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Some aspects of adsorption, reaction and desorption reactions on single crystal 

silicon surfaces have been investigated in detail. Full use is made of the very 

extensive structural information that is currently available. The dissociative 

adsorption of D^O on silicon surfaces involves a molecular precursor and is rapid 

at paired dangling bond sites but becomes very much slower when only isolated 

dangling bonds remain. Desorption of most of the deuter ium occurs via the [3, 

channel with an activation energy which increases with initial DjO coverage due 

to an extended and cumulative interaction with adsorbed oxygen. H y d r o g e n 

atom adsorption at dangling bond sites on Si(lOO) and efficient Eley-Rideal 

abstraction seem to be inconsistent with a saturation coverage of one monolayer 

at 635 K. However , hydrogen atom uptake can be completely interpreted by 

including the surface dihydride species in the kinetic scheme. Both hydrogen 

atom adsorption on Si(lOO) and molecular hydrogen desorption f rom Si(lOO) are 

described by calculating the quasi-equilibrium distribution of singly occupied 

dimers, doubly occupied dimers and unoccupied dimers. A simple model 

considering only the pairing energy is sufficient at high coverages but the 

effective clustering interaction is also included in a detailed lattice gas model for 

equilibrium at low coverages. Similarly, the desorption of molecular hydrogen 

from Si( l l l ) -7x7 can be modelled by calculating the equilibrium distribution of 

hydrogen atoms adsorbed at rest atom and adatom dangling bond sites. 
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EELS Electron energy loss spectroscopy 

Ep Fermi level 

LEED Low energy electron diffraction 

LITD Laser induced thermal desorption 
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SHG Second harmonic generation 
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STM Scanning tunneling microscopy 
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CHAPTER 1 

INTRODUCTION TO THE ELECTRONIC A N D GEOMETRIC 

STRUCTURES OF THE Si(100)-2xl AND Si( l l l ) -7x7 SURFACES 



The free energy of the cleaved Si(lOO) surface is reduced by dimerisation 

of the surface atoms. This reconstruction was identified by LEED [1, 2] and 

photoemission studies [3] together with theoretical modeling [4, 5] prior to 

direct observation by STM [6]. It now seems likely that the lowest energy dimer 

geometry is buckled as illustrated in figure (1) but STM images show that most 

dimers are symmetric [6, 7], It is believed that the buckling orientation flips 

rapidly at room temperature and hence a time averaged configuration is seen 

by an STM tip which takes approximately 10 ms to image a dimer [8], A very 

small energy barrier to dimer flipping through a symmetric transition state is 

also reflected by numerous theoretical calculations which variously find that 

either the symmetric or buckled dimer is the lowest energy geometry [8-12]. 

Photoemission f rom surface dimers has been identified with a distinct Si 2p 

surface core level shift but has been variously attributed to symmetric [13, 14] or 

buckled dimers [15-17]. A dimer geometry buckled by 19° with respect to the 

surface plane and with a dimer bond length of 2.25 A has recently been deduced 

by analysis of angle-resolved photoelectron d i f f rac t ion intensi t ies [18]. 

Similarly, dimers are buckled by 17.7° and have a bond length of 2.29 A in the 

lowest energy geometry of the c(4x2) reconstruction calculated using the local 

density approximation [19]. 

In addition to the a - b o n d between the two silicon atoms of each dimer, 

there is some interaction between the remaining half filled p-orbitals (the 

dangl ing bonds). There is some controversy regarding the nature of this 

interaction with some preferring to describe it as a weak K-bond while others 

discuss d imer buckl ing in terms of a Peierls distort ion. An impor tan t 

difference is that Peierls distortion requires that both bonding electrons are 

associated with a lone pair orbital on the up atom leaving an empty orbital on 

the down atom whereas the electron density is shared equally by TC-bonding. 

Calculations using density functional theory [20] and the buckled geometries 



Figure (1). Buckled dimer reconstruction of the Si(lOO) surface. 

have identified three phonons that may assist the f l ipping process. A dimer 

rocking vibration at 20 meV (involving essentially vertical displacements of 

the dimer atoms) also involves oscillation of the charge density between the up 

and down dimer atoms and is likely to be intimately linked to dimer flipping. 

In addition, very low frequency shear horizontal (in the direction of the dimer 

rows) and dimer twisting vibrations at 8.3 and 7.1 meV respectively may also 

have an important role. 

Some rows of dimers are clearly asymmetric in room temperature STM 

images and appear to be pinned by defect sites, adsorbates and at step edges. The 

two second layer atoms bound to the up end of a buckled dimer are pulled 

together whereas those bound to the down end are pushed apart and hence the 

latt ice s t ra in is min imised when adjacent d imers buckle in oppos i te 

orientat ions. Adjacent rows of buckled dimers can be a r ranged in two 

configurations corresponding to in-phase and anti-phase buckling. The unit 

cells for these configurations are p(2x2) and c(4x2) respectively as shown in 

figure (2) and are both observed by STM [6]. Wolkow [21] has reported that at 



120 K, 80% of the surface dimers are frozen in a buckled geometry with the 

c(4x2) arrangement five times more common than p(2x2), presumably also as a 

result of lattice strain. There is no prospect of identifying an order-disorder 

phase transition since it is presently impossible to prepare a Si(lOO) surface 

without steps or defects. 
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Figure (2). Buckled dimers in p(2x2) and c(4x2) reconstructions. Up 
atoms are large circles and down atoms are small circles. The unit 
cells are outlined. 

Any misorientation away from the (100) plane and towards the [110] and 

[110] axis is accommodated by single atomic height or double atomic height 

steps. Typically single crystal silicon samples can be obta ined wi th a 

misorientation of ±0.5° from the (100) plane. When the misorientation is 0.5°, 

the average terrace width is 155 A which corresponds to 40 dimers or 20 dimer 

rows. The bulk crystallography requires that the direction of dimerisation is 

rotated through 90° by a single atomic height step and hence spots for both (2x1) 

and (1x2) domains are found in the LEED pattern. The areas of the (1x2) and 

(2x1) domains are normally the same to within 1% but if mechanical strain is 

applied to the crystal [22] or if the surface is prepared by high temperature 

epitaxy [23] then one domain is preferred and observed over as much as 90% of 

the surface area. 



It is thought that at some misorientation from the (100) plane, double 

atomic height steps become energetically more favourable than single atomic 

height steps. Surfaces with only single atomic height steps have been reported 

for misorientation by 1.5° [24] and 1.37° [25] whereas only double atomic height 

steps are found when the misorientation is 4.7° [26], 6° [27] and 8° [24, 25, 28] 

towards the [110] direction. At intermediate angles, a temperature dependent 

distribution of both double and single atomic height steps exists [25-27, 29, 30]. 

Steps are invariably labelled using S^ and Sg for single atomic height steps and 

Da and Dg for double atomic height steps as described by Chadi [31]. The A and 

B subscripts denote that the dimer axis on the upper terrace is perpendicular 

and paral lel to the step edge respectively. No steps are observed 

experimentally but there must be equal numbers of S^ and Sg steps on surfaces 

with only single atomic height steps. Step edge sites are often important and 

sometimes dominant in adsorption, surface reaction and desorption processes 

on metal surfaces [32-34] as a consequence of the lower coordination of step 

atoms compared with terrace atoms. Isolated dangling bonds are found on 

nominally flat Si(100)-2xl at both dimerised and undimerised Sg steps as shown 

in figure (3) but are generally ignored in many discussions. 

Transmission electron diffraction [35, 36] and STM [37] have established 

the dimer-adatom-stacking fault (DAS) model of the Si( l l l )-7x7 reconstruction. 

Lattice coordinates for two hundred atoms in the top five layers of the 

reconstruction have been calculated by Tong et al using the dynamical theory 

of LEED [38] and a unit cell based on these coordinates is illustrated in figure (4). 

The 7x7 unit cell has a total of nineteen dangling bonds of seven different 

geometries. In the top layer of the reconstruction there are twelve adatoms 

ar ranged in two tr iangular sub-units which have 2x2 periodicity and are 

alternately faulted and unfaulted with respect to the bulk lattice. Each adatom 

contributes one dangling bond and is bonded to three rest atoms in the second 



layer leaving six unsaturated rest atom dangling bonds. The triangular sub 

units are bounded by rows of rest atom dimers which intercept at the corner 

holes. At each corner hole there is one dangling bond f rom an atom in the 

fourth layer. STM images of the Si(lll)-7x7 reconstruction generally show only 

the ada toms since the rest atoms and corner holes are not easily accessed. 

However, the 1x1 periodicity of the underlying rest atom layer has been imaged 

after removal of the adatoms by chemical reaction [39]. 

o 
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Figure (3). Bonding at (a) dimerised Sg steps and (b) non-dimerised 
Sg steps. Large circles represent the upper layer and small circles 
represent the lower layer. In both (a) and (b) the hatched circles are 
isolated (unpaired) dangling bond sites. 

Step edges are found with normals along the high symmetry [112] and 

[112] axis [40, 41]. The 7x7 reconstruction is maintained up to and including the 

step edge on both upper and lower terraces and any kinks are accommodated by 

loss or gain of whole unit cells. Although the edges of the rhombohedral unit 

cells are flush with the step edges, some slip in the registry between upper and 

lower terraces has been observed. 



a da torn rest atom 

Figure (4). A Si(l l l)-7x7 unit cell based on the DAS model for the 
reconstruction. The long and short diagonals measure 46.6 A and 
26.9 A respectively. 

It has become clear that some reactions on the Si( l l l ) -7x7 surface are 

very site specific and it is thought that this is a consequence of interaction and 

charge transfer between center adatom, corner adatom, rest atom and corner 

hole dangling bond sites [42, 43]. A fully occupied rest atom dangling bond state 

is found at 0.8 eV below Ep by STS [42]. Adatom sites are characterised by 

occupied and unoccupied states at 0.4 eV below and 0.5 eV above Ep respectively 

but the center adatom dangling bond state is found to be nearly empty. These 

data and theoretical considerations [44, 45] suggest that the rest atom dangling 

bond state is filled by charge transfer from the adatoms. More electron density 

is w i t h d r a w n from the center adato^ns compared with the corner adatoms 

because each center adatom has two rest atom neighbours whereas each corner 

adatom has only one. The reactivity of each site has been predicted using ah 

initio density functional theory to calculate donor and acceptor charge transfer 

[43]. 



M u c h of the chemistry of the S i ( l l l ) -7x7 reconst ruct ion involves 

reaction of the adatom back-bonds which are strained compared with rest atom 

back-bonds as shown in figure (5). Theoretical calculations [44-47] predict that 

these weakened back-bonds result in a surface state at about 2 eV below Ep and 

that there is some bonding interaction between the ada tom and the silicon 

atom directly below it in the third layer. Whereas the electron density 

associated wi th the ada tom dangl ing bond is w i t h d r a w n and somewhat 

delocalised by both charge transfer and sub-surface bonding, the rest atom 

dangl ing bond is very much more localised. Indeed , there is sufficient 

Coulomb repulsion between the fully occupied rest atom dangling bond and 

the rest atom back-bonds to push the rest atom higher than its bulk position. 

(a) (b) 

Figure (5). Local bonding at (a) rest atom and (b) adatom dangling 
bond sites. 

The position of the Fermi level in bulk silicon can be moved between 

the top of the valence band and the bottom of the conduction band by n-type 

and p- type doping. However , the presence of surface states can have a 
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Figure (6). Band s t ruc ture at (a) intr insic and (b) n- type 
semiconductor surfaces. The work function, ([), is not changed by 
doping but the electron affinity, is changed due to band bending. 

profound effect on the band structure near the surface as will any change of the 

surface states as a result of chemisorption. If empty surface states are available 

below the bulk Fermi level (n-type doping) or if occupied surface states are 

available above the bulk Fermi level (p-type doping), then electrons will flow 

between the surface states and the near surface region until thermodynamic 

equilibrium is reached. The occupation of surface states is hardly changed since 

the density of surface states is approximately 10^ cm ^ whereas the bulk doping 

density of states in a single plane of atoms is typically between only 10» and 10" 

cm^. Consequently, the Fermi level at the surface and the measured work 

function [48] are nearly independent of the bulk doping (Fermi level pinning). 

12 



An electrostatic potential (a space - charge layer) is established by the transfer of 

electrons between surface states and dopant atoms in the near surface region. 

The response of the electron energy levels to this potential is known as band 

bending and causes the electron affinity at the surface to change. Fermi level 

pinning and band bending are illustrated in figure (6) for n-type doping. 
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2.1. CRYSTAL MOUNT AND SURFACE PREPARATION 

The single crystal samples (15x10x1.5 mm) were cut f rom (100)±0.5° 

orientated, p-type wafers with a resistivity of 0.01-0.02 Q. cm and (111)±0.5° 

orientated, n-type wafers with a resistivity of 5 n cm. A 0.3 mm wide and 2 

m m deep slot was cut in the long edge of each sample so that the thermocouple 

(K-type), contained in a tantalum sleeve, could be inserted as a tight fit. The 

silicon samples were wrapped with tantalum foil and clamped to a sapphire 

plate wi th molybdenum screws and tantalum clips such that a 10x10 mm area 

of the front surface was exposed. The sample mount shown in figure (1) was 

constructed entirely f rom refractory materials and connected to the power 

supply with oxygen free, high conductivity copper wire. After degassing the 

sample and mount at 800 K during bake-out, the native oxide was removed 

from the silicon surface by repetitively heating to a maximum temperature of 

1150 K. At no time was the pressure allowed to exceed 5x10 " mbar during a 

heating ramp. This procedure results in low carbon contamination and the 

LEED patterns characteristic of the (100)-2xl and ( l l l ) -7x7 reconstructions [1]. 

The Si(l l l )-7x7 reconstruction seems to be very robust [2] and is easily prepared 

but the Si(100)-2xl reconstruction is easily damaged by heating to above 1350 K 

[3]. After the oxide layer had been removed, the surface was always protected 

overnight wi th a monolayer coverage of deu te r ium. It has been noted 

elsewhere [4] that the EELS spectrum of hydrogen on Si(lOO) does not change 

after several days in UHV. 

In common with most other surfaces prepared in UHV, silicon surfaces 

are often found to be contaminated by carbon which is probably introduced by 

degreasing in organic solvents or by adsorption of p u m p oil cracking products. 

It is common to remove this by argon ion sputtering but this may introduce 

metal contaminat ion f rom the ion gun itself and cause damage that is not 

healed by thermal annealing. Nickel is a tenacious contaminant of silicon 

17 
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Figure (1). The silicon crystal was mounted as shown and positioned 
in front of a skimmer during TPD experiments. 

surfaces and its effect on both surface s t ructure and chemistry have been 

s tudied in some detail [5, 6], Each "split off dimer" defect seen in many STM 

images of Si(100)-2xl is caused by a single nickel atom [5] and involves a total of 

eight surface silicon atoms. These defects aggregate into vacancy channels with 

2 X 10 periodicity at low coverages and eventually 2x7 periodicity as the nickel 

coverage increases to 1% [7, 8]. Similar nickel coverages on Si(lll)-7x7 result in 

the well known (Vl9 x Vl9)R23.5° LEED pattern [9, 10]. It is of particular interest 

here that a nickel coverage of less than 5%, prevents desorption of silane from 

hydrogen covered Si(lll) and causes the p. and TPD peaks to shift to lower 

temperatures by 50 K [6]. Nickel contamination of the surface is reduced by a 

factor of about 10' when it rapidly dissolves into the bulk at temperatures above 

600 K [5], although it segregates at the surface again on cooling. Hence, it is 

puzzl ing that surface processes occurring at above 600 K, notably the molecular 

hydrogen p, TPD peak, are in any way affected by nickel contamination. It is 

generally appreciated that contact with stainless steel during handling and 

cu t t ing can in t roduce t rans i t ion metal con t amina t i on [11]. Recently, 

18 



evaporat ion of nickel from K-type thermocouples (containing 90% nickel) at 

1440 K has been identified as another source of contamination [5] and it may be 

that C- type thermocouples (containing only tungs ten and rhen ium) will 

become more popular [12]. However, in the present s tudy, the maximum 

surface temperature was only 1150 K and the tantalum envelope containing the 

thermocouple extended to at least 3 mm from the top of the crystal. 

2.2. TEMPERATURE PROGRAMMED DESORPTION 

The 70 dm3 main chamber was pumped by a 2000 dm^s ' d i f fus ion 

p u m p with liquid nitrogen trap and had a base pressure of less than 2x10-'" 

mbar. The desorbing flux was sampled through a conic skimmer with a 3 

m m aperture positioned approximately 4 m m from the crystal surface and 

measu red by a mass spectrometer (VG SXF400) housed in a separate, 

differentially pumped detection chamber. 

A variable transformer driven by a synchronous motor supplied a 0-

250 V l inear voltage r a m p to the pr imary w ind ing of a s t ep -down 

transformer. The voltage obtained across the secondary winding was used to 

generate the temperature program by resistive heating of the crystal. It 

should be noted that a smooth and reproducible but not necessarily linear 

temperature ramp was required for these experiments. 

A general purpose, 12 bit data acquisition card (PC - Labcard PCL-812PG) 

was installed in a 486 DX PC at a vacant I / O address and used to control the 

experiment and record the data. Typically, data aquisition was facilitated by 

third par ty (Adventech) application software, however, greater flexibility 

could be achieved by programming the card using QBASIC 4.5. Although it is 

possible to write to and read the I /O port directly, it is more convenient to use 

the machine code driver routines supplied by the manufacturer . These are 
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loaded into a memory segment from the QBASIC command line and are 

subsequently implemented using the QBASIC CALL statement. 

