgH2•
Measurements of uv photoemission from the Mg surface were made

at photon energies a few eV above the photoelectric threshold before

and after exposure to oxygen or hydrogen. The oxygen induced vacant

state features in the photoelectron spectra appear to be in good

agreement with the calculated resonant state energy levels, suggesting

that both singly anionic 0- complex and doubly charged 02- complex

exist at the initial stage of oxidation of the Kg surface. This is a

new technique for observing the initial stage of chemisorption on Mg.

The uv photoelectron spectra and spectral photoelectric yield also

provided evidence of coadsorption of hydrogen and oxygen as magnesium

hydride-hydroxide.

From the IPS study of the Pd/SiOx/Si interface under the visible

light bias, we developed a novel method of making non-destructive
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testing of the open-circuit photovoltage at the interface. The core

level spectra of Pd 3dS/2 was observed to shift to higher (lower)

binding energy for the n-type (p-type) Si substrate under

illumination, in agreement with the Schottky photovoltaic theory.

This shift was found to be sensitive to the presence of oxygen or

hydrogen which can change the Schottky barrier height. This technique

appears to be a promising method of investigating the effect of metal

microclusters on the semiconductor surface electronic properties.

The effect of hydrogen on the photoresponse of the Pd/SiO lSi. x
photoelectrode was also investigated using the solid/electrolyte

interfacial photoemission technique. Hydrogen was used to exploit the

fact that exposure to hydrogen can lower the work function of Pd. The

results obtained at low light intensity (6.4 microwatts/cm2) agree

with the metal/semiconductor interface model. However, at high light

intensity (34 milliwatts/cm2), our results of p-type Si/SiOx/Pd

support the metal/solution interface model. The dependence of the

photocurrent change on light intensity suggests that the magnitude of

the surface recombination rate constant is important in locating the

rate-determining step in the photoelectrochemical system. The results

help resolve the controversy over the proposed models.
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Chapter I

INTRODUCTION

The study of solid surfaces and interfaces is one of the most

active research areas of physics in recent years. The reason for the

tremendous interest in this area is that practical applications of

materials depend on the surface properties and interfacial effects

[1]. The uses of materials such as semiconductors and metals for

hydrogen energy storage, catalysis, chemical sensors, and

microelectronic devices are well known. Of fundamental interest in

this area of research are the electronic structure of materials and

their surface interactions with atoms or molecules.

1.1 Specific Problems of the Dissertation

This dissertation deals with two specific problems: 1) to obtain

experimental data on the electronic structure of MgH2; 2) to observe

the effect of hydrogen or oxygen on magnesium (Mg) and Pd/SiOx/Si

surfaces.

Magnesium hydride (M8H2) is considered to be the most promising

reversible source of hydrogen because it has a relatively high

hydrogen content (7.65% weight) [2-4]. Unfortunately, its usefulness

has been limited by the slow rate of hydriding/dehydriding process.

The mechanism for the low rate of release of hydrogen is not well

understood. There is a need for more information (especially

experimental information) on the electronic structure of MgH2 and its

interaction with surface atoms. For this reason, considerable

1



attention has been given to the electronic properties of MgH2 [5-8].

Yu and Lam [6] have recently calculated the band structure and

electronic properties of MgH2" Moreover, they have predicted the

energy gap to be 3.06 eV and the valence band width to be 6.75 eVe It

is desirable to obtain experimental data for comparison with the

calculated results.

The second problem of interest is the interaction of hydrogen or

oxygen with Mg and Pd/SiOx/Si surfaces. The initial stage of

chemisorption of hydrogen or oxygen on the metal surface could control

the rate of hydride formation [9]. In order to understand the

mechanism of hydrogenation, it is necessary to obtain experimental

data on the interaction between the Mg metal and hydrogen atoms on the

surface. The effect of oxygen should also be investigated because

surface oxidation has been found to play a crucial role during the

interaction between hydrogen and solids [10-12]. A closely related

problem is the effect of hydrogen or oxygen on Pd deposited on the

Si/SiOx surface. It has been reported that the sensitivity of

Pd/SiOx/Si hydrogen sensor could be improved by at least seven orders

of magnitude when the chemisorbed oxygen atoms were removed from the

surface [10]. More experimental study is needed to explain the

chemical sensitivity of the Pd/SiO lSi structure.x
The electronic and structural properties of chemisorption of

hydrogen or oxygen on the magnesium surface are not very well

understood. There are questions on whether hydrogen or oxygen atoms

are located above or below the surface [13,14] and whether oxygen

forms 0- and 02- sites on the Mg surface. Since we have found

2



photoemission evidence for these oxidation states on the aluminum

surface [15], it would be desirable to perform a similar study on the

Kg surface. The experimental data would also provide information on

the electronic properties to check the metal hydride-hydroxide model

proposed by Mintz et al. [12] for co-adsorption of hydrogen and oxygen

atoms on the Kg surface.

A more detailed study of hydrogen on Pd deposited on a

semiconductor seems worthwhile because hydrogen chemisorption is

believed to change the Schottky barrier height at the Pd/SiOx/Si

interface [16]. Variations in the Schottky barrier height are

expected to appear in the photoresponse of the Schottky junction. If

the interface is to operate in the presence of hydrogen or oxygen, it

is important to determine how these gases can affect the photoresponse

of the junction. A better understanding of the

metal/oxide/semiconductor structure in the presence of hydrogen should

lead to progress in developing photochemical cells for hydrogen

production.

1.2 Experimental Approach to the Problems

In an effort to check the results of the calculations, we have

performed x-ray photoemission measurements on the polycrystalline MgH2

samples using a new ESCA system. A description of the available

equipment is found in Chapter II of this dissertation.

Ultraviolet photoemission technique using photon energy a few eV

above the photoemission threshold is used to probe the electronic

states of the che:isorbed surface during the initial stage of

3



oxidation or hydrogenation. Details of the experimental technique

will be presented in Chapter II.

The open-circuit photovoltage developed at the Pd/SiO lSix
interface can be studied using x-ray photoemission technique. This

method appears to be promising for studying the effects of metal

microislands on the SiOx/Si surface. A detailed discussion of this

technique will appear in Chapter V.

Finally, the technique of interfacial photoemission is used to

investigate the metal/SiOx/Si structure in contact with an

electrolyte. Particular attention is given to the effect of hydrogen

on Pd in this study. This method is described in Chapter II.

1.3 Organization of the Dissertation

The rest of this dissertation is organized as follows. A brief

description of the photoemission techniques is given in Chapter II.

I-ray photoelectron spectra of M8H2 are presented in Chapter III. In

Chapter IV, we report uv photoemission measurements of oxygen and

hydrogen on the magnesium surface. The results of x-ray photoemission

spectroscopy and interfacial photoemission studies of hydrogen or

oxygen on Pd/SiOx/Si interfaces are described in Chapters V and VI.

Finally, the concluding remarks are found in Chapter VII.
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Chapter II

PHOTOEMISSION TECHNIQUES

One of the most versatile experimental techniques employed in

surface science is photoemission. The technique involves emission of

electrons from a material as a result of photoexcitation of sufficient

energy (uv or x-ray) and energy analyzing the emitted electrons. It

can be used not only to investigate the electronic structure of

materials, but it is also useful in probing the surface and magnetic

structures [1-3].

According to the three--step model [4], photoemission involves

three distinct, independent steps. The first step is the absorption

of a photon which creates an electron in an excited energy state

somewhere in the bulk of the material or at the surface. The second

step is the transport of the excited electron from the bulk to the

emitting surface. The final step is the escape of the electron

through a surface barrier into the vacuum or another medium. Because

of the short escape length, the model is particularly useful in

describing photoemission as a surface sensitive probe.

There are basically three different experimental techniques

involving photoemission, namely, uv photoelectron spectroscopy, x-ray

photoelectron spectroscopy and interfacial photoemission. A brief

description of each technique is presented in this chapter. More

detailed discussions can be found in the literature [5-10].
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2.1 UV Photoelectron Spectroscopy

The basic components necessary for performing uv photoemission

measurements are a source of ultraviolet light, a uv monochromator, an

electron energy analyzer, and a vacuum system to permit transmission

of the ultraviolet radiation as well as the emission of

photoelectrons. A schematic diagram of the experimental apparatus is

shown is Fig. 1.

UV photons in the energy range of 3-6 eV and 7-11 eV were

obtained from a 300-watt xenon high pressure lamp (ILe model LI300UV)

and a hydrogen discharge source, respectively. The high intensity Ie

lamp was operated typically at an arcing current of approximately 10

amperes. Hydrogen discharge was sustained in a quartz capillary at a

pressure of about 150 microns of Kg and a discharge current of 250 mAo

Typical spectra of light intensities of Ie and hydrogen lamps are

shown in Figs. 2 and 3, respectively. The spectral intensity of the

hydrogen lamp was determined by measuring the photoemission current

from a tungsten photocathode of known photoelectric yield.

The radiation from hydrogen discharge source or Ie lamp was

dispersed by a 600 lines/mm grating with a 1.0 m dia. Rowland circle

[11]. The grating was attached to a Johnson-Onaka type spectrometer

with entrance and exit slits of width 0.5 mm to produce a bandwidth of

approximately 10 angstroms (in the uv range). The monochromator was

evacuated with a six-inch diffusion pump and a 1400 liters/second

Welch mechanical pump. When Ie lamp was used, a sapphire window

flange was mounted near the entrance slit of the monochromator. The

8



purpose of the sapphire window was to transmit uv light of wavelengths

above 2000 i.
The photoemitted electrons were collected with a stainless steel

plate or a hemispherical aluminum cup coated with a thin layer of

gold. The photoemission current was measured with a Keithly (model

417) picoameter which is capable of detecting signals as low as 10-15

amperes. The stainless steel plate was used only for the

photoelectric yield determination. Electron energy distribution

measurements were made using the gold coated hemispherical Al cup as

the electron collector. A retarding potential VR was applied to the

sample so that only electrons with kinetic energies Eki n greater than

VR could reach the collector (VR typically varies from -3 volts to 7

volts). EDG curves were obtained directly with AG modulation

technique [12]. It should be noted that the EDG's are normally

broadened by the collector geometry, magnetic field, the finite sample

size, and the non-radial emission. The net broadening was estimated

to be about 0.3 eV. A block diagram of the experimental arrangement

is shown in Fig. 4.

Because of the low excitation energy employed in our uv

photoemission study, this technique can be used only to probe the

occupied electronic states ( less than 11 eV below the vacuum level )

and the unoccupied states above the vacuum level. It can also be used

to determine the work function of photocathode (work function l=photon

energy-width of EDG). An important advantage associated with this

technique is that the energy states are determined relatively to the

vacuum level, which is particularly useful in investigating the
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inelastic scattering of photoelectrons. Since the probability of a

photoelectron being scattered into an empty state is propotional to

the density of unoccupied states, the observed structure of the EDO

near the vacuum level provides information on the high density-of

states structure above the vacuum level. This technique has been

shown to be successful in studying the initial stage of oxygen

chemisorption on the aluminum surface [13]. The next section of this

chapter presents another experimental technique involving x-ray

photoemission (XPS) which is capable of probing the deep core levels

as well as the valence bands.

2.2 X-Ray Photoelectron SpectroscopY

IPS measurements were made using a Perkin-Elmer t-5100 ESOA

system. A schematic diagram of this instrument is shown in Fig. 5.

The system consists of an x-ray source with both Al and Mg anodes, a

standard electron lens, a hemispherical electrostatic energy analyzer,

a single channel detector and the associated electronics. The

spectrometer was evacuated by a 120 liters/second ion pump and a

titanium sublimation pump. A base pressure of 5.Oxl0-10 Torr could be

easily achieved after bakeout.

The x-ray source (t model 04-500) consists of two thoriated

tungsten coils, two x-ray anodes (AI and Yg), and a thin Be window.

