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This paper describes a study concerning the interaction of molecular oxygen (0,) and nitrous 

oxide (N,O) with the clean Si(loO)ZX 1 surface in ultrahigh vacuum at 300 K. Differential 

reflectometry (DR) in the photon energy range of 1.5-4.5 eV, Auger electron spectroscopy (AES) 

and low energy electron diffraction (LEED) have been used to monitor these solid-gas reactions. 

With this combination of techniques it is possible to make an analysis of the (geometric and 

electronic) structure and chemical composition of the surface layer. The aim of the present study 

was to give a description of the geometric nature of the oxygen covered Si(100) surface. For that 

purpose we have used both molecular (0,) and atomic oxygen (as released by decomposition of 

N,O) to oxidize the clean Si(lOO)Z x 1 surface. 

In view of the experimental results we propose a model in which the decomposition of N,O 

into a chemisorbed oxygen atom and a desorbing N2 molecule is described by a coupled reaction 

mechanism. The initial reaction probability was found to be (2.4 k 0.2) X lo-‘. The principal result 

is that the decomposition of N,O only occurs at those Si atoms which have a dimer and dangling 

bond, i.e., mainly first layer Si dams. The concentration of defects in our clean Si(10@)2 x 1 

surface was estimated to be a few percent. Every stage of the reaction involves the formation of 

bridging oxygen, saturation occurring at monolayer coverage. Thus the interface between the 

monatomic oxygen adlayer and the underlying Si lattice is essentially abrupt. 

The interaction of 0, with the clean Si(100)2~1 surface is found to lead to chemisorption, 

with the initial sticking probability: s(O) = 0.09+0.01. At coverages below 0.5 monolayer the 

adsorption of 0, can be described by a dissociative process on the first layer Si atoms. The empty 

dangling bond orbital which is related to the lowered Si atom of the asymmetric dimer does not 

show appreciable reactivity towards the 0, molecule. In the intermediate coverage range (0.5-l 

monolayer oxygen) incorporation of oxygen into the subsurface Si lattice and adsorption of a 
molecular oxygen species occur simultaneously. Due to this species, - 20% of the (dimer and 

dangling bond) surface states are left unsaturated. Beyond monolayer coverage penetration of 

oxygen into the Si lattice is the limiting process. 

Careful measurements of the SiLajvv Auger spectra have led to more definite conclusions 

about the binding state of oxygen: the SiO 83 eV Auger peak can be exclusively related to Si-0 
bond formation on the first layer Si atoms. 

1. Introduction 

Substantial research has been devoted to semiconductor surfaces - in 
particular those of the element silicon (Si). The interest in silicon surfaces has 
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been largely stimulated by the increasing engagement of the semiconductor 
industry. Silicon is used in almost all electronic devices. The main reason for 
studying surfaces and interfaces comes from the trend to ever smaller dimen- 
sions of these devices. We may expect that, within the next decade, the device 
dimensions become comparable with several fundamental scaling lengths [l]. 
As a consequence, the performance of the devices is determined by surface 
and interface properties. 

One of the most frequently used interfaces is that of Si/SiO,. The forma- 
tion of this interface, e.g. by the interaction of 0, with a silicon surface, is 
accompanied by the creation of interface states (mobile and fixed charges, 
traps) whose density controls the quality of the metal-oxide-field-effect-tran- 
sistor (MOSFET), the most widely used present day device [2]. In spite of the 
practical success of this device the microscopic nature of the Si-SiO, interface 
is still far from being understood. 

In view of the ever progressing miniaturisation, there is an increasing urge 
to understand the initial chemisorption stages of oxygen on silicon surfaces. 
Many experimental and theoretical studies have dealt with this solid-gas 
reaction for more than a decade (see, e.g., refs. [3-S]). Despite this effort, very 
little is known about the detailed bonding configuration on clean silicon. 
Upon surveying the literature it appears that further chemisorption studies 
using only molecular oxygen (0,) shall not provide significant improvement in 
the understanding of the atomic nature of the oxygen covered silicon surface 
and of the Si-SiO, interface. This is also due to the surface geometry of the 
substrate, e.g. the clean Si(100) surface, which seems to be complicated, as 
evidenced by a recent scanning tunneling microscopy (STM) experiment [9]. 
There is still some controversy as to whether the oxygen (0,) chemisorption is 
purely dissociative or possibly a mixture of atomic and molecular oxygen. 
Another point of discussion is that of the penetration of oxygen into the 
subsurface. Is it already dominating in the initial chemisorption stage [lo] or 
at a more advanced stage [ll-13]? 