Several signal intensities could be recorded almost s imultaneously 

dur ing a single TPD experiment by multiplexing the mass spectrometer. The 

required ion signal could be selected by supplying a DC voltage proportional 

to the mass number to the radio f requency generator . An amplif ier 

(integrating) time constant appropriate to the rate of change of the signal was 

chosen when only a single signal was recorded. However , when several 

signals were recorded, the time constant was set equal to the rate of 

mutiplexing if this was faster than the rate of change of any of the signals. 

The thermocouple voltage was amplified by a calibrated isolation amplifier 

and recorded after time intervals during which up to three different ion 

signals were measured. 

The desorption of molecular hydrogen f rom tantalum sample mounts 

has resulted in anomolous data from TPD studies of hydrogen desorption 

f rom diamond [13, 14]. Although the experimental geometry was such that 

only a very small fraction of the flux desorbing from the tantalum clips and 

foil was sampled, the possible contribution to the TPD data was calculated. 

Using publ ished kinetic parameters for the recombinative desorpt ion of 

molecular deuter ium from tantalum [15], it was concluded that desorption 

f rom the tantalum components may increase slowly after the (3, TPD peak if 

the deuter ium exposure was particularly high. Occasionally such a feature 

was observed after very high exposures, especially of hydrogen, but was 

always small compared with the genuine TPD peaks. 
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2.3 EXPOSURE TO WATER AND ATOMIC HYDROGEN 

Atomic deuter ium (D ) and atomic hydrogen ( H ) were generated by 

d i ssoc ia t ing D; (99.7 atom %) and H, (99.9 atom %) respectively wi th a 

t h o r o u g h l y degas sed hot tungs ten f i l ament (1750±50 K) pos i t ioned 

approximately 100 mm from and at 135° with respect to the normal of the 

siHcon surface. This arrangement is somewhat unusual in that there are no 

line-of-sight trajectories from the filament to the silicon surface but reduces the 

likelihood of radiative heating and contamination by tungsten compared with 

line-of-sight geometries [16]. The rate of atomisation is linear in hydrogen 

pressure when the pressure is less than 10-« torr [17]. Although H- and D- are 

p u m p e d by reaction with the Cr^O^ surface of the stainless steel UHV chamber, 

the gas load required to achieve saturation of the silicon surface is reasonable 

and a base pressure of 6x10 '" mbar could generally be achieved after 3-5 

minutes. The relative D- and H- exposures were measured by integration of the 

ion gauge controller ou tput but the absolute flux at the surface was not 

de termined. Deuter ium was used in preference to hydrogen in order to 

min imise the background contr ibut ion to the signal. The mass 

spectrometer signal is typically found to be large and noisy in residual gas 

analysis as a result of hydrocarbon cracking (in diffusion p u m p systems) [18]. 

The D2O was degassed by several freeze-pump-thaw cycles prior to each 

set of experiments and introduced into the vacuum chamber through a leak 

valve. The ion gauge was switched off during D^O exposures in order to avoid 

dissociation at its hot filament. The relative D2O exposures were measured by 

integration of the mass spectrometer signal at m/e=20 with the sample moved 

out of line-of-sight of the detection chamber sampling orifice to ensure that 

exposure to dissociation products from the mass spectrometer filaments was 

insignificant. 
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CHAPTER 3 

THE ADSORPTION A N D REACTIONS OF WATER ON Si(100)-2xl AND 

Si(l l l )-7x7 SURFACES 
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3.1. INTRODUCTION. 

Despite the technological impor tance of we t oxidat ion in device 

fabrication, many fundamental aspects of the adsorption and reactions of water 

on silicon surfaces have not previously been addressed . The transition 

be tween active oxidation (SiO desorption) and passive oxidation (growth of 

SiOj) is determined by the surface temperature and the pressure of H2O and by 

the rate constants for adsorpt ion of H^O (the st icking probabil i ty) and 

desorpt ion of H; and SiO [1]. This chapter explores in detail the kinetics and 

mechanisms of D^O adsorpt ion on single crystal silicon surfaces and the 

subsequent desorption of Dj and SiO using TPD. 

The majority of the vast literature pertaining to water adsorption on 

silicon surfaces is concerned wi th the identity and characterisation of the 

adsorbed species. Although UPS spectra have been variously described in 

terms of molecular and dissociative adsorption, infrared spectroscopy has 

unequivocally identified surface Si-H and Si-OH groups following adsorption 

at 300 K [2, 3]. The dissociative mechanism is also supported by STM images 

which show that two dangling bonds are occupied simultaneously as the result 

of each chemisorption event [4] and that these occupied sites can be resolved 

into atomic features of different intensities [5]. However, at low coverages only 

dark, unresolved features can be imaged which, it is argued, are consistent with 

molecular chemisorption [5]. At surface temperatures in excess of about 500 K, 

the Si-OH decomposes rapidly to give Si-O-Si and fur ther Si-H. This is 

evidenced by a doubling of the integrated infrared absorption due to the Si-H 

stretching vibration with concurrent loss of integrated absorption due to the O-

H stretching vibration and the detection of f ragments result ing f rom the 

concomitant appearance of Si-O-Si in SSIMS [6] and LITD [7] experiments. 
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3.2. COVERAGE CALIBRATION 

The D2O coverages on Si(lOO) and Si ( l l l ) have been determined from the 

integrated D; TPD peak areas. An absolute and independent calibration can be 

obtained by considering the adsorption of atomic deuterium. Initially, atomic 

deu te r ium adsorbs at dangling bond sites on Si(lOO) and S i ( l l l ) bu t can 

subsequently react with and break Si-Si bonds. The desorption of molecular 

deu te r ium f rom both Si(lOO) and S i ( l l l ) is characterised by two TPD peaks 

which are labelled Pi and Pzand represent desorption from monodeuteride and 

f rom dideuteride species respectively. 

At 380±20 K, the saturat ion hydrogen atom coverage on Si(lOO) is 

characterised by an ordered 3x1 phase consisting of a l ternat ing rows of 

d ihyd r ide (HSiH) and monohydr ide (HSi-SiH) uni ts [9, 10] whereas at 

temperatures in excess of 600 K a saturated monohydride phase can be prepared 

[9]. The uptake plots for atomic deuterium adsorption on Si(lOO) at 373 K and 

650 K are presented in figure (1). By equating the saturation coverage at 650 K 

to 1 ML, the saturation coverage at 373 K is found to be 1.50±0.06 ML. A 

coverage of 1.33 ML is expected for a perfect lattice of alternating rows of 

dideuter ide and monodeuter ide units, however, adjacent rows of dideuteride 

units at domain boundaries [9] accounts for the present calibration. The TPD 

data also indicate that at 373 K, the p; peak first appears at a coverage of 

approximately 0.85 ML and is consistent with Boland's observation [9] that a 

saturated monohydride phase cannot be prepared at temperatures below 600 K. 

There is no structural evidence available to suggest a convenient 

coverage calibration for hydrogen (or deu te r ium) adsorbed on S i ( l l l ) . 

However , a saturat ion hydrogen atom coverage of 1.25±0.13 ML has been 

m e a s u r e d us ing nuclear reaction analysis [11]. The S i ( l l l ) - 7x7 DAS 

reconstruction can accommodate a hydrogen coverage of 19/49 (approximately 
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Figure (1). Deuterium atom uptake plots for Si(lOO) at (a) 650 K and 
(b) 373 K; experimental data ( • ) and spline through data (—). 

0.39) ML at dangling bond sites. Scission of all adatom-rest atom bonds to give 

adatom trihydride and further rest atom monohydride species is equivalent to 

a maximum hydrogen coverage of 1.37 ML. However, at room temperature 

and above, the aggregation of adatoms into islands [12] competes with adatom 

trihydride formation and results in a lower saturation coverage. In figure (2), 

the uptake plot for deuterium atom adsorption on S i ( l l l ) at 373 K has been 
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scaled to give a saturation coverage of 1.25 ML. Using this calibration, the pj 

peak first appears at a coverage of approximately 0.42 ML. This is in good 

agreement with the expected onset of adatom dideuteride and trideuteride 

formation at a coverage of 0.39 ML after saturation of all the dangling bonds of 

the Si(l l l)-7x7 reconstruction. 
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Figure (2). Deuterium atom uptake plot for S i ( l l l ) at 373 K; 
experimental data ( • ) and spline through data (—). 

Figure (3) demonstrates that there is a linear correlation between the 

yields of D; and SiO from both Si(lOO) and Si(ll l) . The SiO TPD peak areas and 

oxygen atom coverages have been calibrated by setting the gradients of these 

plots equal to 0.5 as required by the stoichiometry of D^O. The extrapolated SiO 

TPD area when the D; TPD area is zero is approximately 0.01-0.02 ML and is the 

consequence of residual HzO adsorption despite a base pressure of less than 

2 x 1 0 m b a r . 
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Si(lOO) and (b) S i ( l l l ) ; experimental data ( • ) and linear regression 
through data (—). 

3.3. RESULTS AND DISCUSSION 

A. Adsorption 

The DjO coverage on Si(lOO) is plotted as a function of exposure (at an 

average D^O pressure of 1x10 * mbar) in figures (4a) and (4b) for surface 

temperatures of 300 K and 423 K respectively. Absolute D^O exposures were 

determined by adjusting the experimentally measured exposures to give an 

initial sticking probability on Si(lOO) of uni ty at 300 K in accord with 

quant i ta t ive UPS and other measurements [13-18]. Using the calibration 

described above, the saturation D^O coverage is determined as 0.41±0.02 ML and 

corresponds to 0.18 ML of vacant sites if it is assumed that each D^O molecule 

dissociates and reacts with two dangling bonds. The saturation coverage was 

measured for surface temperatures between 300 K and 523 K and was found to 

28 



be constant. Previously, a saturation coverage of 0.5 ML after exposure to 2 L of 

HjO has been inferred from XPS data [18]. 

0) O) 
2 % 
o o 
O 
CM 

Q 

.0 0.2 0.4 0.6 0.8 1.0 1.2 

DgO exposure /L 

1.4 1.6 1.8 

Q) D5 
2 g 
o o 
o 
CM 

Q 

0.5 1.0 1.5 2.0 2.5 3.0 

DgO exposure /L 

Figure (4). D2O coverage on Si(lOO) as a function of exposure at (a) 
300 K and (b) 423 K; experimental data ( • ) and fit to first order 
Langmuir kinetics (—). 
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At 300 K, the sticking probability is constant up to 95% of the saturation 

coverage and then decreases rapidly. This behaviour is characteristic of 

adsorpt ion involving a long-lived, mobile extrinsic precursor which is able to 

migrate over occupied sites and eventually adsorb at vacant sites. A long-lived 

precursor is not unreasonable since a relatively strong interaction is expected 

between D2O and Si-OD and Si-D through hydrogen bonding. STM images [4, 5] 

show that following H^O adsorption at 300 K, occupied sites are clustered rather 

than distributed randomly which requires that an HjO molecule incident at an 

unoccupied site can migrate to and dissociate at the perimeter of an island via a 

mobile intrinsic precursor state. At higher surface temperatures the life-time of 

the extrinsic precursor and hence the probability of chemisorption at vacant 

sites are reduced. In the limit that the rate of desorption f rom the extrinsic 

precursor state is much greater than the rate of migration to other sites, the 

coverage dependence of the sticking probability is de termined by the site 

r e q u i r e m e n t for chemisorp t ion (Langmuir adso rp t ion kinetics). Since 

dissociative adsorption requires two adjacent sites, the coverage dependence of 

the sticking probability, s, might be expected to be described by 

S = So(l - (1) 

where 9 is the coverage, 0, is the saturation coverage and s„ is the initial 

sticking probability. However, a single site is required by first order Langmuir 

adsorption kinetics and thus the sticking probability is given by 

de 
s = = s,(i - (%,) (2) 

where e is the exposure. Integration of equation (2) gives 

% = l - e x p ( - S o e ) 
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and hence a plot of -ln(l-8/6,) against exposure is linear. At 423 K, the sticking 

probability decreases with coverage and surprisingly, the experimental data can 

be fitted to first order adsorption kinetics (using equation (3)) as shown in 

figure (4b). However, it is clear from figure (5) that adsorption at a surface 

temperature of 300 K cannot be described by first order Langmuir kinetics. 

Exposure /L 

Figure (5). Plot of - l n ( l - 0 / 9 , ) against exposure for surface 
temperatures of 300 K ( • ) and 423 K (A). 

First order Langmuir adsorption kinetics can only be reconciled with 

either a single or two correlated adsorption sites. STM images have shown that 

both dangling bonds of a single dimer or occasionally diagonally adjacent 

dang l ing bonds are occupied s imul taneously as the resul t of each 

chemisorption event [4], Furthermore, the absence of chemical splitting of the 

Si-H stretching mode [19] indicates that HSi-SiH, which would arise from 

r a n d o m adsorp t ion across two dimers , is not present in detectable 
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concentrations. Hence, each dimer can be considered as a single adsorption site 

or two correlated dangling bonds and it follows that adsorption is described by 

first order kinetics. 

The initial sticking probabil i ty for D^O adsorp t ion on Si(lOO) was 

measured as a function of surface temperature by integration of TPD peak 

areas and is plotted in figure (6). The observed decrease in sticking probability 

wi th increasing surface temperature is characteristic of precursor mediated 

adsorpt ion kinetics. The precursor model predicts that the surface temperature 

dependence of the initial sticking probability is given by 

' " ' ^ ' " l + ' X e x p [ - ( E , - £ , ) / R T ] 

where a is the probability of trapping into the precursor state, -û  and v, are the 

pre-exponential factors for desorption and chemisorption f rom the precursor 

state respectively and Ê , and E, are the corresponding activation energies [20]. 

The model assumes that a does not vary with surface temperature and that 

there is no contribution from a direct chemisorption channel. Weighted linear 

regression of ln(%-1) against 1 /T gives E,,-E, = 6.72+0.15 kcal mol ^ and x),jx),= 

1120±140 for DjO adsorption on Si(100)-2xl. An initial sticking probability of 

unity at low temperatures requires that a = 1. The fit to the experimental data 

obtained using these parameters is plotted in figure (6). The values of s„, E,-E, 

and for some molecular adsorbates on Si(lOO) and Ge(lOO) are collated in 

table (1). The initial sticking probabilities are generally high and precursor 

media ted adsorpt ion has been suggested in all cases. It can be seen that the 

value for E,,-E, obtained here is comparable to that for H Q adsorpt ion on 

Ge(lOO) but is somewhat higher than the rest. This may be the result of a 

relatively strong dipole - induced dipole interaction between D2O and Si(lOO) 

and between HCl and Ge(lOO) compared to the weak van der Waals interaction 



of the molecular halogens and hydrocarbons with Si(lOO). However, the 

equilibrium bond lengths and bond energies for chemisorption and the orbital 

overlap between adsorbate and dimer may also determine the cross-over 

between precursor and chemisorption potential wells [26, 35]. It has been 

proposed that the chemisorption of hydrides on Si(lOO) and Ge(lOO) involves a 

four center transition state [33, 35]. Thus the nine degrees of freedom of D^O in 

a precursor state which resembles a two dimensional gas, become eight 

vibrations and the reaction coordinate in the highly constrained transition 

state. It is not surprising, therefore, that the entropy of activation for 

chemisorption is large and negative and hence that the pre-exponential factor 

for desorption from the precursor state greatly exceeds that for chemisorption. 
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Figure (6). Tempera tu re dependence of the initial st icking 
probability of D^O on Si(lOO); experimental data with 90 % confidence 
limits ( • ) and fit to precursor model (—). 
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T a b l e (1). C o m p a r i s o n of s a t u r a t i o n c o v e r a g e s a n d a d s o r p t i o n k i n e t i c s f o r s o m e 

m o l e c u l a r a d s o r b a t e s o n Si(lOO) a n d Ge(lOO). 

Substrate Adsorbate So (surface 

temperature) 

Saturation 

coverage 

/ML 

Eij-Ec /kcal 

mol'^ 

Reference 

SKIOO) H2O IC^OK) 0.5 

0.41±0.02 

0.2-0.3 

6.7+0.2 1120±140 

[13] 

This work 

[21] 

SKIOO) H2S 1(<550 K) 0.5 [13] 

SKIOO) NH3 i n 2 0 K ) 0.58+0.18 

&25 

[22] 

[23] 

Si(lOO) CH3I 1(273 K) 0.43+0.04 [24] 

SKioo) CI2 1(100 K) 

0.54 (300 K) 

0.44 

0.5+0.05 

0.7±0.1 5 

[25] 

[26] 

[27] 

SXlOO) F2 a 4 6 ( < 6 M K ) [28] 

Si(lOO) Br2 0.55 (300 K) 0.7±0.2 [26] 

SKioo) I2 0.80 (300 K) 2.5±0.7 70±10 [26] 

Si(lOO) C2H2 l a O S K ) a42 

037 

1.9+0.6 19±10 [29] 

[30] 

SKioo) C2H4 1^05 K) Oj+OIG 

037 

2.9 27 [31] 

[30] 

SKioo) HCl a25 [32] 

Ge(lOO) H2O &28 (173 Kj [33] 

Ce(lOO) H2S 0.23 (<373 K) 

0.2 (300 K) 

[33] 

[34] 

Ce(lOO) HCl 0.6 (270 K) 6.3 70000 [35] 

Ce(lOO) HBr 0.7 (<400 K) [35] 
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Adsorpt ion on Si(lOO) is apparently complete at a coverage of 0.41 ML. 