Electrons (thermionic emission) emitted from a hot tungsten coil are

accelerated by a potential of typically 15 kV. These energetic

electrons then strike either an Al or a Mg anode to produce soft x-ray

radiation. A typical spectrum of the x-roy radiation from a Yg anode
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is shown in Fig. 6. Notice that the spectrum contains mainly Mg Ka1,2
radiation, the intensity of Ka3 , 4 radiation is about an order of

magnitude smaller, and the rest (for example KP) can be virtually

neglected. The FWHY of Ka1 2 is 0.7 eV for Mg anode and 0.8 eV for Al, .
anode [14]. The photon energies of Mg and Al Ka1 2 are 1253.6 eV and,
1486.6 eV, respectively.

Photoemitted electrons at the polar angle 8 were retarded and

focused into the entrance slit (width: 4.0 mm) of the hemispherical

energy analyzer (radius: 35 em) by a standard electrostatic electron

lens system. Only those electrons with a kinetic energy (after

retardation) equal to the pass energy Epass of the analyzer could get

through the exit slit and were counted by the single channel detector.

Fig. 7 shows the energy resolution of the ESCA system (determined by

Ag 3d5/2) as a function of the analyzer pass energy E • It ispass
evident that the instrument resolution is limited by the FWHM of Ka1 2,
radiation.

This spectrometer has two unique features. First, the angle

between the excitation and the detection a is fixed to be 54.7°. At

this magic angle, the differential photoionization cross-section is

found to be independent of the asymmetry parameter P [15], which makes

the quantitative data analysis relatively easier. Secondly, samples

can be introduced into the main chamber rapidly and at the same time a

high vacuum can be maintained in the main chamber. This can be

achieved by loading the sample initially into a small sample transfer

chamber which is evacuated by two liquid nitrogen cooled sorption
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pumps to a pressure of abou~ 1.0 microns of Hg, then ~ransferred

through a gate valve into the main chamber.

Because of large photon energies used in XPS, this technique can

provide quantitative information on deep core level binding energies,

elemental atomic concentrations, many body interactions, and valence

band structures (but with limited energy resolution). I~ is widely

used for the chemical analysis (known as ESC!) and the structure

determination (known as XPD). It can also be used to investigate the

short range magnetic property of a magnetic system [2].

2.3 Interfacial Photoemission

As early as 1839, lL..:querel [16] had detected electric currents

when one of two immersed electrodes in dilute acid solutions was

illuminated. The photocurrent is due to charge transfer at ~he

solid/liquid interface. This phenomena is now known as interfacial

photoemission. It is similar in many aspects to the solid/vacuum

photoemission, but it certainly has its own unique features. Figure 8

illustrates the experimen~al setup for the solid/electroly~e

interfacial photoemission measurement.

Monochromatic light was obtained when radiation from the Xe lamp

passed through a PAR (model 127) light chopper and a ~ausch i Lomb

grating monochromator. The slit widths of the monochromator were

adjusted to provide a resolution of about 33 X. A teflon chamber

containing the sample and solution was mounted on the exit-sli~ flange

of the monochromator.
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Photocurrent measurements were performed using a three electrode

potentiostat (PAR model 364). The reference electrode was a saturated

calomel electrode (SCE) and the counter electrode was a Pt wire. The

output current was converted to a proportional voltage by the

potentiostat and this voltage provided the input to an Ithaco lock-in

amplifier. A lock-in phase sensitive technique [17] was used to

detect the small photocurrent as well as to eliminate problems

associated with the drift in dark currents of photoelectrochemical

cells.

Important quantities such as quantum efficiency and onset

potential (same as the flat-band potential if the amount of surface

states could be neglected) are obtained from solid/liquid interfacial

photoemission. This technique has been shown to be useful in

investigating the interfacial properties of a semiconductor in contact

with an electrolyte [18]. It can aslo be used to study the charge

transfer mechanism at the interface [19,20]. We will exploit this

technique to investigate the effect of hydrogen on Pd deposited on the

Si/SiOx surface.
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Chapter III

X-RAY PHOTOELECTRON SPECTRA OF MgH2

In this chapter, we report the results of x-ray photoemission

study of MgH2' A brief background of this topic is given in section

3.1. Experimental details are presented in section 3.2. Results and

discussions will be found in section 3.3.

3.1 Introduction

There has been a great interest in magnesium hydride recently

because it is considered to be a potentially suitable medium for

hydrogen storage [1-5]. llgH2 has been shown to have a relatively high

hydrogen content, namely, 7.65 wt.1 (weight percent). Hydrogen can be

released by heating the hydride to 280 0 C at a pressure of one

atmosphere. MgH2 also has the advantage in that Mg is relatively

inexpensive and abundant. Although magnesium hydride appears to be

ideal for hydrogen storage, there are undesirable characteristics that

require further study. For example, the dehydrogenation process was

found to be quite slow. In order to understand the mechanism of the

low rate of release of hydrogen, it is essential to have a better

understanding on the electronic property of MsB2.

A number of theoretical calculations has been made to

investigate the structural and electronic properties of magnesium

hydride [6-9]. It has been shown that MgH2 has a tetragonal

structure of the rutile type with two Mg atoms located at (0,0,0) and

(0.5,0.5,0.5) and four hydrogen atoms lcc~ted at (x,x,O), (i-x,l-x,O),
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(0.5+x,0.5-x,O.5) and (O.5-x,0.5+x,0.5) in units of lattice constants

&=4.517 Xand c=3.021 X, where x=O.306 [6]. The bonding between Kg

and H was originally suggested to be partially covalent [7]. However,

the recent first principle band structure calculation [6] indicates

that the covalent characteristic is negligible. Moreover, the

calculated energy gap is 3.06 eV and the calculated width of the

valence band is 6.75 eV.

On the other hand, there exist little experimental information

on the electronic structures of MgH2. Huang et al. [10] have recently

reported core level binding energies of KgH2 based on an x-ray

photoemission study. Unfortunately, the reported binding energy

values are found to be unreasonably large, and they are questionable

since the KgH2 samples used were mixed with large quantities of KgO

and Kg-eu alloy. Furthermore, there is a need for experimental

information on the valence band structures of ~.

In view of the above situation, we have performed an x-ray

photoemission study using better KgH2 (of 98~ purity) samples. We

have obtained band structure information by measuring x-ray

photoemission fro~ the core levels as well as the valence band. We

have also identified features related to the volume plasmon energy

loss in MgH2.

3.2 Experimental Study

X-ray photoemission measurements were made using the Perkin-

Elmer t-5100 ESCA system shown in Fig. 5. Both Al and Kg anodes were

employed to provide photons of energies 1486.6 and 1253.6 eV,
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respectively. In most cases, the photoelectron spectra were taken

with a pass energy of 35.75 eV and x-ray power of 300 watts. At this

pass energy, the energy resolution of the ESCA system was found to be

about 1.10 eV when Kg anode was used (see Fig. 7).

Special care was required in preparing the MgH2 samples to

minimize the contamination due to water vapor and oxygen. This was

achieved by loading polycrystalline MgH2 powder of 98~ purity from

Alfa Inc. into a circular aluminum holder of diameter 1.3 cm inside a

dry nitrogen box. The aluminum holder loaded with the MgH2 sample was

sandwiched between two clean steel dyes, then sealed in a plastic bag

(while it was still inside the dry box) and compressed under a

pressure of 3.4 Kbar. The compressed sample was stored inside an air

tight glass bottle filled with dry nitrogen gas, which enabled us to

transfer samples from one place to another. The glass bottle was held

inside a plastic glove box attached to the small sample transfer

chamber of the ESCA system. The glove box was purged with dry

nitrogen gas several times before the compressed MgH2 sample could be

unloaded from the glass bottle and mounted inside the sample transfer

chamber. After the MgH2 sample was loaded inside the sample transfer

chamber under dry nitrogen atmosphere, the small chamber was evacuated

immediately using two liquid nitrogen cooled sorption pumps to a

pressure of 1.0 microns of Ug. Finally, the MgH2 sample was

transferred through the viton sealed gate valve into the main chamber

of the ESCA spectrometer under a pressure of approximately 2.0x10-7

Torr. The surface contamination was further reduced by scraping the

sample with a stainless steel blade in situ at a base pressure of

26



5.Ox10-9 Torr. During scraping, the pressure in the main chamber was

f d . -7 T XPS h 1oun to 1ncrease to 1.0x10 orr. p otoe ectron spectra were

recorded and stored in a Perkin-Elmer professional computer (model

7000) immediately after scraping. Typical pressure during data

acquisition was about 4.Ox10-8 Torr.

Because of the insulating samples used in the measurement, it

was found that the observed binding energies were generally much

greater than expected. This phenomenon is known as charging effect

due to the accumulation of positive charges near the sample surface

after the emission of photoelectrons. There are a number of methods

which can be used to correct the effect of charging [11]. Unless

specified, the reported binding energies are referenced according to

carbon 1s line (284.6 eV) [11].

3.3 Results and Discussion

3.3.1 Binding Energies of Core Levels

The photoelectron spectra of Kg 2s and 2p are shown in Fig. 9.

The binding energies of Kg 2s and 2p were found to be 88.9 ± 0.2 eV

and 50.1 ± 0.2 eV, respectively. As shown in Table I, the observed

binding energies of Mg 2s and 2p from our experiment are smaller than

those from the previous study. This discrepancy could be due to the

impurity in the samples. The magnesium hydride samples used in the

previous study contained large amounts of KgO and Kg-eu alloy. This

required subtracting the spectra of KgO and Kg-eu from that of the

mixture to determine the binding energy. To avoid the possible error

due to the impurity, we used pure VgH2 (98~ purity).
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The observed binding energies of Mg 2s and 2p from our study

were found to be close to those of Kg2NiH4 [10]. This agreement is

reasonable. First we note that the binding energies of Mg 2s and 2p

of pure Mg and those of Mg2Ni alloy differ only by 0.3 eV, which

suggests that Ni atoms do not have much effect on the electronic

structure of Mg. This observation is consistent with the fact that

the dissociation temperatures of hydrogen in Mg2NiH4 and MgH2 are

almost the same. Since the Mg-H bonding appears to be unperturbed by

the presence of Ni atoms [12], the observed binding energies should be

close to those of Kg2NiH4.

Table I

Core level binding energies of Kg
and those of Kg in alloys and hydrides: in eV.

Kg (a) ~i(a) Kg~iH4 (a) MgH2 (a) MgH2(b)

Kg 2p 49.5 49.2 50.1 53.8 50.1±0.2

Kg 2s 88.5 88.2 88.9 92.4 88.9±0.2

(a) Ref. 10
(b) Present work.

Although we have used pure MgH2' the sample was found to contain

relatively large amounts of oxygen, carbon and chlor~ne on the surface

if it was not scraped with the stainless steel blade. Scraping of the
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sample surface was found to reduce the oxygen signal considerably, but

not the carbon and chlorine contents. This is evident from the

changes in the atomic concentration ratios as determined from the peak

areas of the core levels. The atomic concentration ratios between

Mg:O:O:OI were found to change from 1:0.26:1.24:0.068 (before

scraping) to 1:0.30:0.14:0.060 after scraping (determined at a polar

angle 6=450
) . Such drastic reduction in the oxygen signal suggests

that the oxygen contamination was mainly limited to the sample

surface. The existence of a relatively large amount of carbon even

after scraping is quite mysterious. It is possible that the carbon

contamination might exist on the surface of each MgH2 grain. If so,

we should not expect any change in the carbon signal even after the

surface is scraped because scraping tends to remove the whole grain

from the surface of MgH2. The origin of the chlorine signal is not

clear either. It is likely that the MgH2 powder might contain a small

amount of MgOl2 since the binding energy of 01 2p was found to be very

close to the reported result [13].

The existence of the impurities (carbon, oxygen, and chlorine)

in the YgH2 samples could pose some serious questions on the observed

results. Fortunately, this does not appear to be the case in the

present study since we have obtained the reasonable values for the

core level binding energies. It could be further justified by the

photoelectron spectrum of 0 2s and C 2s together with the valence band

of MgB? shown in Fig. 10. Even though 0 2p and 0 2p bands overlap
~

with the valence band, their contribution to the valence band of MgH2
is most likely to be minimal because the photoionization cross
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sections of C 2p (assuming occupied with 8 electrons) and 02p (8

electrons) are approximately 6.5 and 3.1 times smaller than those of C

2s and 0 2s [14]. In addition, the valence band width and the plasmon

energy of MgH2 (as discussed below) were also found to be quite

reasonable.