Due to this confused situation we felt that the combined use of molecular 
oxygen (0,) and atomic oxygen (as released by N,O) in the study on the 
mechanisms of the initial stages of oxidation of a Si(100) surface would be 

helpful. This approach has been successfully applied to the Si(111)7 X 7 [14,15] 
and Si(110)5 x 1 [14,16] surfaces. 

The interaction of N,O and 0, with the Si(100)2 X 1 surface is the subject 
of this paper. These solid-gas reactions were studied in ultrahigh vacuum 
(UHV) at 300 K by Auger electron spectroscopy (AES), low energy electron 
diffraction (LEED) and differential reflectometry (DR). 

Firstly, with AES a quantitative analysis can be made of the different types 
of atoms in the surface region. Furthermore, with AES information concerning 
the chemical bonding can be extracted by analysing the Auger electrons which 
originate from the Si valence band. 
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Secondly, with LEED one is able to detect the structure of the sample 
surface and its possible change upon adsorption. 

Thirdly, with DR information about the electronic structure of the silicon 
surface can be obtained [3-51. Using DR, electrons are excited from filled to 
empty (surface state) bands and the experimental data therefore always 
contain joint properties of both types of bands. One of the advantages of using 
DR rather than AES and LEED is its essentially nonperturbing nature if the 
wavelength and intensity of the light beam are properly chosen. Furthermore, 
DR allows the in-situ use over a wide pressure and temperature range. In view 
of recent photoemission results 117,181 which indicate the existence of a 
surface state at - 2.5 eV below the Fermi energy, E,, we have performed the 
reflection experiments in the photon energy range 1.5-4.5 eV. 

In section 2 the experimental techniques and their principles of operation 
are discussed. In section 3 the results of the interaction of N,O and 0, are 
presented. A discussion of these results is given in section 4. Concluding 
remarks are given at the end of this paper (section 5). 

2. Experimental 

2.1. General 

All experiments were performed in a stainless steel UHV system described 
previously [3-51, with additional facilities for AES-LEED, ion-bombardment 
and evacuation of the reaction chamber by a 100 e/s turbo molecular pump 
(Pfeiffer TSU 100). The base pressure of the UHV system was in the mid 
lo‘-” Torr region as measured by a Riber JBA 11 ionization gauge. Upon 
reaching this static condition the reaction chamber was then evacuated by a 
125 e/s Riber ion pump with titanium sublimator. Vacuum cleanliness was 
checked by a Riber SQS 100 B quadrupole mass spectrometer. The silicon 
sample was mounted onto the sample holder of a newly designed manipulator 
which allowed rotation and tr~slation (in the X, Y and Z direction) of the 
sample. 

2.2. AES and LEED 

2.2.1. Equipment 
The electron spectrometer consisted of a retarding-field four-grid 

LEED-Auger system with a transparent fluorescent electron collector screen 
(Riber OPR 304). Auger transitions were excited by an electron beam (Riber 
CER 306 electron gun), the angle of this beam being loo with the plane of the 
silicon surface. Unless specified otherwise (section 2.2.2), the primary electrons 
were accelerated by a Wallis PM2DCP (10-2~ V) high voltage unit instead 



of the Bertan 603-5OP (O-5 kV) high voltage supply which has been originally 
built in the Riber ACE 376 N power supply. Because of the improved 
signal-to-noise (S/N) ratio low sweep rates at relatively low modulation 
voltages were now possible thus revealing more fine structure [19]. The sweep 
voltage was supplied by a KEPCO OPS 2000 B high voltage unit regulated by 
a (low voltage output) 16 bits Auger sweep generator, built in our own 
laboratory. The spectra were recorded in the second derivative mode by phase 
sensitive detection. 

2.22. Semi quantitative analysis 
In our experiments AES was used (a) to check the surface cleanliness 

{section 2.4) and (b) to measure the relative concentration of oxygen adsorbed 
on the clean Si(lOO)Z X 1 surface. The amount of adsorbed oxygen is propor- 
tional to the ratio of the oxygen KLL (510 ev) to the silicon LW (92 eV) 
peak-to-peak (p-p) heights in the second derivative Auger spectra, i.e., ho/hsi. 
The information depth is of the order of 3 atomic layers since the energy of 
electron emi:sion (0 KLL process) is 510 eV corresponding to an escape depth 
of about 9 A [20]. 