The remaining 0.18 ML of unoccupied sites can be identif ied wi th isolated 

(unpaired) dangl ing bonds which are characterised by bright spots in both 

occupied and unoccupied state STM images [4, 36]. In figure (3) of reference [4] 

these bright spots can be clearly distinguished on the lower terrace and are 

easily counted. If each bright spot represents a single unoccupied dangling 

bond then the coverage of H^O is estimated as 0.42 ML in excellent agreement 

wi th the present result. These isolated dangling bonds are presumably the 

consequence of adsorpt ion across diagonally adjacent dangling bonds. The 

saturat ion coverages of some molecular adsorbates, all of which require two 

adjacent dangling bond sites for adsorption, are given in table (1). Saturation at 

less than 0.5 ML has been attributed to defect sites [24, 29, 31] despite an intrinsic 

defect density on Si(lOO) of 1% or less [4, 5, 36, 37]. However, it seems more 

reasonable to propose that in many, if not all cases, isolated dangling bonds 

remain as a result of adsorption across two adjacent dimers. 

The DjO coverage on S i ( l l l ) at 373 K is plotted as a function of exposure 

(at average DjO pressures be tween 1x10 ^ and 1x10 mbar) in f igure (7). 

Adsorpt ion is initially rapid but becomes very much slower for coverages in 

excess of 0.1 ML. Experiments with the main chamber ion gauge switched on 

demonstrated that dissociation of DjO at the hot filament and the subsequent 

adsorp t ion of D- or OD- is significant when the sticking probabil i ty for 

molecular water is low (see figure (7)). The saturation coverage of DjO on 

Si(l l l )-7x7 is measured as 0.22±0.02 ML and corresponds to saturation of all the 

dangling bonds of the 7x7 DAS reconstruction if it is assumed that each DjO 

molecule dissociates and occupies two such sites. This is consistent with the 

observat ion [38] that the 7x7 LEED pattern remains after large exposures 

although the spot intensities are decreased and suggests that the Si-Si bonds are 

not broken. The saturation coverages of NH, [39, 40], PH, [41] and H^S [42], all of 
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which require two sites for dissociative adsorption are also approximately 0.2 

ML. 
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Figure (7). D^O coverage on S i ( l l l ) at 373 K as a funct ion of 
exposure; ion gauge off ( • ) , ion gauge on ( a ) , spline through data 
(—)• 

Dissociative adsorpt ion is most likely to involve adatom - rest atom 

dangling bond pairs which are separated by approximately 4.6 A [43]. The 

closest adatom - adatom and rest atom - rest atom dangling bond pairs are 

separated by approximately 6.7 A and 19.2 A respectively. An STM "reaction 

map" [44] has shown that twice as many center adatoms as corner adatoms react 

(the total number of reacted adatoms is approximately 0.1 ML) since each center 

adatom has two rest atom neighbours whereas each corner adatom has only 

one rest atom neighbour. Similarly, it has been proposed that adsorbs 
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across adjacent adatom - rest atom dangling bond pairs but wi thout dissociation 

such tha t twice as m a n y center ada toms as corner ada toms and only three 

a d a t o m s in each t r iangular sub uni t (corresponding to the n u m b e r of rest 

atoms) are observed to react [45]. Saturation of all the adatom - rest atom pairs 

(twelve of the nineteen dangl ing bonds) corresponds to a D2O coverage of 0.12 

ML. The inset in f igure (7) indicates that the initially rapid uptake is complete 

by abou t 0.1 ML which approximate ly correlates wi th sa tura t ion of all the 

a d a t o m - rest a tom pairs. Reaction at the remain ing 0.14 ML of isolated 

dangl ing bonds is characterised by a very much lower sticking probability which 

is reasonable since these sites will be separated by at least 6.7 A. A saturation 

coverage of approximately 0.4 ML of H^O has been obtained by George et al. [7] 

but this value seems unlikely given the evidence presented above. 

Despi te the very large exposures requi red to achieve sa tura t ion , the 

initial st icking probabili ty on Si ( l l l ) -7x7 is h igh and measured as 0.23+0.08. 

Since this is associated wi th adsorpt ion across an ada tom - rest a tom pair, it is 

no t s u r p r i s i n g to f ind tha t occasionally a d s o r p t i o n on Si(lOO) involves 

diagonal ly adjacent dangl ing bonds which are also separated by about 4.6 A , 

a l t h o u g h the loss of t w o t c -bonds r a t h e r t h a n one m a k e s th i s 

thermodynamica l ly less favourable. The initial rap id up take on Si( l l l ) -7x7, 

Si(100)-2xl and other reconstruct ions has been repor ted previously and an 

initial sticking probability of unity has been established for Si(100)-2xl at room 

t e m p e r a t u r e [13-18]. Subsequent ly adsorp t ion is very m u c h s lower on all 

p lanes including Si(100)-2xl. Indeed, it is found that a l though the initial rapid 

adsorpt ion on Si(lOO) is complete after an exposure of less than 1 L, saturation 

is not complete by 1000 L [14]. The adsorption of DjO on Si(100)-2xl and Si ( l l l ) -

7x7 has been described and interpreted above in terms of adsorption at adjacent 

dangl ing bond sites. Clearly, saturation at 0.5 ML for Si(100)-2xl and at 0.2 ML 

for S i ( l l l ) -7x7 can only be achieved by adsorpt ion at the remaining isolated 
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dangling bonds and it is entirely reasonable to find that this is associated with a 

low sticking probability. Other adsorbates behave similarly; the adsorption of 

both CI2 [25, 27] and NH3 [22] on Si(100)-2xl is initially rapid but is followed by 

slow adsorption until saturation. 

B. Desorption 

Representative TPD data for the two desorption products, D; and SiO, are 

presented in figure (8) for both Si(lOO) and Si( l l l ) . Qualitatively similar data 

for D2 desorpt ion f rom Si(lOO) and H. and SiO desorption f rom S i ( l l l ) have 

been reported elsewhere [10, 11]. The D, TPD peaks are similar to the (3i peaks 

which are characteristic of deuterium desorption from Si(lOO) and S i ( l l l ) [46, 

47] except that a small and coverage independent fraction of the deuterium is 

retained to higher temperatures. For Si(lOO) this fraction is about 10% of the 

total peak area and appears as a shoulder whereas for S i ( l l l ) it is less clearly 

resolved b u t represents approximately 15% of the total peak area and 

contributes to a considerable broadening of the peak. The SiO TPD data are 

similar to those resulting from oxygen adsorption on Si(lOO) and S i ( l l l ) [48, 49]. 

The shoulder observed at high temperatures on S i ( l l l ) is believed to be a 

consequence of the complex desorption kinetics [51]. These data have a poorer 

signal-to-noise ratio^ and are superimposed on a relatively large background 

due to the coincidence of the SiO+ and ambient CO2+ signals at m/e=44 and the 

lower sensitivity of the mass spectrometer to SiO compared with D .̂ 

The peak temperature of the D; TPD peak from both Si(lOO) and S i ( l l l ) is 

dependent on the initial water coverage; this has not been reported previously. 

In figures (9a) and (10) the D; TPD peak temperature is plotted as a function of 

initial water coverage on Si(lOO) and S i ( l l l ) respectively and compared with 

the expected peak tempera ture [50] for an equivalent coverage of atomic 

deuter ium only. The equivalent coverage of atomic deuter ium corresponds to 
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Figure (8). D. (O) and SiO (O) TPD data for initial D2O coverages of (a) 
0.3 ML on Si(lOO) and (b) 0.15 ML on Si(lll) . 

90 % of twice the initial water coverage in figure (9a) and to 85% of twice the 

initial water coverage in figure (10). It is necessary to take into account the 

small amount of ambient H^O adsorption (0.01-0.02 ML) since this results in 

desorption of H,, HD and but only the D / signal (and any overlap with the 

HD+ signal) is detected. This is only of any consequence at very low D^O 
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coverages and in particular at the lowest measured coverages on Si ( l l l ) . 

Kinetic models have been developed to describe the desorption of deuterium 

via the (3, channel from both Si(lOO) and Si ( l l l ) [46, 47] and can be applied to 

the present data if it is assumed that the same desorption mechanisms are 

invo lved . 
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exper imenta l data ( • ) , regress ion th rough data (—), peak 
temperatures for atomic deuterium coverage only (—) and peak 
maxima calculated using regressed activation energies ( ). 

40 



850 

E 
3 
E 
'x 
nj 
E 

I 
Q 
a 
I -
CM 

Q 

840 -

830 -

820 

810 

ft 

0.00 0.05 0.10 0.15 

Water coverage /ML 

0.20 0.25 

Figure (10). TPD peak temperature as a function of initial water 
coverage on S i ( l l l ) ; exper imenta l data ( • ) , expected peak 
temperature for an equivalent coverage of atomic deuterium only 
( - ) • 

It has been proposed that unoccupied dimers (Si=Si), singly occupied 

dimers (D-Si-Si-) and doubly occupied dimers (D-Si-Si-D) are in dynamic 

equilibrium [51] on Si(lOO). 

D-Si-Si-D + Si=Si =5̂  2 D-Si-Si- (5) 

The equilibrium coverage of doubly occupied dimers can be obtained from a 

simple lattice gas model [46] in which the enthalpy for the forward reaction is 

approximately equal to the 7i-bond energy. If it is assumed that desorption of 

molecular deuterium occurs exclusively from doubly occupied dimers, then 

the rate of change of fractional coverage can be written as 

dQ 
= xexp(-E^/A;T) 

(6) dt 
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where 0 is the total coverage, 9,i is the coverage of doubly occupied dimers, u is 

the pre-exponential factor and is the activation energy for desorption. The 

Si(lOO) D; TPD data were fitted using this model and an activation energy for 

desorption that was allowed to vary with initial water coverage. A 7i-bond 

energy of 4 kcal mol ' and a pre-exponential factor of 1x10^= s'̂  were required to 

fit the peaks and to give the appropriate peak temperatures at low coverages. 

The activation energy for desorption is approximately 56 kcal m o l ' at low 

initial water coverages and for coverages of deuter ium atoms only [50]. 

However, the activation energy for desorption increases almost linearly with 

increasing initial water coverage to a maximum of about 58 kcal mol"' as shown 

in figure (9b). A typical fit is shown in figure (11) and clearly demonstrates that 

the model described above is appropriate for the 90% of adsorbed deuterium 

represented by the main peak. 

w 0.02 

700 800 900 

Temperature /K 

1000 

Figure (11). D; TPD data for an initial DjO coverage of 0.29 ML on 
Si(lOO) ( • ) and fit using model described in text for an equivalent 
deuterium atom coverage of 0.52 ML (—). 

42 



For S i ( l l l ) , it has been proposed that two second order desorpt ion 

channels, designated AA and AB, constitute the p, TPD peak and represent 

recombinative desorpt ion f rom adjacent A sites and adjacent A and B sites 

respectively [47]. It is required that adsorption of deuterium atoms at A sites is 

energetically more favourable than adsorption at B sites by an amount denoted 

as AE. The equilibrium coverages of deuterium adsorbed at A sites, 8*, and at B 

sites, 9b, can be calculated for a given value of AE and as a funct ion of 

temperature since diffusion is much faster than desorption [52]. Hence, the rate 

of desorption is then given by 

^ exp(-E^^ / RT) + exp(-E^g / RT) (7) 

where N is the number of silicon atoms in one monolayer , 0 is the total 

deuter ium atom coverage, and are pre-exponential factors and Eaa and 

Eab are activation energies for desorption. STM images [12] have shown that 

low hydrogen atom coverages can be accommodated at the dangling bond sites 

wi thout disruption of the 7x7 reconstruction. Hence, for coverages less than 

the dangling bond density, the A and B sites have been correlated wi th rest 

atom and adatom sites respectively which implies that of the 19/49 ML of sites 

available, 7 /49 ML are A sites and 12/49 ML are B sites. At low coverages the 

AA desorption channel dominates but at higher coverages the AB channel has 

an increasingly impor tan t influence on both the peak shape and peak 

temperature [47]. 

In previous studies, the appropriate values of 1)̂ 8, Eaa/ Eab and AE 

have been established as 2x10'^ s \ 1x10'^ s 5 6 . 4 kcal mol \ 57.0 kcal moH and 2.5 

kcal mol^ respectively by simulation of the TPD data [47, 50]. However, only 

the leading edge of the TPD peak is available in the present study (since there is 

considerable broadening) and hence it proved impossible to extract Eaa and Eab 

as a funct ion of initial water coverage. The experimental peak temperatures 
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plotted in figure (10) are in good agreement with the model described above for 

initial water coverages less than 0.07 ML. Thus it can be concluded that the AA 

route is largely unaffected by the presence of oxygen at low initial water 

coverages. At higher coverages, the expected and exper imenta l peak 

tempera tures deviate, presumably as a consequence of the effect of oxygen 

atoms on the AB desorpt ion channel in particular and the AA desorpt ion 

channel to a lesser extent. It is noted here that adatom back bonds react with 

chlorine [53], atomic hydrogen [12] and molecular oxygen [44, 54] but rest atom 

back bonds do not. Thus it is reasonable to suppose that the insertion of oxygen 

atoms into the surface is associated mainly with the adatoms whereas rest 

atoms, and hence the AA desorption channel, are affected less. 

The reac t ion of molecular oxygen wi th S i ( l l l ) and Si(lOO) is 

characterised by four chemically shifted features in Si 2py2 X-ray photoelectron 

spectra which have been assigned to surface and sub-surface silicon atoms 

bonded to one (SiO), two (SiO^), three (SiO,) and four (SiOJ oxygen atoms 

respectively [55-57], Annealing at and above 773 K causes a considerable 

increase in the concentration of SiO, and SiO^ units for both surfaces and 

regardless of coverage with a concomitant decrease in the concentration of SiO 

units. Thermal decomposition of Si-OH to Si-H and Si-O-Si occurs at surface 

temperatures above 300 K but is rapid at temperatures in excess of 500 K [6]. 

Consequently, Si Zp,/; features corresponding to SiO and SiOj develop after 

annealing at 640 K whereas SiOj and SiO^ units appear after annealing to 870 K. 

The insertion of oxygen into silicon - silicon bonds is most likely to involve the 

strained dimer bonds and the disappearance of the 2x1 LEED pattern above 500 

K [58] supports this assumption. In addition to the Si Zp /̂̂  features resulting 

from Si-O bonding, surface core level shifts, which are a characteristic of the 

clean surface, are also observed after annealing to 870 K. This suggests that 
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oxygen penetrates the lattice and is incorporated into the sub - surface bonding 

prior to desorption. 

Infrared spectroscopy [19, 59-63] and EELS [16, 38, 64-67] identify the 

dissociative adsorption of H^O on Si(lOO) and S i ( l l l ) at 300 K with a single Si-H 

stretching mode at 2073 - 2097 cm '. The Si-H stretching mode is found at 2087 

cm 1 by transmission infrared spectroscopy of H^O adsorbed on porous silicon 

but is replaced by four new features at 2102, 2119, 2176 and 2268 c m ' after 

annealing to 640 K [60]. These absorptions have been assigned to Si-H stretching 

vibrations with no oxygen nearest neighbours (H-Si) and one (H-SiO), two (H-

SiO;), and three (H-SiOJ oxygen nearest neighbours respectively by comparison 

wi th molecular analogues. Similarly, internal reflection infrared spectroscopy 

can resolve a number of Si-H absorptions after annealing H2O adsorbed on 

Si(lOO) at only 420 K [19, 61]. Some typical Si-H stretching frequencies for 

molecular compounds are plotted in figure (12). Hence the Si-H stretching 

frequency is increased a little by interaction with distant oxygen atoms and one 

oxygen nearest neighbour but is shifted much further by two and three oxygen 

nearest neighbours. Four Si-H stretching modes are observed at 2090, 2155, 2220 

and 2285 cm ' by EELS after atomic hydrogen adsorption on Si(lOO) pre-exposed 

to molecular oxygen and correspond to H-Si, H-SiO, H-SiO^ and H-SiO^ 

respectively [75, 76]. As the surface temperature is increased most of the 

hydrogen desorbs between 700 and 850 K from H-Si and H-SiO but some is 

re ta ined as H-SiO^ and H-SiO^ and desorbs at about 1050 K. Moreover, an 

increase in the integrated intensity due to H-SiO; and H-SiO, suggests that 

hydrogen diffuses from H-Si and H-SiO to SiO; and SiOj sites between 600 and 

800%: 

The evidence described above suggests that aggregation of oxygen as SiOj, 

S i O j and SiO^ occurs prior to and dur ing the desorpt ion of molecular 
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Figure (12). The effect of oxygen nearest neighbours on the Si-H 
stretching frequency in molecular compounds [68-74]. Only R,Si-H, 
(RO)R2Si-H, (ROjjRSi-H and (RO))Si-H where R are saturated alkyl or 
silylalkyl groups are considered. 

deuterium. The number of SiOj and SiO^ surface sites will be smaller than the 

deuterium atom coverage and hence most deuterium will desorb from surface 

silicon atoms with no oxygen nearest neighbours. It is not surprising, 

therefore, that most of the adsorbed deuterium desorbs via the pj channel. 

However, the data presented in figures (9b) and (10) indicate that the activation 

energy for desorption from such sites increases with oxygen atom coverage. 

This is probably a consequence of an extended and cumulative electronic 

interaction [77] between Si-D bonds and oxygen atoms which may be third and 

fifth nearest neighbours. It has been suggested that the shoulder on the peak 

from Si(lOO) is the result of hydrogen bonding between Si-D and oxygen defect 

sites [7]. In view of the evidence regarding Si-H stretching frequencies discussed 

above, it is proposed here that deuterium adsorbed at SiO; and SiO^ sites is 
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considerably more strongly bound than deuterium adsorbed at surface silicon 

a toms wi th only one oxygen nearest ne ighbour or wi th dis tant oxygen 

neighbours and is therefore retained to higher temperatures on both Si(lOO) 

and Si ( l l l ) . 

In their detailed studies of oxygen adsorbed on Si(lOO), Engel et al. report 

that desorption of SiO is heterogeneous for coverages as low as 0.3 ML and may 

occur at the perimeters of shrinking oxide islands or expanding voids [48, 49]. 