3.3.2 Valence Band Width of ygH2

The valence-band spectrum of MgH2 is shown in Fig. 11. The

spectrum was recorded at a polar angle of 45°. The effective base

width is found to be 8.8 eV, in reasonable agreement with the

calculated band width of 6.75 eV for MgH2 [6]. However, the high

density-of-states features (approximately 1.4 eV apart) of the

calculations could not be observed. It is possible that the energy

resolution of our spectrometer was not sufficient to detect the

expected features. Another possible cause is the non-uniform charging

of the insulating sample. We have made an estimate of the possible

broadening from our data on Y8F2 . The dominant effect of charging for

the thick samples in comparison with thin films was the shift in the

measured binding energy. The observed broadening was only about 0.5

eV or smaller. Thus, the broadening due to charging is expected to be

small, but further work using thin films of MgH2 to avoid charging

would be worthwhile.

3.3.3 Plasmon Energy Loss

There are two noticeable features near the Mg 2s and 2p peaks in

the photoelectron spectrum. As shown in Fig. 12, they are identified
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as volume plasmon energy loss of 14.6 ± 0.2 eV in KgH2. A plasma

oscillation in an insulator is a collective longitudinal excitation of

the electrons in the valence band when the dielectric constant €(q,w)

approaches zero. It should be noted that the same energy loss seen in

Fig. 12 also appears in the spectra of Kg Is and KLL Auger electrons

(shown in Figs. 13 and 14).

Several simplified models have been proposed to calculate the

plasmon energy in the insulating materials [15-18]. Of particular

interest in this study are the free electron gas model and the

insulator model [17,18]. In the free electron gas 'picture [15], we

assume electrons in the valence band of the insulator to be a Fermi

gas with no interactions. The plasmon frequency (wpf ) is found to be

dependent only on the density of the valence electrons (n) as follows

(1)

where e is the electron charge and m, the electron mass. Using the

cell volume of 416 atomic units with 8 valence electrons in the cell

[6], we find the density of the valence electrons (n) of KgH2 to be

about 1.3 x 1023 cm-3 For this value of n, the plasmon energy is

estimated to be 13.4 eV, which is in good agreement with what we have

observed (14.6 ± 0.2 eV) from the photoelectron spectra. Such

agreement is not surprising since the free electron model has been
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shown to be applicable to many insulators such as MgO, Mg(OH)2 and

Ti~ [19-20].

The more precise insulator model [17,18], which takes the

interband transition (between the valence band and the conduction

band) into account, describes the dielectric function (in the limit of

small wave number q) as follows

E (III) = 1 -

(hili) 2- [E
c

(k) -Ev (k)] 2
(2)

where h is the Planck constant divided by 2~ (1.05x10- 34

joule-second); N, the total number of electrons in the valence band;

k, the wave vector inside the first irreducible Brillouin zone;

Ec(k)-Ev(k), the energy difference between the conduction band and the

valence band at wave vector k; fCv, the oscillation strength which

satisfies

(3)

Since the plasma oscillation is a longitudinal wave, the dielectric

function at the plasmon frequency (III ) is equal to zero, i.e,
p

(4)
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Assuming the interband transition energy Ec(k)-Ev(k) to be equal to an

average gap energy <E >, we can deduce the plasmon energy (hw ) from
g p

equations (2-4). The result is

(5)

It has been shown that <E > can be obtained from the optical
g

absorption spectrum [22,23]. Unfortunately, no experimental optical

data of MgH2 has yet been reported. Thus, we are unable to use this

model to calculate the plasmon energy of M8H2.

3.3.4 Average Band Gap and Static Dielectric Constant

According to the insulator model described above, the average

energy gap <Eg> is related to the plasmon frequency through Eq. (5).

Thus, we can use the observed plasmon energy from our measurement

(14.6 eV) and the calculated hWpf (13.4 eV) to estimate the average

energy gap <Eg>. Performing the computation, we find <Eg> to be 5.80

eV.

We can also calculate the static dielectric constant € for MgH2 .

The static dielectric constant, which by definition is the dielectric

constant at the zero wave number q and the zero excitation energy

(hw=O), is found to be (derived from Eqs. (2) and (3))

(6)

33



This is known as the Penn formula [22]. Using the calculated values

for <Eg> and hwpf ' we find e to be 6.34.

It would be quite interesting if the calculated average gap <Eg>
and the static dielectric constant of MgH2 could be checked with some

experimental results. Thus, further investigations on the optical

property of~ should be worthwhile.

3.4 Conclusions

We have determined the binding energies of Mg 2s and 2p

electrons in MgH2. The noticeable features at the binding energies

14.6 eV higher than those of Kg 2s or 2p peak can be attributed to

energy loss due to volume plasmon excitation in MgH 2. The

photoelectron spectra also provided information on the valence-band

width, which is found to be in reasonable agreement with the

calculated width. The observed volume plasmon energy was shown to be

useful in calculating the average band gap energy and the static

dielectric constant of MgH2.
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Chapter IV

UV PHOTOEMISSION STUDY OF OXYGEN AND
HYDROGEN ON THE Mg SURFACE

4.1 Introduction

Although chemisorption of oxygen and hydrogen on the magnesium

surface has been studied for a long time, the mechanism of oxygen and

hydrogen adsorption or coadsorption is still of current interest in

surface science. For example, the equilibrium positions and

electronic states of oxygen and hydrogen on Mg(OOOl) have received

considerable attention in recent theoretical investigations [1,2].

Satoko [1] has performed Xa model cluster (0/Mg4) calculation and

predicted that oxygen (02-) should be located approximately 0.70 X
below the magnesium surface. In contrast, theoretical calculations

show that hydrogen should be chemisorbed at about 0.91 Xabove the Mg

surface [2].

The oxidation of Mg (at room temperature) has been described as

a process involving three stages [3,4]. The first stage involves the

adsorption of atomic oxygen below the Mg surface at an oxygen exposure

of less than 2-3 L (lL =10-6 Torr-Second). This is followed by the

formation of magnesium oxide islands on the surface. As MgO island

grows laterally, a three dimensional thin layer (about 7 Xthick) with

many characteristics similar to those of bulk MgO is formed at an

oxygen exposure of approximately 10 L. The third stage is the

thickening of the three dimensional oxide.
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The initial stage of oxidation of Kg appears to be rather

complicated. As mentioned earlier, the calculations indicate that

doubly charged 02- should exist on the Kg surface [1]. However,

results of the x-ray photoemission and synchrotron-radiation-induced

photoemission measurements suggest that the charge transfer from Mg

substrate to oxygen atom is not complete to form the formal valence of

2 [5,6]. It is possible that a second species such as the singly

anionic 0- might coexist with 02- on the Kg surface. The existence of

0- has been proposed for the adsorption of oxygen on the Zn and Al

surfaces [7-9]. In particular, we have recently reported some new uv

photoemission results on the initial stage of oxygen chemisorption on

the Al surface and proposed a resonant scattering model [9]. Assuming

both 0- and 02- (more precisely, (Al+-O)- and (Al+-0)2-) exist at the

early stage of oxygen chemisorption and (Al+-0)2- to be a helium-like

system, we were able to explain the observed inelastic scattering

structure of the photoelectron energy spectra in terms of the

scattering of photoelectrons into resonant states. The oxygen induced

features could be easily identified when oxygen is adsorbed on the Al

surface because Al has a fairly smooth valence band density-of-states

and energy distributions in the uv (7.7-11 eV) range. As a further

test of the resonant model, another free electron-like metal, Mg,

could be checked. The conduction band density-of-states of Mg has

been shown to be quite smooth and nearly parabolic [10].

The adsorption of hydrogen on the Kg surface is less well

understood. Although calculation [2] indicates that atomic hydrogen

could be adsorbed at the fcc site of Mg(0001) with a distance of
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approximately 0.91 i above the surface, the clean Kg surface has been

found to be insensitive even to the atomic hydrogen [11]. On the

other hand, a slightly oxidized Kg surface has been observed to be

quite sensitive to the presence of hydrogen. Based on the results of

TOF (time of flight) SIMS measurements, Mintz and Schultz [12]

suggested that hydrogen and oxygen could be coadsorbed as magnesium

hydride-hydroxide. Unfortunately, there has been no information

concerning the electronic structure of these chemisorbed species to

support the hydride-hydroxide model.

In an effort to provide data on the electronic structure of the

chemisorbed species, we have made uv photoemission measurements with

dispersed light in the energy range 2-6 eV and 7.7-11 eV on evaporated

Kg films before and after exposure to oxygen and hydrogen. Both

energy distribution and photoelectric yield measurements were

performed. The observed oxygen induced features in the photoelectron

spectra were compared with the location of the calculated resonant

states. The effect of hydrogen on slightly oxidized Kg surface was

also checked with the prediction of the proposed hydride-hydroxide

model. In addition, attempts were made to improve the hydride

formation on the Mg surface with a small amount of foreign metal

deposits on the Kg surface.

4.2 Experimental Method

UV photoemission from evaporated magnesium films were measured

at photon energies 7.7-11 eV and 2-6 eV using two monochromators with

di!!erent light sources. The firot oYotam lload (ohown in Fig. 1) was
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evacuated by a 80 liters/second Varian ion pump and a titanium

sublimation pump. The pressure in the sample chamber was typically

maintained to be less than 1.0xl0-9 Torr. Both energy distributions

and photoelectric yields were obtained using this system with the

hydrogen discharge lamp. The second system was used only for the

spectral photocurrent determination at photon energies 2-6 eV. The

sample chamber of this system was pumped by another 80 liters/second

Varian ion pump. A pressure of approximately 3.0xl0-9 Torr was

achieved after bakeout.

The magnesium films were prepared by evaporating the

spectroscopic grade Mg (in small grain form) from a tantalum boat onto

a polished stainless steel substrate. The Ta boat was outgased before

the spectroscopic grade Mg grains could be put into the boat. This

was accomplished by passing a current up to 50 amperes through the Ta

boat in a high vacuum. The evaporation was achieved by heating the Ta

boat with a high current. During evaporation, the pressure in the

sample chamber rose up to about 1.0xl0-7 Torr. Similar procedures

were followed to deposit small amounts of Cu, Pt, Ag and Sn on top of

the 1(g film.

The stainless steel substrate used was either a circular screw

of diameter 1.0 em or a square plate (2. 5x2. 5 em). The small circular

substrate was employed for the energy distribution measurements to

ensure a good energy resolution of approximately 0.3 eV. For the

photocurrent determination at photon energies 2-6 eV, we have used the

square plate substrate. Both substrates were made of type 304
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stainless steel and their front surfaces were ground and polished.

The final polishing was done with 0.3 micron alumina powder.

4.3 Oxy~en on the ¥g Surface

4.3.1 Experimental Results

A clean magnesium film was obtained by vacuum deposition. This

was evident from the photoelectron energy distributions, the work

function, and the spectral photoelectric yields (at photon energy

7.7-11 eV). The energy distributions of a freshly evaporated

magnesium film are shown in Fig. 15 for photon energies 7.8, 8.3, and

8.6 eV. The spectra appear to have a high density-of-states located

at about 1.8 eV below the Fermi level, which is in agreement with the

band structure calculation [13]. The same structure has also been

reported by Gesell et al [14] and Flodstrom et al. [10] using photons

of energies 10.2 and 40.8 eV.

The work function of the fresh Kg film was found to be

approximately 3.7 ± 0.1 eV, which is very close to the best known

value of 3.66 eV for the clean polycrystalline Kg film [15]. The work

function (t) can be determined from the spectral photocurrent

measurements and energy distributions. The spectral photocurrent of

the fresh Kg film at photon energies 2-6 eV is shown in Fig. 16. It

is evident that a threshold of approximately 3300 X(3.7 eV) is

obtained. The work function was also determined from the energy

distribution using the following equation
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• = hv - (W - A ) (7)

where hv is the photon energy; W, the width of the EDC; and A, the net

broadening of EDO (0.3 eV) as mentioned proviously.