The Auger spectra were recorded using a primary beam energy of 2 keV, 
primary current density of - 200 PA cme2, modulation voltage of the energy 
analyser of 9 Vp_p, a sweep rate of 1.0 eV/s and a lock-in time constant G 1 s. 

The signal ratio ho/h, was converted into a relative oxygen surface 
concentration from additions Auger data using the equation 

where C, is the relative surface concentration of element i, hi is the p-p height 
of element i, and S, is the respective relative elemental sensitivity factor. For a 
reasonable quantification, however, the high energy silicon KLL peak (1619 
ev) should be used instead of the low energy LW peak at 92 eV (211. In order 
to be able to detect these high energy Auger electrons with our retarding field 
analyser, the primary electrons were then accelerated to an energy of 3.8 keV 
by the Bertan 603-50P (O-5 kV) high voltage supply. The 0 KLL and Si KLL 
peaks were then recorded after several exposures, roughly between a quarter 
and one monolayer (ML) of oxygen (see section 3.1.1). The relative elemental 
sensitivity factors used in eq. (1) were SiKLL: 0.03 and OKLL: 0.50 [22]. We 
estimate that the experimental accuracy in the determination of the oxygen 
surface concentration is about 15%. 

2.2.3. Chemical bonding information 
The most relevaiit info~ation concerning the chemical bonding can be 

extracted from the Si Lz3W Auger spectra in the energy range of 50-90 eV. In 
this range of emerging electrons the information depth is about 1.5 atomic 
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Fig. 1. LEED pattern taken from the clean Si(100)2Xl two-domain surface (65 ev). The LFED 
photo was taken with the OLYMPUS 0M4 camera with ZUIKO MC 3.5/.50 mm macro lens. 

layers [ZO]. Recently, it has been shown that careful measurements of the 
SiL,,W Auger spectra in this energy range can lead to more definite 
conclusions about the binding state of oxygen on silicon [14,193. The Si Lz3W 
Auger spectra were recorded under the following operating conditions: primary 
beam energy 2 keV; primary current density - 300 PA cms2; modulation 2 
V PP; sweep rate G 0.5 eV/s and a lock-m time constant G 1 s. 

2.2.4. The structure of the clean Si floO)2 X I surface 
Both with AES and LEED an electron beam of well defined energy and 

current is focused onto the sample using the same electron analyser as 
described in section 2.2.1. In the LEED configuration the primary electrons 
are generated by a Riber CEL 305 electron gun, the angle of incidence of the 
electron beam being 45 O. The primary beam energy was chosen between 50 
and 110 eV. 

In our study the LEED patterns were merely used as “fingerprints”. Fig. 1 
shows the LEED pattern taken from the clean Si two-domain (100)2 X 1 
surface. The cleaning procedure of the silicon sample is described in section 
2.4. The LEED pattern as shown in fig. 1 indicates the good quality of the 
above mentioned clean silicon surface compared to those found in the litera- 
ture [23]. 

2.3. Differential refectometry 

2.3.1. Equipment 
The optical equipment is an improved version of the differential reflectome- 

ter described earlier 13,241, consisting of a near normal incidence reflectometer 
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allowing measurements of very small changes in optical reflectivity (- 1 x 

10p4) in the photon energy range of 1.5-4.5 eV. Details of this new reflectom- 
eter have been described elsewhere [14]. A monochromatic beam was obtained 
by combining a light source (Philips 12 V, 100 W quartz-halogen lamp for the 
visible region and a Philips CS 75 W Xe lamp for the ultraviolet region) with 
an Oriel mon~~omator. The Xe lamp was mounted in an Paling housing 
provided with a quartz lens. We used the EM1 9659 QB-S20 photomultiplier as 
a detector. 

2.3.2. Principle 
In a differential reflectivity experiment, the relative change of the sample 

surface reflectivity, AR/R, is measured when the surface physical properties 
are allowed to change from an initial state (clean silicon surface, containing 
- 1015 surface states per cm’) to a final state (the same surface covered by a 
(fractional) monolayer of oxygen and a reduced number of surface states). The 
corresponding expression [5] is: 

AR R,, - R, -= 
R R ’ 

(2) 
dean 

where R clean and R,, are the overall reflectivities of the initial and final states 
of the surface, respectively. 

Differential reflectometry (DR) can provide both information about the 
degree of coverage, e.g. oxygen on silicon [3-51, the electronic structure of a 
clean surface and the change of this structure due to chemisorption. The 
advantage of using DR rather than AES and LEED is, that it allows one to 
study surface processes at any gas pressure and without electron beam induced 
surface effects. 