They conclude that desorpt ion can be described by first order kinetics at 

coverages less than 0.3 ML but that the kinetics are more complex at higher 

coverages. The SiO TPD peak temperature is plotted as a function of initial D^O 

coverage in figure (13). These data are in agreement with the results of Engel et 

al. [49] which show that the peak temperature increased rapidly with increasing 

initial oxygen coverage below about O. l ML but more slowly at higher 

coverages [49]. The absolute peak temperatures are similar but cannot be 

compared in detail because of the different heat ing rates used. Some 

representative SiO TPD data are plotted in figure (14) for a range of initial D^O 

coverages. These data can be simulated and are fitted well by first order 

desorption kinetics with a pre-exponential factor of 2.5x10'' s' and an activation 

energy that increases with initial D^O coverage from 75 kcal mol' at 0.05 ML to 

80 kcal m o l ' at 0.4 ML as shown in figure (14). If heterogeneous desorption 

occurs in this case also, it may be more appropriate to vary the pre-exponential 

factor rather than (or as well as) the activation energy. Reasonable but 

somewhat less satisfactory fits were obtained with a fixed activation energy of 

75 kcal mol l and a pre-exponential factor that decreases with initial D^O 

coverage from 2.5x10'^ s' at 0.05 ML to 2.5x10'^ s' at 0.4 ML. Regardless of which 

combinat ion of pre-exponential factor and activation energy is chosen to 

represent the data, the overall rate constants are very similar to those reported 

by Engel et al. [49] for SiO desorption in the absence of adsorbed deuterium. 

47 



X 
(G 
E 
CO 
0) 
Q. 

970 -

960 -

950 -

940 

930 -

920 -

0.2 0.3 

DgO coverage /ML 

0.4 

Figure (13). SiO TPD peak temperatures as a funct ion of DgO 
coverage on Si(lOO); experimental data ( • ) and regression through 
data (—). 

Since first order kinetics seem appropriate, it follows that the most likely 

transition state would result from the breaking of a single surface - SiO bond so 

l iberat ing SiO. The measured pre-exponent ia l factor is two orders of 

magni tude higher than that found and justified for desorption [47] but can be 

rationalized solely on transition state theory arguments. In order to do this, it 

is necessary to consider the six vibrational degrees of f reedom of SiO in the 

surface that become the reaction coordinate and five v ibra t ional / in terna l 

rotational modes in the transition state leading to the gaseous SiO product. To 

a first approximation, the Si=0 stretching vibration can be considered as being 

unchanged in going f rom the reactant to the transit ion state and hence 

contributes zero to the entropy of activation (AS*)- If the transition state is then 

considered to consist of three bending modes (i) = 100 cm ' ) and one free 
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internal rotation of the O atom about a single Si - surface bond (S" = 9.2 cal K ' 

mol ' at 1000 K) and if the five remaining stretching/deformation modes of the 

reactant SiO group are assigned a geometric mean frequency of 700 cm \ a 

calculated f requency factor, (ekT/h).exp(ASVR), equal to 2x10'^ s-' for a 

temperature of 1000 K results. Hence, in spite of its seemingly high value, the 

pre-exponential factor is not unreasonable. 
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Figure (14). SiO TPD from Si(lOO) for initial D^O coverages of 0.05, 
0.09, 0.2, 0.28 and 0.4 ML; experimental data ( • ) and fit to first order 
desorption kinetics (—). The background signal due to CO2+ has been 
subtracted. 

C. Reaction with atomic deuterium 

The coverages of deuterium and oxygen on Si(lOO) have been measured 

after reaction of an initial D^O coverage of 0.41 ML (apparent saturation) with 

atomic deuter ium at 300 K. In figure (15), the oxygen atom coverage, as 

determined by the SiO TPD peak area, is plotted as a function of deuterium 
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atom exposure. Surprisingly, it was found that some (approximately 17% or 

0.07 ML) but not all of the surface oxygen could be removed. However, if the 

surface was annealed at 600 K for 10 minutes after exposure to D^O at 300 K, 

none of the oxygen could be removed. A total hydrogen coverage of about 1.5 

ML was achieved at a surface temperature of 300 K, regardless of whether or not 

the surface had been annealed. The initial sticking probabili ty for atomic 

d e u t e r i u m is approximate ly five times greater than the initial reaction 

probability for loss of oxygen. Exposure to 140 L of undissociated molecular 

deuter ium did not result in any reaction on the surface. 
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Figure (15). Reaction of surface oxygen with atomic deuterium; no 
annealing (O) annealed at 600K for 10 minutes prior to reaction with 
atomic deuterium at 300 K (•) . 

Atomic hydrogen or deuter ium is known to react with a number of 

adsorbates on silicon surfaces [78-86]. Chabal has noted (without giving details) 

that the vibrational spectrum of Si(lOO) exposed to 2L of H^O is modif ied 
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following reaction with atomic hydrogen [62]. Recently, Ikeda et al. [86] have 

measured EELS intensities dur ing the reaction at room temperature of HjO 

adsorbed on Si(lOO) with atomic hydrogen. Their data show that exposure to 

atomic hydrogen induces the decomposit ion of Si-OH as evidenced by an 

increase in intensity of the signal due to Si-O-Si and led them to propose 

reaction (8). 

+ + I i : (8) 

However , the rate of production of Si-O-Si was less than the rate of loss of Si-

O H in the early stages of reaction and hence another competing process was 

suggested which is represented by reaction (9). 

Si-OH + H Si- + H , 0 (9) 

The data given in figure (15) strongly support this suggestion by showing that 

reaction of Si-OD with atomic deuterium results in loss of oxygen (since no loss 

of oxygen is observed after thermal decomposition of all the Si-OD to Si-O-Si). 

It is unclear why reaction (9) does not proceed fur ther al though Ikeda et al. 

suggest that the presence of dihydride species may inhibit the reaction. In 

suppor t of this, the present data indicate an approximate correlation between 

the completion of reaction (9) and the appearance of the p; desorpt ion peak. 

However , it is clear that the chemistry of these processes is not well understood 

and deserves a thorough study, ideally using molecular beam techniques. 

3.4. CONCLUSIONS 

The adsorpt ion of DjO on Si(lOO) involves both intrinsic and extrinsic 

precursor states. At a surface temperature of 300 K the precursor can diffuse to 

many sites and hence the sticking probability is independent of coverage to 95% 

of the apparent saturation coverage. In the limit that the rate of desorption 

f rom the precursor states is much greater than the rate of dif fusion, the 

coverage dependence of the sticking probability is described by first order 

Langmuir kinetics because adsorption across both dangling bonds of a single 
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dimer is preferred. Occasionally, adsorption involves two diagonally adjacent 

dangling bonds and as a result 0.18 ML of isolated dangling bonds are left at the 

apparent saturat ion coverage. Similarly, adsorpt ion across all the available 

adatom - rest atom dangling bond pairs of the S i ( l l l ) - 7x7 reconstruction is 

associated wi th a high sticking probabili ty but reaction of the remaining 

isolated adatom dangling bonds occurs with very much reduced probability. 

Desorption of 90% of the adsorbed deuterium on Si(lOO) and 85% of the 

adsorbed deu te r ium on S i ( l l l ) involves the same mechanisms that have 

previously been invoked to describe the p, TPD peak in the absence of adsorbed 

oxygen. The remaining coverage independent fraction of adsorbed deuterium 

is more closely associated with the desorption of SiO. It is proposed that one 

oxygen nearest neighbour and more distant oxygen nearest neighbours do not 

s t rongly inf luence deso rp t ion a l though an ex tended and cumula t ive 

interaction does increase the activation energy. However, deuter ium adsorbed 

at SiO; and SiO,-, sites is more strongly b o u n d and desorbs at higher 

temperatures. The desorption of SiO from Si(lOO) can be simulated using first 

order kinetics wi th an activation energy that increases wi th initial DjO 

coverage. Al though the pre-exponential factor is high, it is nevertheless 

consistent wi th transition state theory. The presence of adsorbed deuter ium 

seems to have little or no effect on the rate constant for desorption of SiO. 
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CHAPTER 4 

A QUASI-EQUILIBRIUM MODEL FOR THE UPTAKE KINETICS OF 

HYDROGEN ATOMS ON Si(lOO) 
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4.1. INTRODUCTION 

The adsorption and abstraction mechanisms of hydrogen atoms (H ) and 

deu te r ium atoms (D-) incident on sihcon surfaces remain speculative and 

controversial despite recent kinetic studies [1-4]. 

Discussions and analyses of adsorpt ion kinetics and dynamics have 

extensively invoked the notion of both intrinsic (above empty sites) and 

extrinsic (above occupied sites) physisorbed precursors [5, 6]. In the simple 

Lennard-Jones descript ion of an indirect adsorp t ion process and kinetic 

analyses based on it, the incident atom or molecule becomes t rapped in a 

physisorpt ion well prior to chemisorption or return to the gas phase. Many 

sites can be investigated by the precursor when the rate constant for diffusion is 

much bigger than that for desorption and hence it is of ten found that the 

sticking coefficient for chemisorption is high and remains constant until near 

saturation. Kaesmo and Harris [7] have recognised that energy accommodation 

in the chemisorpt ion potential well may be slow such that the adsorbate 

becomes trapped in vibrational levels above the barrier to diffusion. Although 

this has received relatively little attention, "hot precursors" may be important 

in both adsorption [8] and reaction [9, 10] mechanisms. 

Convent ional ly , surface reactions are considered in terms of the 

L a n g m u i r - H i n s h e l w o o d mechan i sm which involves react ion be tween 

chemisorbed species on adjacent sites, or the Eley-Rideal mechanism which 

requires a direct collision between a gas phase reactant and a chemisorbed 

species. Experimental evidence for the latter mechanism from kinetic studies 

is scarce and not entirely convincing. However, recent molecular beam studies 

[11-13] of H- abstraction of D adsorbed on C u ( l l l ) and CI adsorbed on A u ( l l l ) 

are regarded as definitive investigations of Eley-Rideal dynamics. 
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In this chapter the uptake kinetics of H- and D on Si(lOO) are interpreted 

by considering adsorption, abstraction and desorption reactions. The initial 

gradients of the H and D- uptake plots represent adsorption at dangling bond 

sites only. In the absence of an independent calibration of the H- and D- fluxes, 

the same rate constant, k, is assumed in both equations (1) and (2). 

ff - sz (1) 

D + S z — ( 2 ) 

The abstraction reactions are followed by measuring the H^, HD and D; TPD 

yields after reaction of H- with adsorbed D or reaction of D- with adsorbed H. 

Previously [1, 2], an Eley-Rideal abstraction mechanism has been considered 

such that 

H •+H - Si——— 

D. +D - Si > Si + D; 

(5) 

(6) 

where kHH, k̂ D and k̂ H are the corresponding rate constants. Both Widdra 

et al. [1] and Koleske et al. [2] have reported that there is no observable isotope 

effect for abstraction with the rate constant given as 0.36k, and (0.5±0.1)k, 

respectively. If H- adsorption is described by first order Langmuir kinetics then 

the steady state saturation coverage is 1/(1 + ''""/ ) since 

H • +D - Sf ) -Sz + HD 

D-+H- Si ) Sf + HD 

^ = Fk,a-e)-Fk„„e (7) 

where F is the H- flux and 8 is the coverage. However, STM images [14] have 

shown that adsorption of H- on Si(lOO) at 600 K results in a saturation coverage 

of 1 ML which seems to be inconsistent with a high probability for abstraction. 

Koleske et al. [2] have suggested that either surface dihydride or sub-surface 

h y d r o g e n exist dur ing exposure to H- which then react to give surface 

monohydr ide when the H source is turned off. More recently, Widdra et al. [1] 

have shown that incident D can diffuse across the surface at 150 K despite the 
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high activation barrier and have proposed that a hot precursor is able to 

investigate a number of adsorption sites whilst in excited vibrational levels of 

the Si-D potential. They then argue that the rate of adsorption is consequently 

much greater than Fk,(l-6) at saturation and hence a coverage of almost 1 ML 

can be reconciled with abstraction. In the present study, new data concerning 

bo th adsorp t ion and abstraction processes are presented and appropr ia te 

mechanisms are discussed. 

4.2. RESULTS. 

Uptake plots for D- and H- on Si(lOO) at 635 K are presented in figures (la) 

and (lb) respectively. The measured exposures to H- have been scaled such that 

the initial sticking probability is the same as for D . An independent calibration 

of the relative H- and D- fluxes is desirable but difficult to obtain with any 

accuracy. The rates of impingement of H; and D; on the filament cannot be 

calculated using the Hertz-Knudsen equation in the present experiment since 

this is not appropria te for an effusive beam source. Some fraction of the 

effusive beam will impinge on the filament and hence the relative rates of 

effusion should be considered. For a given chamber pressure of D; or H; and 

after correction for relative ion gauge sensitivities, the rate of effusion of H; 

into the chamber will be approximately V2 times greater than the rate of 0% 

effusion due to the rates of pumping. However, this is a crude approximation 

since diffusion p u m p pumping speeds vary less rapidly than (mass)^ at low 

molecular masses [15]. In view of the disparate ionisation gauge sensitivities 

reported in the literature [16], it has been suggested that the ionisation cross-

section is the best indication of relative sensitivities [17]. The ionisation cross-

section for D, has been found [18] to be only 1% greater than that for H; in 

agreement with the nearly identical ionisation gauge sensitivities measured by 

Walters and Craig [19]. An equilibrium thermodynamic model [20] predicts 

that H; atomisation is 10% more efficient than Dj atomisation [2] but this must 
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be considered as a very approximate value in the absence of experimental data. 

These considerations combine to give an H flux which is very approximately 

1.6 times greater than the D- flux at a given uncorrected chamber pressure of 

or D; whereas a factor of 2.1 is determined from the initial sticking probabilities. 

Previous ly , a considerable devia t ion f r o m first order Langmui r 

adsorption kinetics has been reported by Widdra et al. [1] for D- adsorption on 

Si(lOO) at 600 K and their best fit to their data is reproduced in figure (la). 

However , the present data for both D- and H adsorption at 635 K, which are 

plotted in figure (la) and (lb) respectively, show only minor deviations f rom 

first order Langmuir kinetics. It will be argued later that surface dihydride 

species must be considered in the kinetic scheme and hence this experiment, 

wh ich aims to character ise the processes which lead to a sa tu ra ted 

monohydr ide phase, may be greatly affected by the surface temperature. A 

surface temperature of 635 K was chosen since this gave no indication of a P2 

TPD peak at sa tura t ion yet the rate of desorp t ion f rom the sa tura ted 

monohydr ide phase is calculated to be very small (of the order of 10^ ML s ') 

using the Arrhenius parameters given in reference [21]. If the surface lifetime 

of dihydride species become comparable with the time-scale of the experiment 

or if loss of monohydr ide via the (3, channel becomes significant, then the 

amount of uptake measured by TPD becomes ill-defined. It should be noted 

that although a pj TPD may not be apparent, a significant dihydride coverage 

could desorb between terminat ing the exposure and recording the TPD, 

especially when long pump-down times are involved. 

The rates of H abstraction of adsorbed D and D abstraction of adsorbed H 

were determined at 1 ML coverage and at a surface temperature of 635 K by 

measuring the H^, HD and D; TPD yields after reaction. The data are plotted in 

figure (2) and indicate a distinct isotope effect with abstraction of H by D-
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Figure (1). Uptake plots for (a) deuterium and (b) hydrogen at 635 K; 
experimental data (• ) , first order Langmuir kietics (—) and the best 
fit obtained by Widdra et nl. [1] using their data (—). 
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calculated as (1.8±0.1) times faster than abstraction of D by H- from the initial 

rates. However , the rate of D abstraction becomes noticeably slower than 

expected for first order kinetics as the reaction proceeds and suggests that 

abstraction is not simply an Eley-Rideal reaction. Furthermore, the abstraction 

of D by H- when the initial coverage is less than 1 ML also shows the same 

trend with increasing exposure. In figure (3), the data for initial D coverages of 

0.22 ML and 0.46 ML are consistent with first order kinetics and a rate constant 

determined by the initial slopes of the plots, however, the rate seems to be 

systematically slower than expected at higher exposures. 

The D- uptake plot shown in figure (4) was obtained for a surface 

temperature of 373 K by integrating the (3, and [3, TPD peak areas. An excellent 

fit to first order Langmuir kinetics is obtained with a saturation coverage of 1.5 

ML. In addition, the SiD^ TPD yield was also measured since this represents 

another, albeit very minor channel for loss of D during desorption. It can be 

estimated f rom published data [22] that the yield of SiD, at saturation and at 373 

K is approximately 0.007 ML. The onset of SiD, formation coincides with the 

first indication of a TPD peak at approximately 0.85 ML. 

Although the initial gradients of the D uptake plots at 373 and 635 K are 

the same, abstraction is slower at 373 K. It is found from the data in figure (5) 

that a rate constant equal to (0.18±0.02)k, represents the abstraction of adsorbed 

H by D- at 373 K regardless of the dihydride coverage. An activation energy of 

(1.9±0.1) kcal mol ' is calculated for the abstraction of adsorbed H by D- using the 

rate constants measured at 373 and 635 K. This compares reasonably with the 

value of (1.06+0.11) kcal mol ' measured by Koleske et at. [2] and also with the 

activation energy for the gas phase abstraction of H from SiH, by D- which is 

r epor t ed as (2.5±0.5) kcal m o l ' [23]. When D- reacts wi th a sa turated 

monohydr ide phase at 373 K, the overall increase in coverage represents both 
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the data (—). 
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abstract ion and adsorp t ion reactions. However , the initial increase of D 

coverage represents only the reaction 

HSi-SiH + 2 D- -> 2 HSiD (8) 

and hence, by measuring the uptake of D- by a saturated monohydride phase, 

the rate constant for this reaction was deternined as (0.80±0.05)k,. 