The spectral photoelectric yield in the photon energy range of

7.7-11 eV shown in Fig. 17 is found to be in excellent agreement with

the results of a previous study [16]. It should be mentioned that the

data of Quemerais et a1 [16] are normalized to those of the present

study at photon energy 7.7 eV because they were reported in the

arbitrary units.

The effect of oxygen on the photoemission from Kg film was

investigated either as a function of time and exposures to the pure

oxygen gas. Two new features (P1 and P2) became noticeable (see Fig.

18) after the magnesium film was kept in the vacuum chamber for

approximately seven hours. They were found to be located at

approximately 1.3 and 2.0 eV above the new vacuum level and

independent of photon energy. At this stage, the work function of the

sample was found to be lower by approximately 0.5 eV. The energy

positions of these features with respect to the vacuum level are shown

in Fig. 24b.

Further changes in the energy distributions are shown in Fig.

19. The additional features (P3 and P4) appeared as the work function

of the Mg sample decreased further. Meanwhile, the structure PI

became less pronounced. Notice that as much as 1.6 eV decrease in the

work function was observed after the sample was kept in the vacuum

chaaber for about fourteen. hours.
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Similar results were obtained when Kg films were exposed to a

small amount of pure oxygen gas. Figure 20 shows the energy

distributions of photoelectrons from the Kg film after exposure to

approximately 0.3 L oxygen. It should be mentioned that the film had

been kept in the vacuum for about two hours prirr to the exposure to

oxygen and the energy distribution shown in Fig. 20b was recorded

about two hours after the oxygen exposure. The decrease in the work

function at this stage was found to be approximately '1.6 eV. The same

amount decrease in the work function was also observed after the Kg

sample was exposed to about 1.5 L oxygen. The spectra of the Mg

sample exposed to 1.5 L oxygen are shown in Fig. 21. Again, we found

three oxygen induced features in the energy distributions. The energy

positions of these structures appear to be stationary with increasing

photon energy, and were found to be located at approximately 1.8, 2.4,

and 3.1 eV above the vacuum level. Notice that EDe widths at photon

energies 10.2 and 10.6 eV are much smaller than that at 7.7 eV because

of extremely low density of photoelectrons from Kg at photon energies

10.2 and 10.6 eV. The photoelectron spectra (for photon energies 10.2

and 10.6 eV) consist mainly the primary electrons from 0-2p state

[5,11] with three vacant-state features superimposed.

The effect of oxygen on Kg was also noticed in the spectral

photoelectric yield measurement. As shown in Fig. 22, the spectral

yields of the Kg film changed drastically when the sample was exposed

to 1 L of oxygen (measured immediately after the exposure to oxygen).

The spectral yield was found to be saturated after 2 L exposure, in
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agreement with the completion of the first stage of chemisorption

[3,4].

4.3.2 Discussion and Interpretation

We have observed four features in the photoelectron energy

distributions during the initial stage of oxygen chemisorption on the

Kg surface. The structure P4 could not be confirmed at photon

energies larger than 7.7 eV, which makes it difficult to determine its

nature and the origin. It is possible that P4 .coul d be a part of the

broad 0-2p energy level located at about 6.0 eV below the Fermi energy

[5]. This would be observable if the work function is sufficiently

reduced. The broad 0-2p state was observed in the energy

distributions at higher photon energies 10.2 and 10.6 eV after the Kg

film was exposed to 1.5 L oxygen (see Fig. 21).

The other three features PI' P2, and P3 (with respect to the

vacuum level) appear stationary with increasing photon energy,

suggesting that these three features are associated with high density

of vacant states above the vacuum level of the sample. Similar

spectra have been observed at the early stage of oX1dation of the Al

film [9]. They were explained in terms of the inelastic scattering of

photoelectrons into the resonant states above the vacuum level. The

same type of resonant states could also be present when oxygen is

adsorbed on the Mg surface since Kg and Al are two of the most free

electron-like metals. Thus, the low-energy photoelectron spectra

contain information on the electronic structure of adsorbates.
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If a photoelectron is scattered into an energy state at the site

of the oxygen-magnesium complex as shown in Fig. 23a, the situation

may appear as e- + (Kg+-O)-, which could be the state of

autoionization for a certain excited state of (Mg+_O)2- as shown in

Fig. 23b. Here the complex (Mg+-O)2- is assumed to be a helium-like

system with nuclear charge number Z. This complex could have doubly

excited states such as 2s2s (the autoionization energy levels), which

can decay into a free electron and (Mg+-O)- with the electron energy

determined by energy conservation. The allowed states of the complex

can appear as discrete states in the continuum above the vacuum level,

which could account for the apparent high density of vacant states at

certain energies above the vacuum level.

For comparison with the experimental data, the energies of the

resonant states of the (Kg+-O)2- complex were calculated using the

same method that we have developed for the (Al+-O)2- complex [9].

Details of the calculation are presented in section 4.3.3. The

nuclear charge number Z of the (Mg+_O)2- complex was found to be 1.02.

Figure 24a shows the calculated energy levels assuming no work

function change due to oxidation. There are two discrete levels (2s2p

and 2s2s) located slightly above the vacuum level of the clean Mg

metal. In addition, a group of levels appears above 1.07 eVe It is

evident that these states would not have been observed if the work

function of Kg did not change during oxygen adsorption because they

are too close to the vacuum level. Fortunately, the work function of

the Yg film decreases dramatically upon oxygen adsorption. As a

result of the decrease in the work function, the resonant states are

51



located at higher energies above the vacuum level. This is exactly

what we have observed. Furthermore, it should be mentioned that the

EDC structure (the group of levels) could disappear with time or

further oxidation because more and more electrons are expected to be

scattered into the lower energy states.

The calculated resonant states are compared to the observed

features at different stages which are characterized by the work

function change. This is shown in Fig. 24b and Fig. 24c. Notice that

we have only observed two features when the work function decreased by

about 0.5 eV. The third feature P3 was not observed because it was

too close to the vacuum level at this stage. A better agreement can

be seen when the work function was sufficiently low (61=-1.6 eV) as

indicated in Fig. 24c. It should be mentioned that the observed

energy positions (in Fig. 24c) are the average values of P1, P2, and

P3 shown in Figs. 19, 20, and 21. The agreement between the

calculated resonant states and the observed results suggests that

oxygen could also be chemisorbed as 0- during the initial stage of

oxygen chemisorption on the Mg surface.

4.3.3 Autoionization Energy Levels of the (Mg+_0)2- Complex

In this section, we present the details of calculations of the

resonant states for the (}lg+_0)2- complex. Since we have assumed the

(}lg+_0)2- complex to be a He-like system (two electrons) with nuclear

charge number Z, the Hamiltonian of this system can be expressed as

[17,18]
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H =
P 2

( ...:l..
2m

+

p2
( ...:2..

2m
) + (7)

or (in the atomic units)

H =
,

(7 )

where the first two terms inside the brackets are the Hamiltonians of

two independent electrons attracted by a nucleus with the nuclear

charge Ze; and the last term is the repulsive interaction between two

electrons. The ground state wavefunction of this system was

approximated by the product of two 1s hydrogen-atom wavefunctions and

a spin-dependent function X_. Accordingly, we write

(8)

where X_ is the singlet spin wavefunction of two electron system; and

~ls' the ground state wavefunction of hydrogen-like atom with an

effective nuclear charge number Z*. The effective nuclear charge

number Z* and the ground state energy (E1s 1s) of the system were

calculated using the variational principle, and they were found to be

and

Z* = Z - 5/16
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• 2E1s1s = - (Z ) (atomic unit). (10)

(Note: In the atomic unit, energy is in Hartreej 1 Hartree = 27.2 eV.)

Thus, we can easily calculate the ground state energy if the nuclear

charge number (Z) of the system is given. We can also calculate the

nuclear charge number (Z) if the ground state energy of the system is

known experimentally.

To estimate the nuclear charge number of the (yg+_O)2- complex,

we use the results of the previous studies. According to the previous

photoemission studies of oxygen on Yg, the oxygen induced occupied

state 0-2p was found to be located at about 6 eV below the Fermi level

of the metal [5,11]. Since the work function of the clean Yg is 3.66

eV, we may specify the one-electron ionization energy of the (Yg+_O)2

complex to be 9.66 eV. We also know that the bonding energy of Mg-O

is 3.95 eV [5]. As a first approximation, we let the ionization

energy of (Yg+-O)- to be the energy required to break the Mg-O bond

(3.95 eV). Thus, the ground state energy of the (yg+_O)2- complex is

approximately 13.61 eV. Using equations (9) and (10), we find Z=1.02.

After the nuclear charge number Z was determined, we can

calculate the energy levels of the excited states satisfying the

condition that the total angular momentum is zero (the total angular

momentum of the ground state IsIs is zero). The energy levels of the

excited states of the (Mg+_O)2- complex system were calculated via the

perturbation technique [17,19]. The Hamiltonian of the system
,

(equation (7 » can be rearranged as (in the atomic units)
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HO
, •H = + H + H

with

1 Z* 1 z*

HO = [ 2 --] 2
- - V1 + [ - --- V2 - ---- ]

2 r 1 2 r 2

(Z*-z) (z*-z),
H = +

r 1 r 2
and

(11)

(12)

(13)

•H =
1

(14)

Thus the Hamiltonian H can be considered as an unperturbed HO plus two
, .

perturbation terms H and H. Notice that HO is just the Hamiltonian

of two independent electrons circling in a nuclear potential Z*e/r.

The eigenvalues and eigenfunctions of HO can be calculated easily.

They are found to be

EO ",
nlmn I m

1

= --(
2

1 1
_ + _) ( z* )2

2 '2n n

(15)

1

[ ;nlm(r1) ~n'I'm'(r2)
21/2

± ;nlm(r2) ~n'1'm'(r1) ] ~ ,
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here X+ is the triplet spin wavefunctionj ~nlm' the hydrogen-like

wavefunction with nuclear charge number Z*.

For the first order approximation, the eigenfunctions of the

Hamiltonian H are equal to the eigenfunctions of HO
(~). The

eigenvalues of H can be calculated as follows

, "E ",- EO ", + <~ ",I (H + H ) I~ ",>nlmn 1 m - nmln 1 m nlmn 1 m nlDlJ1 1 m (17)

,
The expectation value of H involves only the integration of 1/r.

This can be easily evaluated and is found to depend only on the

quantum numbers n and n' of the orbitals

,
<t ",I Hit "') =nlmn 1 m nlmn 1 m

1 1

(Z*-Z)Z* (- +-)
2 '2n n

(18)

"The second term of the perturbation, i.e., the expectation value of H

can be separated into two integrals as follows

"<t ", IH It "') = J ± Knlmn 1 m nlmn 1 m (19)

where the + is for the singlet states (with spin wavefunction X_); the

- for the triplet states (with the triplet spin wavefunction X+); and

(20)
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(21)

•Thus, the energy shift from the perturbation H consists two terms:

the first term J represents the electrostatic interaction between two

·electron clouds·, and the second term K is the exchange interaction

originated from the Pauli exclusion principle .. J and K can be

evaluated after expanding 1/lr1-r21 in terms of the spherical harmonic

functions Ylm(8,~) as follows [20]

1 ~ L 4r
= E E

Ir1-r21 L=O m=-L (2L+1)

where r< = min(r1,r2), and r> = max(r1, r 2).
Hence, the energy eigenvalues of the (yg+_O)2- complex system

can be approximated by

111
E 1 '1" = - _(Z*)2 ( - + -) + (Z*-Z)Z*

n mn m 2'2
2 n n

1 1

(- + -) + J ± K
2 '2n n

1

= - - Z*
2

5

*(Z + -)

8
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E2s2s =- 3.52 eV ,

E2s4p = - 2.84 eV ,

We have evaluated the integrals J and K for some of the

eigenstates satisfying the condition that the total angular momentum

is zero, i.e, 2s2p(3p) (3p is the spectroscopy representation, which

means the triplet spin wavefunction and orbital angular momentum L=l) ,

2s2s(lS), 2s3p(3p), 2s4p(3p), 2s3s(IS) and 3s2p(3p) . The eigenvalues

of these states were found to be (for Z=1.02)

E2s2p =- 3.85 eV

E2s3p =- 2.88 eV

E2s3s =- 2.81 eV

These energy levels were plotted in terms of one electron picture, and

they were found to be located at 0.10, 0.43, 1.07, 1.11, and 1.14

above the vacuum level as shown in Fig. 24a.

4.4 Hydrogen on Slightly Oxidized Kg

4.4.1 Hydrogen on the Clean llg Surface

No noticeable evidence in both the photoelectron energy

distribution (measured at photon energy 7.7 eV) and the spectral

photoyield (determined at photon energies 2-6 eV) was found when we

exposed the clean llg samples to pure hydrogen gas up to 1000 L. This

in agreement with the results from the previous UPS (using He I) and

SIMS measurements [11,12]. Thus, we could not confirm the calculation

of Yu and Lam [2] who recently predicted that hydrogen atom could be

adsorbed at the fcc site on llg(OOOI). The change in the work function

upon the adsorption of a monolayer of hydrogen at the fcc site of

Yg(OOOl) is small, perhaps on the order of 0.1 eV. Such small

decrease in work function could not be observed easily {at least ~ith
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the energy resolution of our equipment). Another possibility is that

there was not enough hydrogen adsorbed on the surface. The initial

sticking coefficient of the molecular hydrogen on the clean Kg surface

had been reported to be as low as 10-6 [21]. Further work using

techniques such as HREEL (high resolution electron energy loss

spectroscopy) and SIMS (with atomic hydrogen) may help to detect the

presence of hydrogen as predicted by theoretical calculation [2].

4.4.2 Hydrogen on Slightly Oxidized Kg Surface

Although the clean Kg surface appears to be inert to hydrogen,

slightly oxidized Kg films were found to be quite sensitive to the

exposure of hydrogen. This is illustrated in Fig. 25 and Fig. 26.

Figure 25 shows the hydrogen (200 L) induced feature on slightly

oxidized Yg films at photon energy 10.2 eVe The Yg film had been

exposed to 1.5 L oxygen before leaking in hydrogen. Hydrogen was

found to change the relative intensities of the oxygen induced

features. It should be emphasized that the effect of hydrogen on the

oxygen peaks disappeared after exposure to the uv light for a few

minutes. The same feature can be seen again after the sample was

exposed to some more hydrogen. It appears that hydrogen could be

photodesorbed quite easily. We have also measured the change in work

function of the slightly oxidized Kg film after exposure to a large

amount of hydrogen (2000 L). This is shown in Fig. 26. A clear

increase (about 0.27 eV) in photoemission threshold was observed.

Similar result was also obtained from the change in the width of EDOs

(~easured at photon energy 7.7 aY) aftar hydrogenation. Thus,
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hydrogen can increase the work function of slightly oxidized Kg by

approximately 0.27 eVe

The observed changes in work function and EDe after the hydrogen

treatment are in agreement with the proposed hydride-hydroxide model

[12]. According to the hydride-hydroxide model, hydrogen is adsorbed

at two sites of the Kg surface as H-Mg-OH. It should be noted that

the results of the INDO (intermediate neglect of differential overlap)

molecular orbital calculations [22] of H-Kg-OH indicate that the first

hydrogen is slightly negatively charged, which implies weak ionic

bonding of this hydrogen to Mg. The second hydrogen is positively

charged. It is also known that negative oxygen ions are located below

the Kg surface. Thus, the INDO KO (molecular orbital) calculations

suggest the adsorption of negative hydrogen ions above the Kg surface

and diffusion of positive hydrogen ions into the subsurface region at

the same time as illustrated in Fig. 27. This would account for the

increase in work function of slightly oxidized Kg after hydrogenation.

It would also account for the observed uv photo desorption at photon

energy 7.7-11 eV because of the weak bonding of negative hydrogen ions

to the slightly oxidized Kg surface.

The sensitivity of the Kg surface (to hydrogen) was also

investigated by depositing a small amount of foreign metal on the Kg

surface. The rationale for the metal deposits was to see whether the

metal can affect the rate of dissociation of molecular hydrogen on the

surface. As illustrated in Fig. 28, an increase of approximately 0.46

eV in the work function was observed after the p1atinized Kg sample

was exposed to 2000 L hydrogen. The Kg sample had been exposed to 20
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L or.ygen, then coated with a small amount of Pt. Similar measurements

were also performed with other metal deposits on the Mg surface. The

change in the work function of metallized Kg after hydrogen exposure

is summarized in Table II. It is evident (from Table II) that larger

change in the work function was obtained for the samples coated with

Cu or Pt. A possible explanation for the data is that more hydrogen

could be adsorbed on the Kg surface (thus larger increase in work

function) since the enhancement of the dissociation rate of H2 is

expected in the presence of valence d-electrons. This explanation is

also in agreement with the small change in work function for the

samples coated with Ag and Sn because both Ag and Sn do not have d-

character valence electrons.

Table II

Changes in work function of slightly oxidized Mg film coated
with and without metal deposits after hydrogenation (2000L): in eV.

Cu
Pt
Sn
Ag

No Foreign Metal Deposits

4.5 Conclusions

0.47
0.46
0.32
0.24
0.27

The initial stage of chemisorption of oxygen and hydrogen on the

Kg surface has been investigated using uv photoelectron spectroscopy

at near (photoemission) threshold photon energy. Several features of
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high density of vacant states (in the photoelectron spectra) were

observed at different stages of oxidation. The oxygen induced vacant

state features have been interpreted in terms of the scattering of

( + )2photoelectrons into the resonant states of the Kg -0 complex.

Good agreement was obtained between the observed features and the

calculated resonant energy levels assuming the (Kg+_0)2- complex to be

He-like system with the hydrrgen-1ike orbital wavefunctions. Thus,

the new results from the near threshold photoemission measurement

h - and 02- ( 1appear to support the assumption that bot 0 more precise y

(Mg+-O)- and (Mg+_0)2- complex) exist at the initial stage of oxygen

chemisorption on the Mg surface.

The results of study of hydrogen on the Kg surface are

consistent with those of previous photoemission studies (using the He

light source) [11] and SIMS measurements [12]. No evidence of

adsorption of hydrogen on the clean Kg surface was found in our work

function and photoelectron energy distribution measurements. Thus,

the clean Mg surface appears to be inert to pure molecular hydrogen.

On the other hand, the effect of hydrogen on slightly oxidized Kg

surfaces was easily detected. An increase of approximately 0.27 eV in

the work function was observed after slightly oxidized Mg was exposed

to about 2000 L of pure hydrogen, which is in agreement with the

magnesium hydride-hydroxide model [12]. Evidence of uv photon-induced

desorption was also observed in the photon energy range 7.7-11 eV.

The sensitivity of the oxidized Kg surface (to hydrogen) was further

improved by depositing d-e1ectron metals on the surface.
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Fig. 15 UV photoelectron energy distributions of the
freshly evaporated Yg film showing the noticeable
feature of high density of occupied states at 1.8 eV
below the Fermi level. a) hv = 7.8 eVj b) hv = 8.3
eV; c) hv = 8.5 eVe
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Fig. 18 Energy distributions of the Mg film kept
in the vacuum for 7 hours showing the noticeable
features of high density of vacant states at 1.3
and 2.0 eV above the vacuum level. a) hv =7.7
eVj b) hv = 8.3 eVj c) hv = 8.6 eV.
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hv = 7.7 eV

14 hours
later

7 hrs.
later

Energy: eV

Fig. 19 EDCs of the Kg film at different stages of
oxidation in vacuum with the dash lines indicating
the vacuum levels (Each division is equal to 1.0 eV).
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Energy: eV

Fig. 20 EDCs of the Yg film with and without
exposure to oxygen at photon energy 7.7 eV (each
division equals 2.0 eV). The dash lines represent
the vacuum levels at different stages.
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Fig. 23 Inelastic scattering of photoelectrons to
sites of 0- ions on the Yg surface. a) free
electron e- and (Yg+-O)- ~omplex; b) two-electron
excited states of (Yg+-O) -.
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Fig. 25 EDCs of slightly oxidized Mg at photon energy 10.2
eV. Notice that N (E) is nearly zero above 4.0 eV because
of extremely low density of primary electrons. a) Mg film
exposed to 1.5 L 02; b) the same as a) + 200 L H2; c) the
same as b) + 7 min. uv irradiation.
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Fig .. 26 Cube root of the relative yield yersus photon
energy for a slightly oxidized Yg film with and without
exposure to hydrogen. a) Mg film exposed to 20 L 02;
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Fig. 27 Results of the INDO MO calculations of H-Mg-OH
indicating the positions of H, 0, and Mg atoms
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Chapter V

X-RAY PHOTOEMISSION STUDY OF OXYGEN
AND HYDROGEN ON Pd/SiOx/Si

The adsorption of hydrogen on the metal/semiconductor interface

has received much attention recently because of the potential

applications such as the solid state sensors for the detection of

hydrogen and photoelectrochemical cells for the production of hydrogen

[1-5]. However, until recently, most studies have been confined to

the investigation of current-voltage and capacitance-voltage

characteristics of the (metal/semiconductor) interface. Very little

effort has been made to investigate the effect of hydrogen on the

photoresponse of the metal/semiconductor Schottky junction. On the

other hand, hydrogen is known to either increase or decrease the

height of the Schottky barrier at the metal/semiconductor interface.

This has been shown by current-voltage measurement. Such increase or

decrease in the barrier height should cause a corresponding change in

the photoresponse of the junction. Here we report the open-circuit

photovoltage measurements of the Pd/SiOx/Si structure using x-ray

photoelectron spectroscopy. The open-circuit photovoltage

measurements were made with and without exposure to pure hydrogen.

The effect of oxygen on the open-circuit photovoltage of Pd/SiOx/Si

interface was also investigated because oxygen could reduce the

chemical sensitivity of the Pd/SiO lSi structure to hydrogen by manyx
orders of magnitude [3].
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5.1 Open-Circuit Photovoltage Measurement Using X-Ray Photoelectron

Spectroscopy

In this section, we present a brief discussion on the new method

of measuring the open-circuit photovoltage using x-ray photoelectron

spectroscopy. First, we explain the physical origin of the open

circuit photovoltage. When a metal/semiconductor interface is

illuminated with photons of energy greater than the band gap of the

semiconductor, electron-hole pairs are created. Because of the

existence of the space charge region at the interface, the electric

field will force the electrons and holes to separate from each other.

In the case of metal on the n-type semiconductor surface, the photo

excited electrons move towards the bulk of the semiconductor and holes

move to the metal side as shown in Fig. 29. Thus, we have a situation

in which the excited holes and electrons can cause the metal to be

positively charged and the semiconductor semiconductor negatively

charged. If these charge carriers are not lost by recombination, we

have a steady-state charging by the photoexcited carriers, which

generates a potential difference (open-circuit photovoltage) between

the metal surface and the interior of the semiconductor. Fig. 30a

shows the band diagram of the metal/n-type semiconductor before

illumination. Since the junction is in an equilibrium state, the

Fermi level of the semiconductor equals that of the metal. When the

junction (or the interface) is exposed to light, the interface is no

longer under the equilibrium condition. Thus, the quasi Fermi levels

of the semiconductor and the metal are separated by eV , where Voc oc
represents the open-circuit photovoltage. In other words, the (quasi)
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Fermi level of the metal decreases by eVoc (see Fig. 30b) when the

interface is illuminated with light while the backside of the

semiconductor is grounded (the Fermi level of the semiconductor is

fixed with respect to ground).