In agreement with these and other [3] results, Koleske et al. [2] find that 

abstraction from mixed monohydride and higher hydrides at 403 K is slower 

than f rom monohydr ide only at 673 K. They claim that d ihydr ide and 

t r ihydr ide are less reactive than monohydr ide but do not seem to have 

considered the effect of surface temperature . Using their value for the 

activation energy, the rate constant for abstraction from monohydride at 403 K 

is calculated as 0.4 times that at 673 K in approximate agreement with their data 

at these temperatures. The data in figure (5) indicate that monohydride and 

dihydride are equally reactive. This is confirmed by infrared spectrocopy of 

hydrogenated porous silicon [24] which clearly shows that the intensities of the 

bands attributed to monohydride, dihydride and trihydride decrease uniformly 

with increasing D- exposure at 298 K. 

4.3. DISCUSSION 

A. The Hot Precursor Model 

The relaxation of the surface Si-H stretching vibration has been reported 

in a series of studies [25-27] that represent a comprehensive investigation of 

energy transfer [28]. In these experiments, the relaxation of the v= l Si-H 

stretching vibration on an unreconstructed S i ( l l l ) surface was measured by 

sum frequency generation (SFG) after excitation with a picosecond IR laser. At 

room temperature, the pure relaxation time, T ,̂ was found to be 800+100 ps 

whereas measured values for CO adsorbed on Cu(lOO) and P t ( l l l ) are of the 

order of a few picoseconds [29, 30]. The vibrational relaxation of a CO to metal 
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surface bond is dominated by coupling to electron-hole pair excitation and 

intermolecular dipole-dipole interactions. Electron-hole pair excitation does 

not contribute to vibrational relaxation on silicon surfaces since the band gap 

(1.1 eV for intrinsic silicon at 300 K [31]) is much larger than a typical 

vibrational transition (0.26 eV for the v=l <— v=0 transition of Si-H [32]) and 

dipole-dipole interactions are small due to the weak dynamic dipole of the Si-H 

bond (0.1 D [33] compared with 0.22 D for CO adsorbed on Cu(lOO) [34]). By 

examin ing line shapes as a funct ion of surface tempera ture , inefficient 

coupling to mult i-phonon excitations and to the much lower frequency Si-H 

bending vibration have been deduced as dominant processes in the relaxation 

of the Si-H stretching vibrat ion. Remarkably, a relaxation lifetime of 

approximately 6 ns has recently been measured [35] for H adsorbed on Si(lOO)-

2x1 at 100 K although defect sites significantly but unpredictably increase the 

rate of relaxation as the temperature is increased. Hence, vibrational energy 

accommodation during hydrogen adsorption on silicon is likely to be slow and 

hot precursor mechanisms can therefore be rationalised. 

A hot precursor can lose energy by vibrational relaxation processes or by 

an inelastic collision wi th another adsorbed atom or molecule. Inelastic 

collisions are least important at low coverages and a random site occupation is 

expected but at higher coverages, loss of energy by inelastic scattering is likely to 

lead to some clustering [1, 8]. Hence, an essentially random distribution of 

hydrogen atoms is observed by STM [36] at coverages of approximately 0.07 ML 

whereas the data of Widdra et al. suggest complete pairing for coverages greater 

than 0.2 ML. However, some evidence for inelastic collisions is expected at 

intermediate coverages and this can be found in figure (4) of reference [36]. A 

"reaction map" was extracted from this image and is presented in figure (6). 

There are 99 occupied sites in a region of the image containing a total of 684 

sites and hence the coverage is 0.145 ML. Theoretical calculations [37] predict 
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that hydrogen atoms diffuse mainly along the edges of dimer rows and that a 

much higher activation energy is associated with hopping to an adjacent row. 

The number of pairs of occupied sites along the edges of the dimer rows is then 

a crude analysis of the inelastic scattering process for hot precursors at low 

temperatures. If the occupation of sites is completely random then the number 

of pairs in figure (6) should be 

684 2 
+ 1 — x 2 x - x 9 2 1 = 14 

l684 2 

since there are 7 occupied sites at the edges of the image with one adjacent site 

and 92 other occupied sites with two adjacent sites. A total of 25 pairs can be 

found in figure (6) and thus there is clear evidence for inelastic collisions along 

the edges of the dimer rows. There should be a similar correlation between 

occupied sites on Si ( l l l ) -7x7 after adsorpt ion of hydrogen atoms at low 

temperature . Unfortunately, the STM image in figure (2) of reference [38] 

shows only ada tom sites (the rest atom sites are not imaged) and the 

distribution of occupied sites plotted in figure (7) is indistinguishable f rom a 

r andom distr ibution. Subjective impression is very unsat isfactory but a 

statistical analysis such as that developed for a square lattice [39] is complicated 

for the Si(l l l)-7x7 reconstruction. 

It is not surpr is ing but nevertheless encouraging to f ind that the 

vibrat ional l ifetime is of importance in both adsorpt ion and desorpt ion 

processes. Electronic excitation and consequently dissociation of the Si-H bond 

can be induced by field emitted electrons from an STM tip with a sample bias in 

excess of +6V [40]. However , at lower energies, a mechanism for multiple 

vibrational excitation of the Si-H bond by inelastic electron tunneling has been 

identified and shown to result in the desorption of atomic hydrogen. Hence, 

the efficiency of desorption by this excitation mechanism for H adsorbed on 

Si(lOO) is a consequence of the slow rate of vibrational relaxation. 
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Figure (6). An STM "reaction map" extracted f rom figure (4) of 
reference [36] whicfi shows the distribution of hydrogen atoms on 
Si(lOO) following adsorption of H at room temperature. There are 
99 occupied sites (#), 585 unoccupied sites (O) and 6 defect sites (x) in 
this region of the image. 

Figure (7). An STM "reaction map" extracted f rom figure (2) of 
reference [38] which shows the distribution of reacted adatoms ( • ) on 
Si(l l l)-7x7 following adsorption of H- at room temperature. 
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The activation barrier for diffusion of an adsorbed H atom along a dimer 

row has been calculated by ab initio methods as approximately 38 kcal mol ' and 

30 kcal mol^ using cluster and slab models respectively [37, 41], The degree of 

vibrational excitation required to surmount this barrier can be estimated by 

considering a molecular analogue. The harmonic f requency, co,, and the 

anharmonic i ty , x„ of the Si-H bond in Me^SiH have been calculated f rom 

measured fundamenta l and first overtone frequencies [42]. If the surface Si-H 

bond can be adequately described by a Morse potential using these parameters, 

then vibrational levels higher than v=5 or v=6 are above the diffusion barrier. 

Slow vibrational relaxation of the Si-H bond provides a mechanism by 

which H can d i f fuse f rom one chemisorpt ion well to another dur ing 

adsorption at low surface temperatures. Widdra et al. [1] have calculated the 

sticking probability at 600 K as a function of coverage using equation (9) which 

was originally formulated to describe adsorption kinetics involving a mobile 

physisorbed precursor [5]. Using the notation of these authors, P,o and P, are 

the initial sticking probability and sticking probability respectively and k is a 

constant such that 1/K is a measure of the number of sites visited before 

localised chemisorption or desorption. 

p.(e) = p.„[i+Ke/a-e)]-

Hence, the rate of increase of coverage is given by equation (10) 

(9) 

do 
— = - f p , 0 + ¥ P , , [ i + K e / i i - e ) Y (10) 

where F is the incident atomic flux and P, is the reaction probabil i ty for 

abstraction. Integration yields an expression for e, the exposure in terms of 6, 

the coverage 
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where a and b are obtained f rom 

(G-n) 
-a 

•{l + h{K-l))ln 
( 0 - b ) 

-h 
(11) 

and b is the saturat ion coverage. With 1/K = 20, Widdra et al. f ind that a high 

sticking probability is maintained until near saturation and hence a coverage of 

nearly 1 ML can be reconciled with a high probability for abstraction. Equation 

(9) might typically be applied, for example, to the adsorption of D^O on Si(lOO) at 

300 K [43]. In common with many other examples, the sticking probability is 

h igh and constant until 95'%, of the saturat ion coverage as a consequence of a 

long-lived extrinsic precursor. Thus a 0 , 0 molecule incident at an occupied 

site becomes t rapped in the physisorption potential well and can subsequently 

di f fuse over many sites until it either dissociatively chemisorbs at two adjacent 

vacant sites or returns to the gas phase. This example is included here because 

it i l lustrates how a coverage independen t st icking probabil i ty arises f rom 

phys isorp t ion at occupied chemisorpt ion sites. However , a hot precursor is 

chemisorbed, in this case as a result of orbital overlap between hydrogen atom 

and silicon dang l ing bond. With in the extent of the descr ip t ion of H-

adsorpt ion given by Widdra ct ah, there is no possibility for chemisorption at an 

already occupied dangling bond site. Hence, a fundamenta l objection to the use 

of equat ion (9) to describe the adsorpt ion of H- is that t rapping and diffusion 

over occupied sites is not explained by invoking a hot precursor. It is likely that 

at low temperatures , slow relaxation of the nascent Si-H bond allows diffusion 

f rom one dangl ing bond to the next and this feature is needed to explain the 

dif fusion observed at 150 K. There does not seem any extension or relevance of 
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this p h e n o m e n o n to adsorp t ion at high t empera tu res w h e n thermal ly 

activated diffusion is fast and some other mechanism is needed to introduce a 

coverage independent sticking probability. 

B. A New Quasi-Equil ibrium Model for Atomic Hydrogen Uptake at 635K 

It is proposed here that the formation and reactions of dihydride species 

are important at 635 K and provide mechanisms for adsorption, migration and 

abstraction. The rate constant for adsorption at monohydr ide sites to give 

dihydride species is assumed to be high, since it is accepted that Widdra et al. are 

correct in recognising that a high sticking probability is required at monolayer 

or near monolayer coverages in order to compensate for abstraction. Hence, 

while the hot precursor model is likely to be important at 150 K and moreover 

is needed to explain the observed diffusion, it is of no consequence in this 

kinetic model for up take at 635 K. It is unreasonable to dismiss the 

involvement of dihydride species, however transient, even at 635 K since some 

indication of a P2 TPD peak is observed by reducing the surface temperature 

dur ing adsorpt ion by only 20 K. The apparent migration of the dihydride, 

which may be regarded as a chemisorbed precursor at 635 K since its eventual 

fate is either desorption or conversion to a monohydride, is possible by the 

isomerisation reaction given in equation (13). 

(13) 

An activation energy for this process of about 38 kcal mol' is suggested by 

initio calculations [44] which is identical to that calculated for the diffusion of a 

hydrogen atom as a monohydride [37]. 
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Two equilibria, which are represented by equations (14) and (15), have 

been proposed [21] to define the distribution of diliydride units, HSiH, doubly 

occupied dimers, HSi-SiH, singly occupied dimers, HSi-Si- and unoccupied 

dimers, Si=Si. 

HSi-SiH + Si-Si ^ 2 HSi-Si- (14) 

s^HKSi-SiH PISi-Si- + ]H[SiH (15) 

The TPD of molecular hydrogen via both P, and Pj channels has been 

successful ly model led by using these equil ibria to calculate the quasi-

equilibrium coverages of each species [21], Thus it is convenient to use the 

same model to describe adsorption and abstraction processes since diffusion of 

both monohydr ide and d ihydr ide species is fast compared with the rate 

constants for abstraction and adsorption. If n,,,,, n,„, n„ and n, are the densities of 

unoccupied dimers, singly occupied dimers, doubly occupied dimers and 

dihydride species respectively and n is the density of chemisorbed hydrogen 

atoms, then 

2noo+2n,„+2n,,4-n2=N or 8m,+8,o+8,,+8:=l (16) 

and 

n„i+2n,,+2n,=n or )^0,(.+6||+262=G (17) 

where n , ; /N=8 , j / 2 (i=0,l), n(,(,/N =9,,(,/2, U j / N - B , and n / N = 0 by definition. 

Equations (18) and (19) describe the equilibria given in equations (14) and (15) 

and may be derived using s tandard statistical mechanical a rguments and 

assuming that the only significant differences in the vibrational part i t ion 

functions for the various species are due to differences in Si-H vibrations. 

(18) 
GmGu I kT 

E 

2A;T 
(19) 

The vibrational partition functions, q,,„ q,, and q, for HSi-Si-, HSi-SiH and HSiH 
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respectively, can be calculated f rom published vibrational frequencies which 

are collated elsewhere [21]. Previously, the enthalpies, e, and have been 

determined f rom TPD data and include the Ti-bond energy and the o - b o n d 

energy respectively [21]. Hence, the equilibrium coverage of each species can be 

calculated by numerically solving equations (16), (17), (18) and (19) for a given 

hydrogen coverage and surface temperature. 

Using the definitions given above, the fractional coverage of unoccupied 

dangling bond sites available for adsorption is Ooo+>^6,o and the fractional 

coverage of monohydr ide sites available for abstraction by an Eley-Rideal 

mechanism is 8n+ The adsorption, abstraction and desorption processes 

which result in dihydride formation and loss are represented by equations (20), 

(21) and (22) respectively where kj,, 2kHH and are the corresponding rate 

constants. 

HSi-SiH + 2H- 2 HSiH (20) 

HSiH + H — / 2 H S i - S i H +H, (21) 

2 HSiH HSi-SiH + H, (22) 

It is important to note that equations (20) and (21) are not elementary reactions 

and do not purpor t to suggest the reaction mechanism. They do, however, 

represent the overall stoichiometry of these processes in terms of the surface 

species considered in this model. Desorption via the (3, channel is believed to 

be a second order reaction involving two dihydride groups as indicated by 

equation (22). Hence, the overall rate of change of coverage due to desorption, 

adsorption and abstraction can be written as 

dt 
- ~ ^HH (̂ 11 + K 010 ) ̂  (̂ 00 +M01O) (23) 

where the rate constants k„ k ,̂ and k,i„ are pseudo first order rate constants and 

incorporate the H- flux. As the flux is constant in these experiments, the order 

with respect to the H- flux is not significant and has not been ascertained. It is 
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convenient to obtain the surface coverage as a function of time or exposure by 

numerical integration of equation (23). The instantaneous rate, - (dG/dt ) , can 

be evaluated at time t, using the values of Go,,, 0,0, 8,, and calculated for an 

instantaneous coverage of 0,. After a finite time increment. At, the coverage 

increases to approximately 0i+i=0i+(d0/dt)|XAt and hence the calculation can be 

iterated until saturation. 

C. Uptake at 635 K 

For the purposes of this analysis, the total coverage minus the dihydride 

coverage, 8., is plotted against exposure at each iteration of the numerical 

integrat ion since all the d ihydr ide will have desorbed before the TPD is 

recorded, al though the total coverage is used to continue with the calculation. 

However , if a technique could be used to measure the coverage dur ing 

exposure, then the uptake plot obtained would be different and could exceed a 

coverage of 1 ML. The appropriate value of k, is obtained f rom the initial 

gradient of the uptake plot in figure (1) and k,, at 635 K was calculated using the 

act ivat ion energy and pre-exponent ia l factor repor ted previously [21]. 

Coverages of 1 ML or more require that k,, is greater than k,,,, and it is unlikely 

that either kn^ or k.,, is much larger than k,. The values of which give the 

best fit to the H uptake data are plotted as a function of k„n in figure (8) in 

addition to the mean deviation of the fit from the experimental data. Hence, it 

is determined that k,,,, equal to (8.85±G.05)k, and k„i equal to (1.06±0.06)k, give 

the best fit, which is plotted in figure (9a), although it should be noted that all 

the points in figure (8) represent acceptable fits. The lowest reasonable value of 

k,,i is considered to be 0.8k,, which is the measured rate constant for D-

adsorption by a saturated monohydride phase at 373 K. 

Clearly, an identical analysis can be applied to the D uptake data with 

replaced by k,,,,. It is found that the appropriate values of k,, are almost exactly 
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the same as those plotted for in figure (8). However , a unique best fit 

cannot easily be identified in this case since the data at coverages approaching 1 

ML are fortuitously fitted well by first order Langmuir kinetics for which both 

koD and are zero. Nevertheless, the fit plotted in figure 9(b), which was 

calculated koo and k î set equal to 0.85k, and 1.06k, respectively, is more than 

satisfactory. 

T{ 0.0120 

- 0.0115 

0.0110 2 
3 
a 
(D 

-4 0.0105 5. 
% 
5 
3 

0.0100 > 

- 0.0095 

0.0090 

Figure(8). Plots of the value of k,,; giving the best fit to the data ( • ) 
and the mean deviation of this fit from the data (O) as a function of 
knH • 

D. Abstraction at 635 K 

The model described above implies that hydrogen and deuterium can be 

lost f rom the surface by recombinative desorption via the pj channel as well as 

by abstraction. However , the rate of recombinative desorpt ion is small 

compared with the rate of Eley-Rideal abstraction at equilibrium. It should be 

noted that the isomerisation reactions given in equations (13) and (24) do 
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Figure (9). Best fit (—) to experimental data ( • ) for (a) H and (b) D-
uptake at 635 K equation (23). Also shown are simulated uptake 
plots using the minimum (•••) and maximum ( ) values of k̂ ^ 
considered and the simulated coverage during exposure (—). 
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not preserve the initial identity of the surface species and estabUsh a 

distribution of HSiH, HSiD and DSiD. 

(24) 

In agreement with the trend observed here, a recent study has found that 

the Eley-Rideal reaction probabilities for adsorbed D abstraction by H- and 

adsorbed H abstraction by D- on Ni(llO) are 0.38 and 0.26 respectively [45]. 