This change in the Fermi level of the metal will also lead to an

apparent change in the binding energies of photoelectrons from the

core levels as well as the conduction band of the metal. The apparent

binding energy (Eb) is equal to the photon energy ~inus the kinetic

energy. The kinetic energy is determined with respect to the vacuum

level of the detector. The detector vacuum level has been calibrated

for measuring the kinetic energy from reference element with known

binding energies. As shown in Fig. 31, the Fermi level of the metal

(on the n-type semiconductor) is the same as that of the detector

before illumination. Under illumination, the apparent binding energy

of the photoelectrons from the metal becomes larger by eV becauseoc
the Fermi level of the metal moves downwards in the presence of the

open-circuit photovoltage. If the p-type semiconductor/metal junction

is used, the shift in the apparent binding energy should be in the

direction opposite to that of the n-type semiconductor/metal

interface. Thus, we can determine the open-circuit photovoltage of

the Schottky junction by measuring the shift in the apparent binding

energy of the photoelectrons from the metal deposited on the

semiconductor surface. The binding energies of the core level

electrons as well as the valence electrons can be easily determined

using x-ray photoelectron spectroscopy.
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Our technique of measuring the open-circuit photovo1tage appears

to have several advantages over the conventional methods. First, no

electrical contact to the front surface of the semiconductor/metal

junction is needed. The electrical contact can damage the metal film

if the metal overlayer (on the semiconductor surface) is very thin or

if the micro-island metal deposits are used [6]. Secondly, we can

monitor the chemical composition and the photovoltage at the same

time, which would allow us to optimize the open-circuit photovoltage.

Other advantages include the scanning capability (if the micro-ESCA is

used) and the in situ measurement. It is obvious that all these

desirable features make this technique useful.

5.2 OXIgen and Hydrogen on Pd/SiOx/Si

5.2.1 Experimental

Figure 32 shows the experimental arrangement for the open

circuit photovo1tage measurement using XPS. Photoemission

measurements were made with the Perkin-Elmer ESCA (t-5100)

spectrometer under (the visible) light bias. Details of the

spectrometer have been described in Chapter II. The x-ray used in

this experiment was produced with the Kg anode and kept at low

intensity to minimize the possible photovoltage generation due to x

ray photoexcitation since x-ray is also capable of creating the

electron-hole pairs. As illustrated in Fig. 32, the open-circuit

photovoltage was caused by the radiation from the 300-watt xenon lamp.

A water cell and a uv filter (a glass filter transmits light with the

wavelength Agreater than 4200 X) were employed to eliminate the
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optical heating and uv excitation of electrons from the Pd film and

the Si substrate.

The Si substrates were either n-type or p-type Si wafers (about

0.33 mm thick and 1 cm2 large) with a polished (111) surface and

resistivity of 5-10 n-cm. The substrates were etched in the

concentrated hydrofluoric acid solution (4S~) for about one minute,

then rinsed with distilled water, and finally oxidized at 400 °c under

an oxygen atmosphere to provide a thin SiOx of thic~ess approximately

15 X[7,S]. Ohmic contact was made by scraping the backside of the Si

wafer with a diamond file and then applying an In-Ga eutectic

(InO.755GaO.245) to the scraped area. The backside of the wafer was

subsequently cemented with silver paint to a flat stainless steel

plate. The stainless steel plate was mounted in a sample holder which

can be transferred in or out of the ESCA analysis chamber. A sample

preparation chamber shown in Fig. 33 was attached to the ESCA system

for the Pd deposition and photoemission measurement immediately after

the deposition by vacuum evaporation. The thickness of the evaporated

Pd films on the Si substrates was not monitored, but films evaporated

on the quartz plate following similar procedures were estimated to be

about 100-400 Xthick by the Varian i-scope interferometer (model

QSO-4000).

5.2.2 Results and Discussion

The Pd 3d5/2 core level photoelectrons were monitored with and

without light bias. The core peak (Pd 3d5/2) was found to be

insensitive to the illumination of the .isibla light if a clean Pd
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film was deposited on the n-type Si substrate (namely, no noticeable

change in the Pd 3d5/2 spectra was observed). A clear shift in the

apparent binding energy of Pd 3d5/2 (under the visible light bias) was

observed after the junction (Pd/SiOx/n-type Si) was exposed to the

atmosphere (see Fig. 34) for a few hours. The increase in the

apparent binding energy (AEb=0 . 14 eV) is in agreement with the

Schottky photovoltaic theory for metal on n-tpye semiconductor. When

the Pd film was deposited on the p-type Si substrate, the Pd 3d5/2
binding energy was found to decrease under illumination. This is

shown in Fig. 35. A decrease of about 0.34 eV (AEb=0 . 34 eV) was

observed after the sample was immediately transferred into the ESCA

chamber after the Pd deposition. The shift (AEb) in the apparent

binding energy became smaller (0.15 eV) after the sample (Pd/SiOx/p

type Si) was kept in the atmosphere for several days. Notice that

this decrease in the photosensitivity is just opposite to the

Pd/SiOx/n-type Si structure. The photosensitivity (AEb) could be

enhanced again by exposing the Pd/SiOx/p-type Si interface to pure

hydrogen. After the junction was kept in the hydrogen atmosphere for

about 24 hours, the apparent shift in the binding energy AEb (under

the illumination of the visible light) was found to increase to

approximately 0.25 eV.

A possible explanation for the effect of air on the

photosensitivity of the Pd/SiO In-type Si interface is that thex

initial Schottky barrier height (i.e. the band bending) is very small.

Thus, the junction is not sensitive to the visible light. Since

oxygen is known to increase the work function of the Pd film [9], the
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increase in the work function could lead to the same amount of

enhancement in the barrier height at the ionic n-type

semiconductor/metal interface [10]. It is reasonable to assume that

the band bending at the Pd/SiOx/n-type Si interface is greater after

exposure to air. Thus, the photosensitivity of the Pd/SiOx/n-type Si

structure can be enhanced by exposing the Pd surface to oxygen or air.

It should be mentioned that the increase in the Schottky barrier

height upon oxygen chemisorption has been reported for the Pd/Ti02
junction [1]. It is interesting to note that a clean Pd film on the

Ti02 surface has been shown to form an ohmic contact [1].

On the other hand, the increase in the work function of the Pd

film upon oxygen adsorption will lead to the reduction of the barrier

height at the Pd/SiOx/p-type Si interface. Hence, the shift in the

apparent binding energy AEb under the visible light bias becomes

smaller. AEb is expected to become larger after hyrogenation because

hydrogen is known to increase the band bending at the Pd/SiOx/p-type

Si interface [2] (thus more photosensitive), in agreement with what we

have observed.

S.3 Conclusions

We have demonstrated that X-ray photoelectron spectroscopy can

be a useful technique for determining the open-circuit photovoltage by

measuring the core level spectra shift under the visible light bias.

The core spectrum of Pd 3dS/2 was found to shift towards higher and

lower binding energies for the n-type Si/SiOx/Pd and p-type Si/SiOx/Pd

Schottky junction, respectiyely. This is iu agreement with the
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Schottky photovoltaic theory. The increase in the Pd work function

and hence larger barrier height for n-type Si/SiOx/Pd structure

provides a reasonable explanation for the observed enhancement in the

open-circuit photovoltage of n-type Si/SiOx/Pd after exposure to air

(or oxygen). This explanation is also consistent with our observation

when the p-type Si/SiOx/Pd structure was exposed to oxygen or

hydrogen.
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Fig. 34 Photoelectron spectrum of Pd 3dS/2 (exposed to
air) on n-type Si/SiO surface. The specbrum (taken at
x-ray power of 100 wa~ts) is shifted to higher binding
energy by approximately 0.15 eV in the presence of
visible light bias.
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Fig. 35 Photoelectron spectrum of Pd 3d5/2 on p-type
Si/SiO surface. The spectrum (taken at x-ray power ofx
10 watts) is shifted to smaller binding energy by about
0.34 eV under visible light illumination.
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Chapter VI

INTERFACIAL PHOTOEMISSION STUDY OF HYDROGEN ON
METAL/SiOx/Si STRUCTURE IN ELECTROLYTE

6.1 Introduction

Semiconductor/electrolyte interfaces have been investigated

extensively after Fujishima and Honda [1] reported their work on

photoelectrolysis of water in the early 1970s. Particular attention

has been given to the photocatalytic effect of metal deposits on the

electrode surface. Progress in these studies is of considerable

interest because there is great utility for better photocatalysts in

the areas of photo-oxidation of toxic wastes and pollutants as well as

in photo-production of hydrogen [2]. Recently, it has been shown that

the rate of photochemical activity can be enhanced significantly by

depositing a small amount (less than a monolayer) of metal such as Pt

and Ru on the semiconductor surface. For example, the hydrogen

evolution rate in Ti0 2 powder suspensions can be increased 20 to 100

times by loading the semiconductor particles with these metals [3].

Although much effort has been made to determine the mechanism

for the enhancement by studying the catalytic function of metals on

photoelectrode surface [4-9], the nature of the enhancement is still

not completely understood. Various models have been proposed to

explain the catalytic function of metals on the semiconductor surface,

but the relative importance of these models is not yet clear. For

instance in the study of photo-production of hydrogen, the

metal/semiconductor interface and the metal/solution interface models
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have received particular attention [6,9]. These models lead to

reverse trends for the dependence of the photocurrent on the metal

work function. According to the metal/semiconductor interface model,

the Schottky barrier height (or the magnitude of band bending in the

semiconductor) determines the charge transfer rate of the

photoelectrode [9]. Based on the experiments involving p-type

Si/SiOx/Pd junctions [10-12], we expect a metal of lower work function

would cause greater band bending in p-type Si and hence a higher

interfacial photocurrent density. However, the results of Bockris et

al. [6] on metal-aggregated-coated p-type Si photocathodes appear to

be in disagreement with the prediction of the metal/semiconductor

interface model [9]. They observed decreased photocurrents with

metals of lower work function and concluded that the

metal/semiconductor interface does not have a primary influence on the

charge transfer rate. They proposed that the rate-determining step in

the photoelectrochemical evolution of hydrogen is at the

metal/solution interface. It is not clear why the predicted change

based on the metal/semiconductor interface model could not be

observed. It is possible that the expected higher photocurrent due to

increasing band bending is obscured by strong recombination of the

photoexcited charge carriers at the p-type semiconductor surface.

Since hydrogen is known to decrease the work function of Pd

[10], a palladium film after hydrogenation could be similar to a metal

of lower work function. Thus, the study of the hydrogen effect on the

Pd/SiOx/Si photoelectrode might help identify the factors that control
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the charge transfer rate at the Si/SiOx/metal interfaces in contact

with a solution.

6.2 Experimental Study

Both n-type and p-type Si photoelectrodes were used in the

measurements. The photoelectrodes were prepared in a way similar to

the method described in Chapter V. The backside of the Si wafer was

scraped with the diamond file, alloyed with In-Ga, and cemented with

silver paint to a flat aluminum disk that was mounted on the end of a

glass tube of outer diameter approximately 7 mm. A copper wire inside

the glass tube provided the electrical contact to the aluminum disk.

The edge of the Si sample and the aluminum disk were then sealed with

epoxy so that only the polished surface (111) of Si was exposed to the

electrolyte. The exposed area was about 1.3 x 1.3 mm.

A thin Pd layer was formed on the Si/SiOx (the natural oxide

layer) surface by vacuum deposition. The amount of the Pd deposited

on the photoelectrode surface was estimated by analyzing the x-ray

photoelectron spectra of the same Pd deposit on a Pt substrate. The

change in photoemission intensity of Pt 4f and Pd 3d~as observed as a

function of the emission angle (8). By measuring the relative change

in intensity between 45° and 90°, the Pd thickness was determined in

terms of the electron scattering length (approximately 20 X). The

average Pd layer was estimated to be about 24 X. Details of the film

thickness determination using ESCA can be found in Appendix. It

should be mentioned that the morphology of these Pd layers was not
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monitored, but metal coatings of similar average thickness are

believed to be continuous [8].

The interfacial photocurrent measurements were performed using

the experimental apparatus shown in Fig. 8. The three-electrode

arrangement was used. All potentials were measured with respect to

the saturated calomel reference electrode. Both dispersed light (of

wavelength 5000 X) and the non-dispersed radiation from the xenon lamp

were employed. The intensity of the dispersed light was monitored

using a thermopile and estimated to be approximately 6.4

mierowatts/cm2• The non-dispersed radiation was obtained by passing

the light from the xenon lamp through a CuS04 solution filter

(transmission bandwidth of 3000-6000 X). The intensity was found to

be about 34 mi1Iiwatts/cm2•

The hydrogen treatment consisted of bubbling hydrogen gas

through the electrolyte (0.1 MKC1) for at least five minutes followed

immediately by repeating the current measurement. Dry nitrogen was

also passed through the solutions to eliminate the effect due to 02 in

the solution.

6.3 Results

The photoresponse of the semiconductor structure was

investigated by measuring the photocurrent versus voltage between the

working (semiconductor) electrode and the reference electrode (SCE).

The voltage at which the photocurrent starts to increase is called the

onset potentiai. The more negative (or positive) onset potential is

an indication of a better photo-anoda (or the photocathode), since a
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smaller amount of voltage is required to start photo-oxidation (or

photo-reduction). The onset potential could be shown to be equal to

the flat-band potential Vf b (the potential needed to flatten the band)

if the amount of the surface states at the electrode surface is

negligible. Under this condition, the photocurrent is found to be

proportional to the square root of the electrode potential minus Vf b
[13]. However, the onset potential is generally more positive than

the flat-band potential for the n-type semiconductor photoelectrode

(or more negative for p-type materials) due to the presence of the

surface states. Thus, it is important to determine the onset

potential for each individual photoelectrode.

6.3.1 Hydrogen on n-Type Si/SiOx and n-Type Si/SiOx/Pd

For n-type Si with no Pd film on the Si/SiOx surface, no

significant change in the onset potential was observed after hydrogen

treatment as shown in Fig. 36a and b. The photocurrent measurements

were made with dispersed light of low intensity (6.4 microwatts/cm2)

to avoid excessive photo-oxidation of n-type Si. The onset potential

can be seen in the plot of the square of the photocurrent versus

potential [13]. The curves (Fig. 36a and b) show a similar cutoff at

approximately -0.25 volt. The photocurrent for n-type Si/SiOx/Pd

electrode also exhibits a similar onset potential. This is shown in

Fig. 36c. However, a significant change was observed for n-type

Si/SiOx/Pd photoelectrode after hydrogen treatment. 'As shown in Fig.

36d, the cutoff for the square of the photocurrent appears at 0.18
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volt. The resulting 0.43 volt shift in the onset potential is clearly

a result of the hydrogen treatment.

6.3.2 Hydrogen on p-Type Si/SiOx and p-Type Si/SiOx/Pd

The p-type Si/SiO photoe1ectrode without the palladium coatingx
was also found to be insensitive to the exposure of hydrogen. On the

other hand, the photoresponse of p-type Si/SiOx/Pd appears to be

influenced by the hydrogen treatment. As shown in Fig. 37, the

photocurrent measured at low light intensity (6.4 microwatts/cm2)

shows a more positive onset potential than the corresponding

photocurrent before exposure to hydrogen. The observed shift is

approximately 0.24 volts. This observation is consistent with the

metal/semiconductor interface model proposed by Heller et al. [9].

However, for the high light intensity, the onset potential for p-type

Si/SiOx/Pd as shown in Fig. 38 is shifted to a more negative voltage

after the hydrogen treatment. Thus, our data for the p-type

Si/SiOx/Pd electrode at high light intensity are in agreement with the

experimental results reported by Bockris et a1. [6]. It should be

mentioned that no attempt was made to check n-type Si/SiOx/Pd at high

light intensity because the effect of excessive photo-oxidation could

be dominant.

6.4 Interpretation

The presence of the thin Pd film was found to be essential for

the hydrogen effect. It seems likely that the Pd film on the Si/SiOx
surface can induce dissociation of the hydrogen molecules into atomic

hydrogen which in turn lowers the work function of Pd. As a result,
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the hydrogenated n-type Si/SiOx/Pd interface has a lower Schottky

barrier and hence a smaller amount of band bending [10]. It seems

reasonable to assume that a reduction of 0.43 eV in the Schottky

barrier height would eliminate most of the band bending in the n-type

Si. This means that charge separation of the photoexcited electrons

and holes would not be appreciable. This interpretation is in

agreement with the observed suppression of the photocurrent for

voltages from -0.25 V to 0.18 V relative to SOE aft~r hydrogen

treatment. Thus, the rate-determining step for the n-type Si/SiOx/Pd

photoelectrode under illumination of low light intensity appears to be

at the metal/semiconductor interface.

The photocurrent of p-type Si/SiOx/Pd electrodes at low light

intensity (6.4 microwatts/cm2) could be explained in terms of the

'surface states' model of the p-type Si/SiOx/Pd interface. Since the

onset potential is observed at a relatively large negative voltage

(approximately -1.0 volt), the cutoff of the photocurrent is probably

caused predominantly by recombination of the photoexcited electrons

with the holes through the occupied surface states above the Fermi

level [14]. After hydrogen treatment, the work function of the Pd

overlayer is reduced and the band bending at the p-type Si/SiOx
interface is enhanced [10]. As a result, the number of the vacant

surface states available to mediate the recombination becomes smaller.

This is illustrated in Fig. 39. The reduction in surface

recombination is reflected by the shift in the photocurrent cutoff to

a less negative potential as indicated in Fig. 37. This explanation

is consistent with the metal/semiconductor interface model even though
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the onset potential is controlled by the surface states (or interface

states) at the metal/semiconductor interface.

The shift in the onset potential of the p-type Si/SiOx/Pd

photoelectrode to a more negative potential at high light intensity

(34 milliwatts/cm2) after exposure to hydrogen appears to be a

condition induced by a large rate constant Ks r for surface

recombination. A large Ks r is expected at high light intensity

because the photoexcited electron-hole pairs accumulate at the p-type

Si/SiOx interface, and cause a high rate of recombination of the

charge carriers. The effect of Ks r can be seen by examining the

expression for the photocurrent density i p derived by Khan and Bockris

[15]. The analytical expression for i p for a particular frequency of

optical excitation is given by

exp(-aw)
i =eK t(1-R)I(K t+K +K

b)
-1 [1- _

p c c sr r
(1+aL){1+G1(w)/L}

---]
L+G1 (w)

(24)

where e is the electron charge; Kc t ' the charge-transfer rate

constant; R, the optical reflectance; I, the light intensity; Kbr, the

bulk recombination rate constant; a, the optical absorption

coefficient; w, the width of the depletion region in the p-type

semiconductor; L, the electron (minority carrier) diffusion length.

The expressions G1(w) and G2 (w) are

G1 (w) = w (1rkT/4eV)1/2
• s
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~d

(26)

where T is the temperature and V is the potential drop across thes

depletion region. The terms that involve w in the bracket of Eq. (24)

depend on b~d bending in the semiconductor. If Kct » (Ksr+Kbr), the

rate of charge tr~sfer (or the photocurrent i p) is controlled by the

b~d bending at the interface. On the other hand, if Ksr » Kct' i p
would be proportional to Kct as well as to the terms related to band

bending. A smaller Kct is expected for a lower work function of the

metal [16] and exposure to hydrogen is known to decrease the work

function of Pd. A smaller Kct could help explain the decrease in

photocurrent after hydrogen treatment even though greater b~d bending

occurs in the semiconductor.

6.5 Conclusions

The effect of b~d bending provides a reasonable expl~ation for

the photocurrent of Si/SiO /Pd electrodes at low light intensity.x
These results support the predictions of the metal/semiconductor

interface model. For n-type Si/SiO /Pd electrodes, a decrease inx

barrier height by 0.43 ± 0.04 eV after hydrogenati~n is consistent

with the observed photocurrent. For p-type Si/SiO jPd electrodes, anx

increase in barrier height by 0.24 ± 0.06 eV after exposure to

hydrogen is indicated. On the other hand, at high light intensity,

the results for p-type Si/SiO /Pd electrodes are found to be inx

agreement ~ith the metal/solution intarface modal. The change in
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photocurrent response at high light intensity after hydrogen exposure

is indicative of a high rate constant for surface recombination.

Thus, the location of the rate-determining step in the photoproduction

of hydrogen is strongly influenced by the rate of surface

recombination.
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6.7 Appendix

As mentioned in section 6.2, the Pd film thickness was

determined by analyzing the pho·t;oelectron spectra of the same Pd

deposits on the Pt substrate. The details of analysis are presented

in this appendix. Assuming both the Pd overlayer and the Pt substrate

to be uniform and atomically smooth, the photoelectron signal (Npt)

from the Pt substrate (e.g Pt 4f) can be expressed as follows [17,18]

(27)

and

(28)

where I is the x-ray flux; 0 , the acceptance solid angle of theo 0

electron analyzer; A I the effective specimen area; D , theo 0

instrumental detection efficiency; p, the atomic density of the Pt

substrate; duk/dO, the differential cross section for Pt 4f core

electrons; Ae, the attenuation length for the Pt 4f photoelectron in

Pt substrate; Ae, the attenuation length for the Pt 4f photoelectrons

in Pd overlayer; t, the thickness of the Pd overlayer; and 8, the

polar angle. Ro(8) is known as the instrument response function. As

shown in Fig. 40, the instrument response function for a VG ESCALABS

spectrometer with a standard Al Ka source [18] is nearly constant for

the polar angles from 4So to gOo. Similar behavior for R (8) is
o

expected for our Perkin-Elmer ESCA .-5100 spectrometer even though its
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response function (Ro(6» is not known. Therefore, as long as we

restrict the polar angle within 45° and 90°, Eq. (27) can be

simplified to give

(29)

where No is the photoelectron signal of Pt 4f from a semi-infinite Pt

substrate without any Pd overlayer. The semi-logarithmic plot of

equation (30) yields a slope of -t/Ae. Thus, the film thickness (in

terms of the electron mean free path) can be determined

experimentally.

The semi-logarithmic plot was made for the thin Pd overlayer on

the Pt substrate as shown in Fig. 41. The slope was found to be

approximately -1.2 and hence the Pd film thickness is about 1.2 times

the electron mean free path (A). The typical attenuation length fore

a electron with kinetic energy of 1180 eV (pt 4f electrons with the Mg

anode) is about 20 X[19]. Therefore, the Pd film thickness (t) is

found to be approximately 24 X.
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Cha.pter VII

CONCLUDING REMARKS

The research reported here was motivated by the need for a

better understanding of the electronic structure of metal hydrides and

the initial stages of chemisorption of oxygen and hydrogen on solid

surfaces and interfaces. Identifying the problems and making the

measurements to provide relevant data have contributed new information

concerning the electronic properties of KgH2 and the behavior of

oxygen and hydrogen on the Mg surface. Significant effects of

hydrogen on Pd/SiO lSi interfaces were observed. The results are ofx

fundamental interest, inasmuch as they could open up new areas of

research. Advancing the knowledge in this research area is also of

practical importance because there is growing industrial interest in

production of hydrogen from water with semiconductor photoe1ectrodes

and hydrogen storage by metal hydride formation. In the following

sections, we summarize the conclusions stated in Chapters III-VI and

suggest some problems that deserve further experimental and

theoretical investigation.

(1) Magnesium Hydride Study

Important parameters concerning the electronic structure of MgH2
such as the core level binding energies, the valence bandwidth, the

volume plasmon energy, the average band gap, and the static dielectric

constants were determined. The measured valence bandwidth was found

to ba in good agreement with the calculated result. Further
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experimental work using ultraviolet spectroscopy with thin film MgH2
samples would be worthwhile because there seems to be very little

experimental information on th~ band gap of MsB2.

(2) Oxygen and Hydrogen on the Kg Surface

Initial stages of oxygen chemisorption on the clean Mg surface

and coadsorption of hydrogen and oxygen were investigated using

ultraviolet photoelectron spectroscopy. Oxygen was found to be

chemisorbed as both 0- and 02- (more precisely, (Kg+-O)- and (Mg+_O)2

complex) at the initial stage of oxidation. Our results support the

assumption that hydrogen and oxygen are coadsorbed as magnesium

hydride-hydroxide. Further measurements using techniques such as

BREEL (High Resolution Electron Energy Loss), PSD (photon stimulated

desorption) and TDS (thermal desorption spectroscopy) should be

performed to provide data for comparison with the model we used and

our interpretation.