Reaction probabil i t ies and vibrational excitation have been addressed by 

detailed quan tum mechanical calculations [2, 46-49] using various potential 

energy surfaces, but some aspects of the Eley-Rideal mechanism can be 

explained by a simple kinematic model [46] If D- collides with an adsorbed H 

atom, both atoms move towards the surface and subsequently make a second 

collision as the H atom rebounds from the surface. However, if H- collides 

with an adsorbed D atom it will be recoiled such that the H and D atoms move 

in opposite directions as the nascent H-D bond is formed. Hence, a reduced 

reaction probability is expected and rationalised for H- abstraction of adsorbed D 

compared with D- abstraction of adsorbed H. The highest reaction probability is 

expected when H- collides with adsorbed H or D collides with adsorbed D 

because the second collision occurs when the atoms are some distance from the 

surface and the chemisorption potential is weak. The value of knn deduced 

from the H- uptake data in figure (9a) and the measured values of kno and k 

are therefore consistent with this explanation. 

DH 

The measured rate constant for loss of D dur ing exposure to H- is 

(0.31±0.01)k, at initial D coverages of 1.0, 0.46 and 0.22 ML yet the rate decreases 
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more slowly than expected for first order kinetics as the reaction proceeds. 

According to the kinematic interpretation of abstraction, collisions that do not 

result in reaction may nevertheless leave the surface Si-H or Si-D bond 

vibrationally excited. Thus, at the threshold for thermal desorption via the p, 

channel, collision induced recombiative desorption must also be considered. 

Eilmsteiner et al. have recently reported [45] that both HD and D; are lost f rom a 

D covered Ni(llO) surface during reaction with H- as a result of Eley-Rideal 

abstraction and collision induced desorption respectively. They find that 30 % 

of the D coverage is lost as and that the overall rate of reaction is close to 

second order with respect to D coverage. The contribution of collision induced 

desorption from doubly occupied dimers to the overall rate of loss of D during 

H- exposure will be very nearly independent of the initial coverage at 635 K 

(almost complete pairing except at very low coverages) but will become less 

significant as the D coverage is diluted by the increasing H coverage (two D 

atoms are lost f rom DSi-SiD whereas only one is lost f rom HSi-SiD). This 

behaviour is reflected by the data in figure (3) which show that the rate 

decreases more slowly than expected for first order kinetics, regardless of the 

initial coverage. It is clear f rom figure (2) that, within error limits, the 

abstraction of adsorbed H by D- is described well by first order kinetics. Collision 

induced desorption is less significant in this case because more of the collisions 

result in Eley-Rideal abstraction rather than vibrational excitation of the Si-H 

bond. 

E. Uptake and Abstraction at 373 K 

A 3x1 LEED pattern is observed after saturation at 380+20 K and has been 

attributed to an alternating lattice of doubly occupied dimers and dihydride 

units [53]. STM images of this phase show quite small but well-ordered 

domains and some incongruities where adjacent rows of dihydride units can be 

identified [14]. It would appear that local bond rearrangement is required even 
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at 380 K in order to attain and preserve an ordered 3x1 phase. It is unreasonable 

to suppose that all dangling bond sites are occupied before Si-Si bonds react to 

give dihydride species. It is more realistic to suggest that incident H can react 

with doubly occupied dimers regardless of coverage. Hence, in figure (4), which 

shows the uptake of D at 373 K, there is no distinct change in the sticking 

probability at the point at which the p. TPD peak is first observed or at 1 ML 

coverage. At low coverages only monohydride is observed by STM which is 

consistent wi th this mechanism if ihe d ihydr ide is p ropagated across the 

surface until it encounters and reacts with a vacant dimer site. However, in 

view of its relatively high activation energy, it is likely that propagation by the 

isomerisation reaction is slow compared with the time-scale of the experiment 

and indeed some dihydride is identified by STM before all the dimer dangling 

bond sites are occupied [14]. The quasi-equilibrium approximation is invalid 

when the rate constant for diffusion or isomerisation is small compared the 

rate constants for adsorption and abstraction. However, given that evidence 

has been presented to suggest local bond rearrangement at 373 K and that the 

atomic hydrogen flux used in these experiments is small, application of the 

model as a first approximation to the uptake kinetics can be justified. 

Further reaction of Si-Si bonds, probably at defect and step sites yields 

t r ihydride species which subsequently react to give silane dur ing TPD and 

possibly also during H exposure. Boland [14] has observed that etching (loss of 

silicon containing products) can be initiated at adjacent rows of dihydride units 

and it may be that this is responsible for the complex behaviour of the 3x1 

phase after extended H- exposures [51]. Thus in addition to abstraction, loss of 

H or D by etching must also be considered at 373 K. The data in figure (4) show 

that the silane yield during TPD is a constant fraction of the TPD peak area 

which leads to the conclusion that approximately 1% of the dihydride species, 

probably at defects or step edges, can further react to give trihydride groups and 
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then silane. It seems likely that silane can be lost f rom the surface by reaction 

of tr ihydride groups with an incident hydrogen atom. The silane TPD yield is 

then representative of the steady state trihydride coverage that remains on the 

surface when the atomic hydrogen flux is turned off but which then reacts with 

an adjacent chemisorbed hydrogen atom during TPD. Silane has been detected 

[52] during exposure of S i ( l l l ) at 373 K to an H flux in excess of 1 ML S'\ The 

rate constant for loss of H as silane at 373 K is estimated as approximately 0.04 k, 

f rom the reported data which is significantly less than the rate constant for 

abstraction measured in the present study. Moreover, trihydride formation is 

more facile on the Si ( l l l ) -7x7 reconstruction [53] and especially when the 

surface is aggressively etched. Since the rate of desorption via the (3, and (3, 

channels is insignificant at 373 K, it can be concluded that hydrogen adsorbed 

on Si(lOO) is removed predominantly by abstraction at 373 K and that silane loss 

can be ignored in this analysis. 

The uptake plot predicted using the quas i -equi l ibr ium model is 

compared with the experimental data in figure (10). The agreement is excellent 

when it is considered that the rate constants for abstraction and adsorption 

were obtained f rom independent experiments rather than by fitting the model 

to these data. A slightly slower rate of uptake is predicted by the model than 

suggested by the data which may be due to the inadequacy of the quasi-

equilibrium approximation at this temperature. It is likely that the number of 

dangling bond sites is higher than the equilibrium prediction at less than about 

1 ML due to slow dihydride propagation. The saturation coverages obtained by 

s imulat ion and experiment are in particularly good agreement. Hence, it 

wou ld appear that a coverage of 1.5 ML is obtained when abstraction and 

adsorpt ion reactions are in equilibrium whereas previously 1.33 ML has been 

regarded as the ideal saturation coverage [14, 54]. Since a saturation coverage in 

excess of that corresponding to a perfect 3x1 phase is an equilibrium condition. 
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it can be concluded that the out of phase domain boundaries, and hence the 

domain sizes, are merely a microscopic reflection of a system at equilibrium. 

0) 
D) 
(0 
> 

o 
O 

100 150 200 250 300 

Exposure /L 

Figure (10). Simulation of D- uptake at 373 K using the quasi-
equilibrium model with k-,,=0.8k, and k|,|,=0.28kj simulation (—) and 
experimental data (O). 

4.4. CONCLUSIONS 

A quasi-equilibrium model has been developed to describe the 

uptake kinetics of atomic hydrogen on Si(lOO) at 373 K and 635 K. A simple 

considerat ion of only adsorption at dangling bond sites and Eley-Rideal 

abstraction cannot be reconciled with a saturation coverage of 1 ML at 635 K. It 

is argued that although hot precursor dynamics may be important at low 

temperatures, slow vibrational relaxation in the chemisorption potential well 

does not lead to an almost coverage independent sticking probability. Instead, 

it is proposed that a high sticking probability is maintained by reaction with 

doubly occupied dimers to give dihydride species which then propagate across 
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the surface by an isomerisation reaction. At 635 K, the rate constant for this 

reaction is high and at the H- flux used in tlie present experiments, the steady 

state coverage is slightly more than 1 ML. Subsequently, dihydride units either 

react with unoccupied dimer sites or molecular hydrogen is lost by desorption 

f rom two dihydride units (the p, desorption channel). The dihydride species 

may be regarded as a mobile chemisorbed precursor at high temperatures, 

al though only the bonding arrangement is propagated by isomerisation. When 

the H source is turned off, the steady state dihydride coverage is quickly lost to 

leave a monohydr ide coverage of 1 ML. Although the experimental data at 

both 373 K and 635 K can also be convincingly represented by first order 

Langmuir kinetics, this model for uptake does not take abstraction into 

account. 

The abstraction reaction has been discussed in terms of an Eley-Rideal 

abstraction mechanism and a simple kinematic model. At 635 K, the initial 

rate constants for loss of D during exposure to Li are the same regardless of the 

initial coverage but the rate decreases less rapidly than expected for first order 

kinetics as the reaction proceeds. It is thought that this is a consequence of 

collision induced desorption. The uptake model also implies that a small 

amount of deuter ium is lost as D. and HD via the p. t he rma l deso rp t ion 

channel at 635 K. The rate constant for abstraction from monohydride is the 

same as for abstraction from dihydride which implies that the geometric and 

electronic differences between these species are not important in this reaction. 

Bond rearrangement at (380+20) K is required to attain and preserve a 

mostly ordered 3x1 phase during adsorption and abstraction. Hence, the model 

can be applied as a first approximation when the H- or D- flux is small. At 373 

K, a coverage of 1.5 ML is maintained when adsorpt ion and abstraction 

reactions are in dynamic equilibrium. This coverage is accommodated by small 
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3x1 domains with adjacent rows of diiiydride at some boundaries. Loss of 

hydrogen as silane is shown to be of little importance in these experiments but 

fur ther reactions of the saturated 3x1 phase during extended exposures were 

intentionally not pursued. It is likely that the adjacent rows of dihydride which 

are required at equilibrium also present sites for slow etching reactions. 
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CHAPTER 5 

THE DESORPTION OF MOLECULAR HYDROGEN FROM Si(100)-2xl AND 

Si(l l l )-7x7 SURFACES 
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5.1. INTRODUCTION 

Kinetic investigations of adsorption and desorption processes on metal 

sur faces have largely been superseded by me thods p rov id ing dynamic 

information. In contrast to metals, however, the chemistry of silicon surfaces 

is dominated by surface reaction kinetics as a consequence of distinct covalent 

bonding, site specificity and the surface reconstruction. Although the dynamics 

of molecular hydrogen adsorption [1] and desorption [2-5] on and from silicon 

surfaces have been studied, microscopic models for the surface reaction remain 

controversial . 

Unoccupied dimers, singly occupied dimers and doubly occupied dimers 

can be dist inguished by STM [6-9] of sub-monolayer hydrogen coverages on 

Si(100)-2xl. Crucially, a thermodynamic propensity for doubly occupied dimers 

is observed as a consequence of the 7i-bond interact ion such that paired 

dangling bonds are energetically more favourable than isolated dangling bonds 

for which there is no 7i-bonding [8, 9]. In addition to this pairing interaction, 

there is an effective clustering interaction between doubly occupied dimers in 

the same dimer row [8-10] which is evidenced by strings of doubly occupied 

dimers at low coverages. At higher coverages there is little impression of 

anisotropic clustering but there is a very clear separation into occupied and 

unoccupied areas [11]. 

The TPD of molecular hydrogen f rom Si(lOO) at low coverages is 

characterised by a single peak, labelled (3i, which represents desorption from 

monohydride species. At higher coverages, a second peak, labelled ^2, appears 

as the result of dimer bond breaking and desorption f rom dihydride species. 

Isothermal desorpt ion measurements [12, 13] at high coverages have shown 

that desorpt ion via the P, channel is first order in hydrogen coverage. It has 

been proposed that this is a consequence of desorption exclusively from doubly 
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occupied dimers [13]. D'Evelyn et al have developed lattice gas models [10, 14] 

to describe the dynamic equil ibrium between unoccupied dimers , singly 

occupied dimers and doubly occupied dimers. These models predict that the Pi 

desorption channel will deviate from first order kinetics at low coverages. This 

has been confirmed experimentally by isothermal SHG measurements [15] for 

coverages less than 0.1 ML but clustering was not considered in the analysis. In 

a previous study [16], TPD data obtained for initial coverages between 0.05 and 

1.5 ML were successfully simulated using a generalised lattice gas model but 

desorption at low coverages was not thoroughly investigated. In this chapter, 

carefully obtained TPD data resulting from low initial coverages are presented 

and analysed using a lattice gas model which involves both the Tc-bond energy 

and a clustering interaction between doubly occupied dimers. 

Hydrogen coverages of less than 19/49 ML can be accommodated at the 

rest atom and adatom dangling bond sites of the Si( l l l ) -7x7 reconstruction. 

STS [17] of adatom and rest atom positions on at low hydrogen coverages has 

confirmed that atomic hydrogen adsorbs at these sites and STM images [17] 

show that there is no disruption of the 7x7 unit cell. The role of corner hole 

dangling bonds is uncertain since they cannot be investigated by STM or STS. 

Ab initio density functional theory calculations [18] have predicted that the 

corner hole dangling bond sites are more reactive than both adatom and rest 

atom sites. Moreover, vibrational spectroscopy [19] of low hydrogen coverages 

has inferred that hydrogen adsorbs preferentially at corner hole sites. 

The TPD of molecular hydrogen f rom S i ( l l l ) at low coverages is also 

characterised by a single peak, labelled [3i, which represents desorption from 

monohydride species. A second peak, labelled P2, appears at higher coverages as 

the result of adatom back-bond breaking and desorption f rom dihydride and 

t r ihydr ide species. At high coverages, hydrogenated adatom clusters are 
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initially prominent and a complex chemistry involving the decomposition of 

these islands and the subsequent formation of a (VSxVs) R30° phase is revealed 

as deso rp t ion proceeds [17, 20]. All evidence suggests that the 7x7 

reconstruct ion remains intact dur ing desorp t ion of low initial hydrogen 

coverages but desorp t ion of high coverages involves substant ial surface 

reconstruction even v^hen only low hydrogen coverages remain. Hence, the 

desorpt ion kinetics will depend on the chemical history in addit ion to the 

coverage and surface temperature. Isothermal measurements [21] of desorption 

via the [3, channel for coverages between 0.2 and 0.8 of saturation hydrogen 

coverage have been interpreted in terms of second order kinetics. Recently, a 

two site model involving two competing second order desorption channels has 

been developed and used to simulate (3i TPD peaks for a wide range of 

coverages [22]. Although both channels are required in order to fit the TPD data 

at modera te and high coverages, only one channel is impor tan t at low 

coverages according to this model. However, Heinz et al. [23] have found that 

an empirical order number of 1.5±0.2 is appropriate for coverages less than 0.2 

ML using SHG and have proposed a different two site model to explain the 

observed kinetics. It is the purpose of the present study to determine the 

kinetics for hydrogen desorption from Si ( l l l ) at low coverages using TPD and 

thereby suggest a suitable mechanism. 

5.2. THE PROBLEM OF AMBIENT WATER ADSORPTION 

Early STM images of nominally clean Si(100)-2xl surfaces appeared to 

show missing dimer defect densities from 10 to 20% but the crystals were left to 

cool for up to three hours after annealing in these experiments [24]. However, 

ambient H^O is a significant contribution to the residual gas pressure in most 

vacuum systems and adsorbs on Si(100)-2xl with unity sticking probability at 

room temperature. More recent STM studies have shown that most missing 

dimer defects arise from dissociative water adsorption [25, 26] and that defect 
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densities of only 1% can be observed if the surface is imaged quickly after 

annealing [11]. 
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Figure (1). Measured H^O coverage after D atom exposure using D; 
pressures of 1x10^ mbar ( • ) and 2x10^ mbar (A) and the H^O coverage 
calculated using an ambient H^O pressure of 4x10" mbar and the 
measured temperature during each experiment (O). 

In the present study of desorption at very low deuterium coverages, the 

problem of ambient water adsorption has been thoroughly addressed. It is 

particularly important that the total coverage of hydrogen and deuterium is 

used in the analysis. In order to measure the amount of water adsorption it is 

convenient to titrate the hydrogen coverage arising from dissociative HgO 

adsorption with an excess of deuterium. All hydrogen is then lost as HD 

dur ing TPD which is much easier to measure than a smaller H j s i g n a l 

superimposed on a large and noisy background. The HjO coverages measured 

by TPD after cooling from 1150 K and exposure to atomic deuterium are plotted 
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in f igure (1). The sticking probabil i ty for wate r as a func t ion of surface 

t empera tu re has been measured elsewhere in this work and can be used to 

calculate the amoun t of H^O adsorpt ion if the partial pressure of H2O and the 

surface tempera ture as a funct ion of time dur ing the experiments are known. 

It is immediately obvious f rom figure (1) that more H^O adsorbs w h e n the D; 

p ressu re is doub led which suggests that either H^O is displaced f r o m the 

chamber walls or that the D; gas was contaminated wi th a very small amount 

of H2O. Nevertheless, it is clear that if the D; pressure were reduced to zero, the 

calculated and measu red water adsorpt ion w o u l d be in excellent agreement 

considering the very low coverages involved. The surface temperature dur ing 

exposure to deuter ium atoms was 640 K and the D; pressure was 1x10 " mbar in 

the exper iments which follow and hence the est imated H2O coverage is 0.004 

ML. 

5.3. DESORPTION KINETICS OF HYDROGEN FROM Si(lOO) 

A. The partition function for chemisorbed hydrogen atoms 

The part i t ion funct ion, Q, for any system is def ined by equat ion (1) in 

which gi and E; are the degeneracy and the energy of the ith level respectively. 

(3 (1) 

An atom localised on a lattice site has vibrational energy but the total energy of 

the system may also include an attractive or repulsive interaction wi th other 

adsorbed atoms. Thus the total part i t ion funct ion can be factorised into two 

componen t s wh ich represent the single particle par t i t ion func t ion and the 

lattice part i t ion funct ion as given in equation (2). 

Qfiirfnce i?ru7ira(/o/)s ^ RlnUirr ^^p(~ 
vibrntioiif liillici' ^2) 

xexp{-D!'-"/k,T) 
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A hydrogen atom adsorbed at a dangling bond site has three degrees of freedom 

which can be identif ied with one stretching vibrat ion and two bending 

vibrat ions (perpendicular and parallel to the dimer bond). Similarly, two 

hydrogen atoms adsorbed on both dangling bonds of a single dimer have six 

degrees of f reedom which can be identified with symmetric and asymmetric 

stretching vibrations and four bending vibrations. The contribution of all the 

vibrations to the partition function is calculated using equation (3) in which i); 

are the measured vibrational frequencies collated in table (1). 

_ Y exp(/^v,/2;c,T) 

t'exp(/7W,/A:gT)-l ^ ^ 

The location of the zero energy level is arbitrarily chosen as the dissociation 

limit of the Si-H bond and it is important that the same zero energy level is 

used th roughout this analysis. The zero point energy for each vibrational 

mode has been included in equation (3) and hence the Si-H bond dissociation 

energy. Do®' ", is the minimum of the Si-H potential well. 

B. A Chemical Approach to Surface Equilibria 

A detailed model of the desorpt ion kinetics at low coverages must 

include the clustering interaction but it is a reasonable approximation to 

consider only the pairing interaction, especially at higher coverages. A model 

has been developed [16] which is particularly useful when dihydride species 

contribute to the surface equilibria. Although the elementary surface reactions 

are unknown and may be complex, the distribution of singly occupied dimers, 

HSi-Si-, doubly occupied dimers, HSi-SiH, unoccupied dimers, Si=Si and 

d ihydr ide units, HSiH, can be defined by the two equilibria represented by 

equations (4) and (5). 

IHISi-SiH + (%:=Si 2 IHlSi-Si- (4) 
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Table (1). Frequencies of Si-H and Si-D vibrations used to calculate the 

vibrational parti t ion function. 

v ibra t ion Si-H frequency / c m ' Si-D frequency / c m ' 

H-SiSi stretch* 2093 [2% 1523 [2% 

H-SiSi bend* 621 [28] 419 [28] 

H-SiSi-H sym. stretch 2088 [27] 1519 [27] 

H-SiSi-H asym. stretch 2099 [27] 1528 [27] 

* It has been assumed that the Si-H and Si-D stretching frequencies for HSi-Si-
and DSi-Si- are equal to the mean of the symmetric and asymmetric stretching 
frequencies for HSi-SiH and DSi-SiD respectively. However, singly occupied 
dimers are both electronically (charge transfer and correlation effects) and 
geometrically (buckled rather than symmetric) different to doubly occupied 
dimers. Additionally, there is a chemical interaction (coverage dependence of 
the vibrational frequencies) of 9 c m ' for hydrogen and 7.5 c m ' for deuter ium 
[27]. These subtle effects are of little consequence when calculating the partition 
funct ion . 

%HSi-SiH HSi-Si- + HSiH (5) 

The equilibrium constants describing these equilibria are given by equations (6) 

and (7) in which q^, q^ and q^ are the vibrational partition functions for HSi-Si-, 

HSi-SiH and HSiH respectively and e, and are the enthalpy changes for the 

forward reactions. 

AT 
(6) 

(9,, (1 + 9 , ) ) ' kTj 
(7) 

If noo, n,(„ Uij and n^ are the densities of unoccupied dimers , singly 

occupied dimers, doubly occupied dimers and dihydride species respectively, n 

is the density of chemisorbed hydrogen atoms and N is the density of surface 

silicon atoms, then 
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2noo+2ni„+2n,,+n2=N or 0(,0+010+611+62= 1 (8) 

and 

nio+2ni,+2n2=n or >^610+6,,+262=0 (9) 

where ni i /N=8;j /2 (i=0,l), i\)o/N =Q^„/2, n2/N=62and n / N = 0 by definition. The 

values of and can be regarded as being approximately equal to the Tr-bond 

energy and the o-bond energy respectively although any differences in the Si-H 

bond energies must also be taken into account [29, 30]. Equations (6), (7), (8) and 

(9) can be solved numerically to yield the equilibrium coverages of Si=Si, HSi-

Si-, HSi-SiH and HSiH at a given temperature and total coverage. 

Desorption via the p; channel results in a decrease in the dihydride 

coverage and is thought to be second order with respect to hydrogen coverage 

[16, 31]. It is generally assumed that molecular hydrogen is lost by reaction 

be tween two adjacent d ihydr ide units as shown in f igure (2a). This is 

vindicated by the STM image [32] represented by figure (2b) which shows the 

formation of epitaxial dimers from disilane fragments. Clearly some adjacent 

SiH; units have been imaged before reaction. Hence, the overall rate equation 

for desorption including both (3, and p; channels is 

dQ 
= xexp(-E, / f :T) + v, ,xe^xexp(-E, , / ; :7) (10) 

which can be evaluated using the calculated values of On and 6,. 

C. The one dimensional lattice gas problem 

The one dimensional lattice gas problem can be solved exactly by 

considering a canonical ensemble of N distinguishable lattice sites of which n 

are occupied. A combinatorial analysis is given here so that it can then be 

adapted to a lattice of dimers and is essentially that described by Hill [33]. 
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Figure (2). The reaction between two adjacent diiiydride units 
shown in (a) is confirmed by the STM image represented by (b). 

If there is an interaction potential, oa, between nearest neighbour pairs of 

sites then the total energy of a particular configuration is PnCO, where is the 

number of nearest neighbour pairs of occupied sites. If a line is drawn from 

each occupied site to its two neighbours as in figure (3), then 2n lines will be 

drawn. 

o o 
Figure (3). A total of 2n lines are drawn if a line is drawn between 
each occupied site and its neighbours. 

Hence, 

2 ) 1 = 2 P „ + P i o (11) 

and 

(12) 

where P,o is the number of pairs of nearest neighbour sites with one site empty 

and the other occupied. It follows from equation (2) that the lattice partition 
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function can be written as 

k j (13) 

where the summation is over all values of Pm consistent with a given coverage. 

The configuration degeneracy, g(n, N, is the number of different ways in 

which n atoms can be distributed on N sites with pairs of adjacent occupied 

and unoccupied sites. 

Consider a small lattice comprising of seven occupied sites and six 

unoccupied sites which are represented by I's and O's respectively in figure (4). 

1 1 1 0 0 0 0 0 1 1 0 

Figure (4). A lattice of thirteen sites occupied by seven atoms. Each 
bounda ry between an occupied site and an unoccupied site is 
indicated by a vertical line and represents a 10 pair. 

A 10 pair occurs at each boundary between a group of I 's and a group of O's and 

therefore it follows that there are (P,„+l)/2 groups of I's and (P,o+l)/2 groups of 

O's. Let 

y Pio + 1 
(14) 

be the number of groups of either I's or O's. For a given value of P.o, the 

number of groups remains fixed and hence the configuration degeneracy is the 

number of different ways that the I's and O's can be assigned to these groups. 

Each g roup of I 's mus t have at least one member so the number of 

arrangements is the number of ways the remaining 

Pw +1 
(15) 
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I 's can be assigned. The solution to this problem given by Ising [34] for a 

ferromagnetic system is described in detail below since it is then readily adapted 

to hydrogen atoms adsorbed on a one dimensional lattice of silicon dimers. 

There are X+Y I's in total which can be written as 1+1+1+1+1+1+1 with plus 

s igns b e t w e e n each. G r o u p s can be se lec ted a n d w r i t t e n as 

(1+1+1)+(1+1)+(1)+(1) or (1+1)+(1)+(1+1)+(1+1) for example with the number 

of excluded plus signs equal to Y-1. If seven I's are to be arranged into four 

groups then there are six ways of choosing the first plus sign, five ways of 

choosing the second and four ways of choosing the third, making a total of 6!/3! 

or 120 ways of selecting the groups. However, the order in which the plus signs 

are selected makes no difference and thus it is necessary to divide by 3!, the 

number of ways that the same three plus signs can be selected. In the general 

case, 

number of arrangements = ^ ^ — — (16) 
X!(y-1)! ^ ^ 

which becomes 

W of (17") 

by substitution. The corresponding number of ways of arranging the groups of 

O's can be obtained by replacing n by N-n in equation (17) and thus finally, the 

configuration degeneracy of n atoms on a lattice of N sites with Pk, boundaries 

is given by equation (18). 

e(77 N P ) = n!(N - n)! 

The lattice partition function can be evaluated by the maximum term method 

when this expression for g(n, N, P,„) is substituted into equation (13). Although 

the summation is strictly over all possible values of P,„, there will be one term 
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that makes an overwhelming contribution to the summation if n is large. This 

term can be identified using 

= 0 (19) 
dPu 

- 1 0 

which yields 

(w «)(! N (20) 
a 

where 

(21) 

when the value of Pjo corresponds to the maximum term in the sum. 

D. Hydrogen atoms adsorbed on a one dimensional lattice of silicon dimers 

The clustering interaction is likely to be a consequence of bond strain as 

suggested by Boland [11]. Unoccupied dimers are buckled such that the two 

second layer atoms bound to the up end are pulled together whereas those 

b o u n d to the d o w n end are pushed apart and hence the bond strain is 

minimised when adjacent dimers buckle in opposi te directions. Doubly 

occupied dimers are invariably reported to be symmetric (not buckled) and 

have a longer dimer bond length which must result in strain in the bonds to 

second layer atoms at the boundary between an unoccupied dimer and a doubly 

occupied dimer. The lattice energy is then determined by the number of these 

boundar ies and is therefore reduced by clustering. Although there is some 

lattice strain coupling between adjacent dimer rows such that the out-of-phase 

c(4x2) reconstruction is preferred over the in-phase p(2x2) reconstruction, there 

seems to be little correlation between adjacent HSi-SiH strings at low coverage. 

The distribution of singly occupied dimers appears to be random and only in a 

few cases are they adjacent to doubly occupied dimers. This is entirely 
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consistent with the explanation given above since it has been shown that singly 

occupied dimers are buckled [34] and therefore do not introduce lattice strain. It 

is not clear why singly occupied dimers are buckled. The buckling orientation 

of many dimers in the same dimer row is pinned by the influence of one singly 

occupied dimer and this can be imaged by STM (but only filled state images 

clearly show the buckling). The dimer flipping process requires charge transfer 

from the up atom to the down atom as shown in figure (5) but this will be 

much more difficult when an electronegative hydrogen atom is adsorbed on 

the up atom. Hence, a singly occupied dimer becomes locked in one 

orientation and many other unoccupied dimers in the same row are prevented 

f rom flipping by coupling of the strain through second layer atoms. It is 

possible that the buckling orientation is flipped by diffusion of the hydrogen 

atom to an adjacent site but this will occur rarely on the time-scale of a room 

temperature STM experiment. 

Figure (5). Charge transfer occurs during the flipping vibration of 
unoccupied dimers. This vibration is made much more difficult 
when a hydrogen atom is adsorbed on the up atom. 

If it can be assumed that there is an effective clustering interaction 

be tween pairs of doubly occupied dimers, then the analysis of a one 
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dimensional lattice gas described above can be applied. A typical section of the 

lattice might look like f igure (6) in which doubly occupied dimers are 

represented by I's, singly occupied dimers by A's and unoccupied dimers by O's. 

• o oo e o # o 
1 1 1 A 0 1 0 A 0 

Figure (6). A row of occupied ( • ) and unoccupied (O) dimer sites 
with each P,^ boundary indicated by a vertical line. 

The total energy of a particular arrangement of doubly occupied dimers, singly 

occupied dimers and unoccupied dimers is the sum of both clustering and 

pairing interactions and is defined as 

Total energy = + • -1 '"̂10 (22) 

where co is the attractive interaction between two adjacent doubly occupied 

dimers and e , is the energy required to unpair a doubly occupied dimer. It is 

necessary to express P,,, the number of adjacent pairs of doubly occupied 

dimers, in terms of P,„ the total number of 10 and lA boundaries using 

P,- & 
2 (23) 

which follows from equation (11). Hence, the lattice partition function can be 

written as 

hi-n) - 1, N - i i + iik,+ 1) [( / 
+ "ml "^-0) n + "ml 

. 1 V 2 J / . 
(24) 

in which the limits of the summat ion reflect the mass and site balance 
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requirements dictated by equations (8) and (9). Clearly, the evaluation of the 

configuration degeneracy, g(n, N, P,„ n^), will be similar to the evaluation of 

g(n, N, Pio) for a simple one dimensional lattice gas bu t is made more 

complicated by the permutat ions of A's and O's. Some of the many possible 

configurations that have the same energy as the example shown in figure (6) 

are given in f igure (7) wi th each configuration split into groups of I 's and 

groups of O's and A's. Groups can be chosen from the A's and O's by excluding 

plus signs as before but it is then necessary to count other permutations of A's 

and O's. For example, (A+0+0)+(A+0) can be chosen f rom A+O+O+A+0 but 

(0+A+0)+(A+0) can be chosen from O+A+O+A+0 by excluding the same plus 

sign. In general, 

number of permutations _ ("m + 
of A's and O's n 'n ' 

which is the number of different ways that the A's and O's can be placed in 

order. There are four ways of choosing two groups from A+O+O+A+0 but there 

are ten permutat ions of the A's and O's and hence, there are a total of forty 

different ways of arranging just the A's and O's. In addition, it is obvious from 

figure (6) that each singly occupied dimer can be arranged in two different ways 

so tha t for each conf igura t ion ident i f ied above there are in fact 2"'" 

configurations which must be counted. 

IIMOIOAO or (1 +1+ !) + (!)AM(/(A + 0) + (0 + A + 0) 

1L40110A0 or (1+ !) + (! + l ) a W M + 0) + (0 + A + 0) 

lAOlllO/40 or (l) + (l + l + l)nM(f(/l + 0) + (0 + /l + 0) 

lAOOlllAO or (l) + (l + l + l ) a W ( A + 0 + 0) + (A + 0) 

lOAOlllAO or (l) + (l + l + l ) W ( 0 + A + 0) + (A + 0) 

and many other configurations 

Figure (7). Some of the many possible degenerate configurations 
corresponding to n,o=2 and P,,=3. 
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It follows f rom these arguments that the surface partition function can 

be written as 

Qfiirfacc ^ ^ I 

(26) 

x e x p -m n + • G, n 1 " 1 0 'KT 

by explicitly including the configuration degeneracy in equation (24). The 

summat ion is again complicated and therefore the part i t ion funct ion is 

eva lua ted by us ing the max imum term method . The most impor tan t 

configuration is identified by simultaneously solving the conditions defined by 

and 

(27) 

d n 
(28) 

in 

since the configuration degeneracy is a funct ion of both n^, and P,o. These 

derivat ives are easily evaluated by applying Stirling's approximation and 

subs t i tu t ing no,, and n,, in equation (26) for terms in N, n and n,o. Solving 

equation (27) yields 

Al 
2 

= exp(m/;cpT) (29) 

which is the simple one dimensional lattice gas result derived earlier and 

solving equation (28) yields equation (30). 

("n ~ ' ^ ) ( f ~ " + "ii) Hl-Jk 
4q 

^exp[(ei + 
in 

(30) 
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Equations (29) and (30) are equivalent to those given by D'Evelyn et al. [10] 

wi thout derivat ion and can be solved numerically to give the coverage of 

doubly occupied dimers. 

E. Analysis of the experimental results 

The TPD data were simulated by numerical integrat ion of the rate 

equation for desorption. The quasi-equilibrium coverage of doubly occupied 

dimers was calculated by numerically solving equations (29) and (30) for the 

ins tantaneous total coverage, 0 , and the measured surface temperature, T. 

After each time increment . At, the change in coverage is approximately 

(d©/ dt)At where d 0 / d t is the instantaneous desorption rate calculated from 

- - ^ = : ' « x ^ n X e x p ( - E y ; : p r (31) 

assuming that and E„ do not change with coverage. 

The variation of TPD peak temperatures with coverage is plotted in 

figure (8). The departure from first order kinetics at low coverages is clearly 

demonstrated by a sharp increase in peak temperature for initial coverages less 

than about 0.15 ML. Previous studies [12, 13] have indicated that desorption at 

higher coverages can be described by first order kinetics but the present data 

show a small but discernable increase in the TPD peak temperature for initial 

coverages greater than 0.15 ML. Initial simulations indicated that without the 

inclusion of the clustering interaction, the precipitous rise in peak temperature 

at low coverages and the TPD peak shapes could not be reconciled with a single 

value of the pairing energy. However, if attention is confined to the low 

coverage regime, the peak temperatures, peak shapes and the onset of first 

order kinetics at higher coverages suggest a pairing interaction of (3.2±0.2) kcal 

mol"' and a clustering interaction of (5±0.5) kcal mol '. Some examples of TPD 

peaks simulated using these values for e , and (O with v,̂  and equal to 1x10^ s ' 
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Figure (8). TPD peak temperatures predicted using the pairing and 
clustering model (—) and an empirical rate equat ion [37] for an 
a tomica l ly r o u g h sur face (— • —)are c o m p a r e d w i t h the 
experimental data (•) . 

and 56.0 kcal mol ' respectively are compared with the experimental data in 

figure (9). The validity of the model and the values assigned to e o ) , and 

are confirmed by an excellent fit to the data at low coverages, but it is conceded 

that the increase in peak temperature between 0.15 and 1.0 ML cannot be 

in te rp re ted us ing the simple rate equat ion given above. A complete 

description of the desorption kinetics at all coverages must recognise that the 

pre-exponential factor and the activation energy are coverage dependent . 