(3) Oxygen and Hydrogen on Pd/SiOx/Si Structures

Measurements of x-ray photoemission from the Pd/SiO lSix

structures have been made with visible light bias to monitor the open-

circuit photovoltage generated at the interface. The effect of

hydrogen and oxygen was found to either increase or decrease the open

circuit photovoltage. The results indicate that the photoresponse of

the n-type semiconductor/metal structure can be enhanced by exposure

to oxygen, while the photoresponse of the p-type semiconductor/metal

j unction was improved by exposure to hydrogen. This suggests that the
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photoelectrode for hydrogen evolution should be separated from the

photoelectrode for oxygen evolution.

(4) Hydrogen on Pd Coated Si Photoelectrodes

The effect of hydrogen on semiconductor/solution interfaces was

investigated using the interfacial photoemission technique, i.e.

photoemission into the solution versus electrochemical potential. The

direction of the change in onset potential after hydrogenation was

found to be dependent on light intensity. The rate-determining step

in the photoelectrochemical system was shown to be strongly influenced

by the magnitude of the rate of surface recombination. Further study

using techniques such as photoluminescence measurements could provide

information on the recombination mechanism at the interface.

117



BIBLIOGRAPHY

Alvarado, S. F., Eib, I., Meier, F., Siegmann, H. C., and Zurcher, P.,
Photoemission and the Electronic Properties of Surfaces,
(ed. by Feuerbacher, B., Fitton, B., and Willis, R. F.),
ch. XV, p.437, John Wiley i Sons, Ltd., New York, 1978.

Armgarth, M. and Nylander, C., IEEE Electron Device Lett. ~, 384
(1982) .

Ashcroft, N. W. and Mermin, N. D., Solid State Physics, ch. I, p.18,
Saunders College, Philadelphia, 1976.

Aspnes, D. E. and Heller, A., J. Phys. Chem. ~, 4919 (1983).

Au, C. T. and Roberts, M. W., Proc. Soc. Lond. A, 396, 165 (1984).

Batra, I. P. and Kleinman, L., J. Electron Spectrosc. Relat. Phenom.
~, 175 (1984).

Becquerel, E. C., C. R. Acad. Sci. 9, 143 (1839).

Bergland, C. N. and Spicer, W. E., Rev. Sci. Instr. ~, 1665 (1964).

Berglund, C. N. and Spicer, W. E., Phy. Rev. 136, A1030 and A1044
(1964) .

Bockris, J. O'M., Khan, S. U. M., Murphy, O. J., and Szklarczyk, M.,
Int. J. Hydrogen Energy, ~, 243 (1984).

Bockris, J. O'M., Dandapani, B., Cocke, D., and Ghoroghchian, J., Int.
J. Hydrogen Energy 12, 179 (1985).

Bogdanovic, B., Int. J. Hydrogen Energy ~, 937 (1984).

Bracconi, P. and Lasser, R., Appl. Surf. Sci. ~, 204 (1987).

Brandt, D. E., Ph.D Dissertation, ch. III, p. 20, Univ. of Hawaii.

Butler, Y. A., J. Appl. Phys. 48, 1914 (1977).

Callan, E. J., Int. J. Quantum Chem. Symp. !, 111 (1973).

Fadley, C. S., Electron Spectroscopy: Theory, Techniques and
Applications (ed. by Brundle, C. R. and Baker, A. D.),
Vol. g, ch.I, p.1, Academic Press, New York, 1977.

Fadley, C. S., Progress in Surface Science (ed. by Davision, S. G.),
Vol. 1!!, p.275, Pergamon Press, New York, 1985.

Fahlner, F. P., J. Electrocnem. Soc. 119, 1723 (1972).

118



Felsteiner, J., Heilper, M., Gertner, I., Tanner, A. C., Opher, R.,
and Berggren, I., Phys. Rev. B 23, 5156 (1981).

Flodstrom, S. A., Petersson, L. G., and Hagstrom, S. B. M., Solid
State Comm. ~, 257 (1976).

Flodstrom, S. A., Petersson, L. G., and Hagstrom, S. B. M., J. Vac.
Sci. Technol. 13, 280 (1976).

Flodstrom, S. A., and Martinson, C. W. B., Mat. Sci. Eng. 42, 31
(1980).

Flodstrom, S. A., and Martinsson, C. W. B., Surf. Sci. ~, 513
(1982) •

Freund, F. and Scharpen, L. H., J. Electron Spectrosc. Relat. Phenom.
~, 305 (1974).

Friedel, J., Handbook of Surfaces and Interfaces (ed. by Dobrzynski,
L.), Vol. !, p.l, Garland STPM Press, New York, 1978.

Fuggle, J. C., Surf. Sci. 69, 581 (1977).

Fujishima, A. and Honda, K., Nature ~, 37 (1972).

Garbassi, F. and Pozzi, L., J. Eletron Spectros. Relat. Phenom. 16,
199 (1979).

Garron, R., C. R. Acad. Sci. ~, 1458 (1964).

Gasiorowicz, S., Quantum Physics, ch , XVII, p.283, John Wiley &; Sons,
Inc., New York, 1974

Gerasimov, I. B. and Ivanov, E. Yu., Mat. Lett. ~, 497 (1985).

Gesell, T. F., Arakawa, E. T., Williams, M. W., and Hamm, R. N., Phys.
Rev. B, I, 5141 (1973).

Ghosh, P. I., Introduction to Photoelectron Spectroscopy, ch. VII,
p.235, John Wiley &; Sons, Inc., New York, 1983.

Giner, T. and Lange, E., Naturwissenschaften 40, 506 (1953).

Goldberg, S. M., Fadley, C. S., and Kono, S., J. Eletron Spetrosc.
Relat. Phenom. ~, 285 (1981).

Gupta, R. P. and Freeman, A. J., Phys. Rev. Lett. 36, 1194 (1977).

Heller, A., Aharon-Shalom, E., Bonner, W. A., Miller, B., J. Am. Chem.
Soc. 1Q!, 6942 (1982).

119



Hermsmeier, B., Osterwalder, J., Friedman, D. J., and Fadley, C. S.,
Phys. Rev. Lett. ~, 478 (1989).

Hinckley, S. and Haneman, D., Surf. Sci. 101, ISO (19S0).

Horie, C., Progr. Theor. Phys. ~, 103 (1959).

Huang, N.,Wang, Q., and Wu, J., Hydrogen Systems (ed. by Veziroglu,
T. N. and Baa, D. Y.), p. 493, China Academic Publishers and
Pergmon Press, Beijing, 19S6.

Jackson, J. D., Classic Electrodynamics, ch. III, p.102, John Wiley &
Sons, Inc., New York, 1975.

Kaduwela, A. P., unpublished.

Khan, S. U. M. and Bockris, J. O'M., J. Phys. Chem. ~, 2504 (19S4).

Khrussanova, M., Terzieva, M., and Peshev, P., Int. J. Hydrogen Energyn. 331 (1986).

Kowalczyk, S. P., Ph. D Dissertation, ch. III, p.16S, Univ. of
California at Berkeley.

Krasko, G., Metal-Hydrogen System (ed. by Veziroglu, T. N.), p.367,
Pergamon Press, New York, 1982.

Kurtin, S., McGill, T. C., and Mead, C. A., Phys. Rev. Lett. 22, 1433
(1969) .

Matsumura, M., Iwata, H., Inoue, T., and Tsubomura, H., Solar Energy
Materials !!, 475 (1986).

Memming, R., Photoelectrochemistry, Photocatalysis and Photoreactors
(ed. by Schiavello, M.), p.107, D. Reidel Publishing Co.,
Dordrecht, 1985.

Mintz, M. H., Schultz, J. A., and Rabalais, J. M., Surf. Sci. ~, 457
(19S4) •

Miyakawa, T., J. Phys. Soc. Japan ~, 768 (196S).

Nakato, Y. and Tsubomura, H., Ber. Bunsenges. Phys. Chem. 91, 40S
(19S7) •

Nakato, Y., Yano, H., Nishiura, S., Ueda, T., and Tsubomura, H., J.
Electroanal. Chem. ~, 97 (19S7).

Namba, H., J. Darville, and J. M. Gilles, Surf. Sci. lOS, 446 (1981).

Paudyal, D. D., Ph.D Dissertation, ch. III, p. 17, Univ. of Hawaii.

120



Penn, D., Phys. Rev. ~, 2093 (1962).

Peter, L. Y., Trends in Interfacial Electrochemistry (ed. by Silva, A.
F.), p.523, D. Reidel Publishing Co., Dordrecht, 1986.

Philipp, H. R. and Taft, E. A., Phys. Rev. ~, 762 (1958).

Pong, W., Brandt, D., He, Z. X., and !maino, W., Mat. Res. Soc. Symp.
Proc. 41, 149 (1985).

Quemerais, A., Priol, Y., Mergtert, S., Loisel, B., and Robin, S.,
Optics Comm. !!, 175 (1976).

Reimann, A. L., Philos. Mag. 16, 673 (1933).

Roessler, D. Y. and Walker, W. C., Phys. Rev. 159, 733 (1967).

Rye, R. R. and Ricco, A. J., J. Appl. Phys. ~, 1084 (1987).

Sahyun, Y. R. V., J. Appl. Phys. 61, 3044 (1987).

Sakata, T., Kawai, T., and Hashimoto, K., Chem. Phys. Lett. 88, 50
(1982) •

Sakurai, J. J., Modern Quantum Yechanics (ed. Tuan, S. F.), ch. VI,
p.368, Addison-Wesley Publishing Company, Inc., Redwood,
California, 1985

Samson, J., Techniques of Vacuum Ultraviolet Spectroscopy, ch. II,
p.5, John Wiley i Sons, Inc., New York, 1967.

Sass, J. K. and Gerischer, H., Photoemission and the Electronic
Properties of Surfaces (ed. by Feuerbacher, B., Fitton, B.,
and Willis, R. F.), ch. XVI, p.469, John Wiley i Sons, Ltd.,
New York, 1978.

Satoko, C., Phys. Rev. B~, 1754 (1984).

Selvam, P., Viswanthan, B., Swamy, C. S., and Srinivasan, V., Int. J.
Hydrogen Energy !!, 169 (1986).

Seah, M. P. and Dench, W. A., Surface and Interface, !, 2 (1979).

Senegas, J., Pezat, Y., Darnaudery, J., and Darriet, B., Phys. Chem.
Solids 42, 29 (1981).

Severeyn, R. B. and Gale, R. J., Spectrochemistry: Theory and Practice
(ed. by Gale, R. J.), ch. III, p.41, Plenum Press, New York,
1988.

Stander, C. Y., and Pacey, R. A., J. Phys. Chem. Solids ~, 829
(1978) .

121



Swanson, N., unpublished.

Trassati, S., J. Electroanal. Chem. 39, 163 (1972).

Vigeholm, B., Kjoller, J., and Larsen, B., J. Less-Common Met. 74, 341
(1980) •

Wagner, C. D., Riggs, W. M., Davis, L. E., Moulder, J. F., and
Muilenberg, G. E. (editor), Handbook of X-ray Photoelectron
Spectroscopy, p. 17. Physical Electronics Division, Perkin
Elmer Corp., 1979.

Wenzl, H. and Welter, J. M., Current Topics in Materials Sci. (ed. by
Kaldis, E.), Vol. !, p. 603, North-Holland, Amsterdam, 1978.

Yamamoto, N., Tonomura, S., Matsuoka, T. , and Tsubomura, H. , Surf.
Sci. 92, 400 (1980).

Yam8ll10lio , N., Tonomura, S., Matsuoka, T. , and Tsubomura, H. , J. Appl.
Phys. ~, 6627 (1981).

Yu, R. and Lam, P. K., Phys. Rev. B~, 8730 (1988).

Yu, R. and Lam, P. K., Phys. Rev. B 39, 5035 (1989) .

122

.- - ---------_.__ .- -