Indeed , the microscopic model implies that the act ivat ion energy for 

desorpt ion depends on the occupation of neighbouring sites; two 10 or l A 

boundaries are lost by desorption from an isolated doubly occupied dimer but 

two are created by desorption from the middle of a string of doubly occupied 

108 



w 

0) 
4-" 
<0 
I— 

c 
o 

o 
w 
0) 
o 

0 . 1 0 -

0.08 

0.06 -

0.04 -

0.02 -

0.00 
650 700 750 800 850 900 950 1000 

Surface temperature IK 

w _ j 

o +-> 
(C 

c 
o 

o 
w 
o 
o 

0.0025 

0.0020 

0.0015 

0.0010 

0.0005 -

0.0000 

650 700 750 800 850 900 

Surface Temperature /K 
950 1000 

Figure (9). The experimental TPD data in (a) are characteristic of first 
order kinetics at high coverages but careful analysis reveals complex 
kinetic behaviour. Experimental TPD data (grey) and TPD simulated 
using the pairing and clustering model (black) are compared in (b). 
The data in (b) result from total coverages (deuterium and hydrogen 
from 0.004 ML of H^O) of 0.015, 0.026, 0.046 and 0.062 ML. 
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dimers. In general, the effective pre-exponential factor and activation energy 

are extracted from desorption rates using, for example, the variation of heating 

rate method [36], but an empirical rate equation is of little value here. 

The desorption of hydrogen from an atomically rough Si(lOO) surface has 

been repor ted [37]. Hydrogen coverages between 0.06 and 0.97 ML were 

p repa red by quenching epitaxial growth f rom silane. An empirical rate 

equat ion fits the data well and can be used to simulate TPD for comparison 

wi th the presen t data . Rather than compare peak shapes, the peak 

temperatures plotted in figure (8) more clearly demonstrate the very different 

kinetics. It is likely that the subtle interactions that lead to pairing and 

particularly clustering on a nominally perfect Si(lOO) surface are overwhelmed 

by the distorted geometries of an atomically rough surface. 

F. The rate of desorption from equil ibrium thermodynamics 

Ho&iS 

Adsorbed H 

Si(100 

Figure (10). Molecular hydrogen gas is in equilibrium with hydrogen 
adsorbed on Si(lOO) when the rates of adsorption and desorption are 
equal. 

The rate equa t ion for desorpt ion can be obta ined directly f rom 

equi l ibr ium considerat ions without explicitly including a pre-exponential 

factor and activation energy [38]. The system described by figure (10) is at 

equilibrium when the surface coverage of hydrogen is such that the total free 

energy of the system is minimised at constant number of molecules, volume 

110 



and temperature. This requirement can be expressed more conveniently in 

terms of chemical potentials as 

(32) 

where the surface is a two component condensed phase consisting of both the 

adsorbed hydrogen and the silicon surface. The total partition function for 

in the ideal gas approximation can be written as 

Q (33) 

where Qi„,emai is the partition function for vibrations and rotations and D,," " is 

the dissociation energy of an H; molecule. Differentiating In with respect to 

the number of molecules in the gas phase yields the chemical potential 

I n r n k u T 

P TW/ (34) 

and hence. 

P = 
Inmk^iT 

~ l f ~ 
V x O (35) 

is the corresponding pressure. At equilibrium, the chemical potentials of 

the gas phase and hydrogen adsorbed on the surface are equal so )ig,„ can be 

replaced by The rate of adsorpt ion is given by the Hertz-Knudsen 

equat ion 

rate of adsorption = 
s(8,T)P 

[iTtmkpTY' 
(36) 

where 

5(0,7) = Sn(T)xe, on (37) 

is the coverage and temperature dependent sticking probability. The surface 
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and gas temperature dependence of the initial sticking coefficient, So(T), has 

been measured using SHG and molecular beam techniques [1, 39]. Detailed 

balance demands that H2 adsorbs only at unoccupied dimers if desorption 

occurs only from doubly occupied dimers and that the rate of adsorption equals 

the rate of desorption at equilibrium. Hence, substituting equations (35) and 

(37) into equat ion (36) and equating the rate of desorpt ion to the rate of 

adsorption yields 

V y 

xexp 

ut! 

(38) 

in which all the dynamical information about adsorpt ion and desorption is 

contained in the sticking probability, So(T). The chemical potential of hydrogen 

adsorbed on the surface can be evaluated using . 

f.,,,;,, = (39) 

where is defined by equation (2). 

It was naively implied earlier that the only significant differences in 

vibrational part i t ion functions for singly occupied dimers, doubly occupied 

dimers and unoccupied dimers are due to the Si-H vibrations, but it is likely 

that the lower frequency Si-Si vibrations are much more important. The n-

bonding interaction or Peierls distortion must surely have some effect on the 

vibrations of the surface silicon atoms. Numerous calculations using a variety 

of methods find that the dimer bond length in doubly occupied dimers is 

longer than in unoccupied dimers , a l t hough there is no convincing 

exper imental evidence at present [40]. The pair ing and clustering model 

developed above is a detailed description of the surface perturbat ion and 

models for other systems look crude by comparison [41, 42]. The lattice strain 
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associated with doubly occupied dimers has been identified with the clustering 

interaction, co, whereas the 7X-bond interaction and other correlation effects 

involving dangling bonds are included in the pairing interaction, e i. However, 

Si-Si vibrat ions are undoubted ly crucial to the evaluat ion of the surface 

parti t ion function and to the successful application of equation (38). Surface 

p h o n o n f r e q u e n c i e s f r o m theore t ica l ca lcu la t ions or e x p e r i m e n t a l 

measurements are presently sparse and it is unreasonable to speculate what 

they might be or which should be included in the vibrat ional part i t ion 

funct ion. 

5.4. DESORPTION KINETICS OF HYDROGEN FROM S i ( l l l ) 

A. Microscopic kinetic model 

Previously it has been found that the p, desorption channel cannot be 

adequately described by a single second order desorpt ion process for all 

coverages less than 19/49 ML [22]. Two second order desorption channels, 

designated AA and AB have been proposed and represent recombinative 

desorption from adjacent rest atom sites and adjacent rest atom and adatom 

sites respectively. The kinetic model requires that the Si-H bond is stronger for 

hydrogen adsorbed at rest atoms than for hydrogen adsorbed at adatoms by an 

amount denoted as AE. 

There is no clear experimental evidence for preferential adsorption on 

Si( l l l )-7x7 at rest atom sites rather than adatom sites. It should be noted that 

any analysis of site preference must take into account the relative number of 

ada tom and rest a tom sites and that hydrogen atom adsorpt ion at low 

temperatures does not result in an equilibrium distribution. However, there is 

a very distinct propensity for adsorption at the rest atom sites of the Ge( l l l ) -

c(2x8) reconstruction such that no reacted adatoms can be observed at very low 

hydrogen coverages [43]. There are equal numbers of rest atoms and adatoms 
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in this reconstruction and it is thought that charge transfer from adatoms to 

rest atoms leaves the adatom dangHng bond state almost empty. STS of the 

Si( l l l ) -7x7 reconstruction [44] has indicated that the rest atom dangling bond 

state is fully occupied and that the center adatom dangling bond state is almost 

empty. In this case, less electron density is wi thdrawn from the corner adatoms 

compared with the center adatoms because each center adatom has two rest 

atom neighbours whereas each corner adatom has only one. Occupied state 

STM images [43] of Ge(lll)-c(2x8) show that the adatoms surrounding a reacted 

rest atom become bright and this is attributed to reverse charge transfer from 

the rest atom to the nearest adatoms. Theoretical calculations [43, 44] confirm 

that the higher electron density available at rest atom sites and relaxation of the 

reconstruction results in stronger bonding at these sites compared with adatom 

sites. In particular, AE is calculated to be 5 kcal mob' using the density 

functional approximation [45] but it is suggested that this value will decrease as 

more electron density is transferred to the adatoms. Previously, TPD data have 

been successfully analysed [30] using AE equal to 2.5 kcal mol ' and no attempt 

was made to introduce a coverage dependence. 

The equilibrium coverages of hydrogen adsorbed at rest atoms, 8^, and at 

adatoms, 6g, can be calculated for a given value of AE. The rate of desorption is 

then given by 

dQ 
exp(-E„^ / RT) + exp(-E^p / RT) (39) 

where N is the number of silicon atoms in one monolayer , 0 is the total 

hydrogen atom coverage, v,,,, and are pre-exponential factors and and Ê K 

are activation energies for desorption. 

B. Simulat ion of experimental results 

The TPD data were simulated by numerical integration of the rate 
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equation for desorption using the calculated quasi-equilibrium values of 8* and 

0B- Experimental data were obtained for initial coverages less than 0.14 ML. At 

these coverages desorption occurs almost entirely via the AA channel resulting 

in desorption kinetics that are characteristic of a single second order process. 

Experimental and calculated peak temperatures are plotted as a function of 

coverage in figure (11) and examples of experimental and simulated TPD data 

are plotted in figure (12). An excellent fit to the experimental data is obtained 

for Eaa and Vaa equal to 57 kcal mol ' and 2x10^ s^ respectively. The values of 

AE, Eab and are set equal to 2.5 kcal mo\ \ 57 kcal m o l ' and IxlO'^ s i 

respectively in accord with a previous analysis of higher coverage TPD data [30]. 
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Figure (11). Measured TPD peak maxima (O) and maxima of TPD 
peaks simulated using the two site model with E^a and Vaa equal to 
57 kcal mol-i and 2x10'' s ' respectively (—). Also shown are the 
maxima of TPD peaks (••••) simulated using the empirical rate 
equation determined by SHG [23]. 
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Figure (12). Experimental TPD data ( ) and simulations (—) using a 
two site model (essentially second order kinetics at these coverages) 
with Eaa and v̂ A equal to 57 kcal mol^ and 2x10^ s ' respectively. 
These data result from initial coverages (deuterium and hydrogen 
from 0.004 ML of ambient water adsorption) of 0.015, 0.029, 0.053 and 
0.089 ML. The inset shows the smallest TPD peak more clearly. 

5.5. A MINOR DESORPTION CHANNEL 

Atomic hydrogen adsorption on Si(lOO) at room temperature results in 

some patches of an ordered dihydride phase but also yields surface trihydride 

species [8]. The adatom back-bonds of the Si( l l l ) -7x7 reconstruction are 

strained and readily react to give adatom trihydride. Trihydride groups on both 

Si(lOO) and Si ( l l l ) can migrate during exposure to hydrogen atoms and at high 

coverages by diffusing to adjacent sites made vacant by abstraction. STM [8] and 

TPD [46, 47] have identified two reaction channels, which depend on the 

surface temperature, the rate of heating, the hydrogen atom flux and the local 
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chemical environment. The appearance of adatom islands and dimer strings 

on S i ( l l l ) and Si(lOO) respectively [8] is evidence for silicon-silicon bond 

formation between trihydride groups and loss of hydrogen from the surface. A 

broad TPD feature (usually labelled p,) extending f rom about 200 K to the 

onset of the (3. TPD peak is thought to arise from this reaction [47]. Silane 

desorbs dur ing TPD with a peak maximum at approximately 600 K and is 

attributed to reaction between trihydride groups and monohydride, dihydride 

or other trihydride groups. The product yields for these two reaction channels 

are correlated and increase wi th decreasing surface tempera ture dur ing 

adsorption [46, 47]. 

A mostly ordered 3x1 phase consisting of alternating rows of dihydride 

and monohydride can be prepared by atomic hydrogen adsorption at 380+20 K. 

However , adjacent rows of dihydride are found at some domain boundaries 

and it is here that some local etching is observed [8]. The yield of silane during 

TPD is almost at its minimum value [46] but the surface reactions are likely to 

be somewhat simpler for the generally well-defined 3x1 phase. Some SiD, and 

D2 TPD data are compared in f igure (13). The asymmetry and coverage 

independent maxima of the SiD^ TPD peaks are characteristic of first order 

kinetics. Pseudo first order kinetics are expected since the reaction must 

involve a very small concentration of trihydride and a very large excess of 

d ihydr ide and monohydr ide . However, these TPD peaks are too broad to 

reconcile with a single one-step reaction and are undoubtedly the consequence 

of complex reactions. 

5.6. DISCUSSION 

The kinetic models for hydrogen desorpt ion f rom Si(100)-2xl and 

Si( l l l )-7x7 both require that the rate of hydrogen atom diffusion is such that 

quasi-equilibrium distributions of the surface species are maintained. Optical 
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Figure (13). A very small amount of deuterium is lost as SiD^ ( ) 
during TPD with a peak maximum at approximately 600K but only 
when the initial D coverage is greater than 0.85 ML. The D, TPD data 
(—) shown for comparison have been scaled and represent a 
coverage of 1.5 ML whereas the largest SiD^ peak corresponds to only 
0.01 ML. 

second harmonic diffraction measurements from a submonolayer grating of 

hydrogen adsorbed on Si(l l l)-7x7 [48] have determined that the diffusion 

activation energy and pre-exponential factor are 34.5+4.6 kcal mol ' and lO ' cm^ 

s ' respectively. First principles calculations have predicted that hydrogen atom 

diffusion on Si(100)-2xl is anisotropic. Wu et al. [49] find that the activation 

energy and pre-exponential factor for diffusion parallel to the dimer rows are 

38.1+1.7 kcal moM and 4.0x10-0^ cm^s-^ respectively whereas the activation 

energy and pre-exponential factor for diffusion perpendicular to the dimer 

rows are 62.8+6.4 kcal mol^ and 4.8x10 "!® cm ŝ-̂  respectively. Vittadini et al. [50] 

calculate an activation energy for diffusion parallel to the dimer rows of 

approximately 30 kcal mol ^ but find that the activation energy for diffusion 
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perpendicular to the dimer rows is only approximately 41.5 kcal mol ^ It can be 

concluded that the diffusion of hydrogen atoms on Si(l l l )-7x7 and parallel to 

the dimer rows on Si(100)-2xl is not rate limiting and sufficient to maintain 

quasi-equilibrium distributions at 800 K. 

There has been much discussion in the literature concerning the possible 

involvement of defect sites in surface processes, especially at low coverages. 

Step edges are generally accepted to be the most common defect on metal 

surfaces [51] and have been invoked in adsorption [52], surface reaction [51] and 

desorption mechanisms [53]. Large area STM topographs of Si(100)-2xl surfaces 

have established terrace defect densities ranging from 10% to less than 1% [11, 

24]. However, high defect densities may be largely due to adsorption of ambient 

H j O [25, 26] rather than method of preparation. Very low defect densities on 

Si(100)-2xl surfaces have been observed following saturation with hydrogen 

and chlorine at high temperatures [8, 54]. STM images [11] infer that molecular 

hydrogen desorpt ion events, evidenced by the appearance of unoccupied 

dimers, are not associated with either steps or defect sites. It has been 

demonst ra ted in this chapter that the observed kinetics are consistent with 

microscopic models which neither imply nor invoke the involvement of 

defect sites. 

The internal state distributions of hydrogen desorbed f rom silicon 

surfaces have been measured by REMPI [2-4]. Despite the differences in surface 

s t ruc ture and kinetics, the rovibrat ional d is t r ibut ions are found to be 

approximately the same for desorption from both S i ( l l l ) and Si(lOO) surfaces 

and via both and (ij channels. On the basis of these results and theoretical 

calculations [55-57], it has been suggested that molecular hydrogen desorbs from 

an in termediate d ihydr ide species involving only one silicon atom. The 

mechanism by which the dihydride intermediate is created on the Si(100)-2xl 
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surface has been the subject of much debate. Ab initio calculations [56] and 

density functional theory [57] have been used to investigate the desorption of 

hydrogen f rom silicon clusters and have indicated that desorpt ion f rom a 

doubly occupied dimer via a dihydride intermediate is characterised by an 

ac t iva t ion ene rgy tha t is cons iderab ly h ighe r t han that m e a s u r e d 

experimental ly. However , a recent density funct ional s tudy [58] using a 

repeated slab geometry has shown that desorpt ion from a doubly occupied 

dimer is associated with an activation energy of 55-58 kcal mol ^ and a transition 

state localised over a single silicon atom. 

The discrepancies between results obtained from cluster and repeated 

slab geometries may be due to the inadequacies of the silicon cluster model 

which comprises a single dimer in the surface layer, four silicon atoms in the 

second layer, two silicon atoms in the third layer and one silicon atom in the 

fourth layer. Typically, the atoms in the bottom two layers are held in their 

rigid lattice positions whereas the top two layers are allowed to relax. Repeated 

slab geometries generally involve six or more layers with the top four allowed 

to relax. Experimentally, ion scattering measurements [59] have demonstrated 

that there is significant reconstruction in at least the first four layers of the 

Si(100)-2xl sur face , sugges t ing that small sil icon clusters are poor 

representations of the real surface. 

5.7 CONCLUSIONS 

The two site model for desorpt ion of hydrogen f rom Si ( l l l ) -7x7 

described earlier is found to be entirely consistent with the experimental TPD 

data and cannot be distinguished from second order kinetics at low coverages. 

Isothermal SHG measurements have suggested a significant departure f rom 

second order kinetics at low coverages and are characterised by an empirical 

order number of 1.5+0.2. The expected coverage dependence of the TPD peak 
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temperatures for a kinetic order number of 1.5 is shown to be inconsistent with 

the experimental data. 

A simple lattice gas model involving only the pairing interaction does 

not adequately describe the desorption of hydrogen f rom Si(lOO), except as an 

approximation at high coverages. A more detailed model including both the 

pairing and clustering interactions successfully reconciles the TPD peak shapes 

and peak temperatures at low coverages but it is conceded that a complete 

description of the desorption kinetics at all coverages must include a coverage 

dependent activation energy and pre-exponential factor. 
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