With the combination of DR, AES and LEED it is possible to make an 
elemental and structural (geometric and electronic) analysis of the surface. 

2.4. Surface ckaning 

The silicon sample (10 X 30 X 0.4 mm3) was made out of a 2000 Q cm, 
p-type (boron-doped) crystal in the (100) orientation, purchased from 
Wacker-Che~tro~c. Prior to mounting the crystal was ultrasonically cleaned 
in ethanol. No further chemical treatments were used. The sample could be 
resistively heated by the passage of a DC current. 

A clean surface was obtained by cycles of sputtering (800 eV Ar ions, 2 PA 
cm- 2, 20 mm, angle of incidence 45 o ) and annealing (800 o C, 60 mm). 

An anneal temperature of maximal 800°C was chosen, since annealing a 
silicon crystal in vacuum above 800°C results in irreversible changes of the 
surface texture, as shown by a recent spectroscopic ellipsometry study 1251. At 
temperatures around 109O*C the silicon surface even starts to appear milky 
[26,27]. 
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During sputtering the crystal was also heated to - 600 o C for about 10 min, 

followed by slow cooling. This procedure yields reproducible very sharp 
two-domain 2 X 1 LEED patterns for the Si(100) surface, the background 
being extremely low (fig. 1). Furthermore, the silicon surface remained opti- 
cally flat and the reflection experiments were reproducible, even after 200 or 
more cleaning cycles. We believe that our surface cleaning procedure results in 
a clean Si(100)2 x 1 surface with a very low density of defects; Alonso et al. 
[28] applied a similar surface cleaning treatment, called SIBA (= simultaneous 
ion bombardment and annealing), to GaAs surfaces. Using the SIBA treat- 
ment their GaAs and Si surfaces [29] reproducibly showed the best possible 

degree of perfection. They found that the SIBA treatment is superior to 
surface cleaning procedures consisting of cycles of ion bombardment at 300 K 
and annealing or ion bombardment, and is probably the best alternative to 
molecular beam epitaxy (MBE). 

The surface was considered clean when no elements other than Si could be 
detected in the Auger spectrum; the Auger p-p ratio h(noise)/hsi(92 eV) was 
always less than 5 X lop4 in the dN(E)/dE mode (section 2.2.2). We 
estimate that the carbon surface concentration is about 0.001 of a monolayer 

or less. 

2.5. Gas handling and procedures 

High purity N,O (99.99%) of 0, (99.998%) were used. 0, was admitted into 
the reaction chamber at pressures ranging from 10e8 to 10e4 Torr, N,O at 
pressures mainly above 10-f Torr. During gas inlet the turbo molecular pump 
was in operation and no filaments were lit in the reaction chamber to prevent 
the production of excited gas species. During gas exposure the pressure, when 
needed, could be measured by a VG-VIG 20 ionization gauge, located at the 
mouth of the turbo molecular pump at a relatively large distance (1 m) from 
the UHV chamber. The VG-VIG 20 ionization gauge was calibrated against 
the one in the UHV chamber (Riber-JBA 11). 

Since the N,O adsorption experiments were performed at relatively high 
pressures, contamination of the clean Si(100) surface by traces of H,O 
(sticking probability is of the order of 1 [11,13,30,31]) was suppressed by 
cooling the gas inlet system to 120 K, thus reducing the saturated H,O 
pressure to below lo- l2 Torr All exposures are given in units of Langmuir . 
(1 L = 1 X 1O-6 Torr s). 

Each AES data point (section 2.2.2) and SiL,,W curve (section 2.2.3) was 
obtained after exposing the cleaned silicon surface to a single 0, or N,O dose 
in order to avoid electron beam induced effects. The same method was applied 
for taking pictures of LEED patterns. If an Auger spectrum or LEED pattern 
was taken from the clean silicon surface before an adsorption experiment was 
started, a short anneal (800°C, 5-10 min) was used to neutralize possible 
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electron beam induced artifacts. AES and LEED were always performed with 
the ion-getter pump in operation at a pressure of 8 x lo-” Torr. DR was used 
to monitor the solid-gas reactions in situ. The surface spot analysed was the 
same for AES, LEED and DR. 

3. Results 

3.1. AES and LEED measurements 

3.1.1. Decomposition of N,O 
No nitrogen was detected in the Auger spectra, confirming that the overall 

reaction is: N,O -+ Nz7 + O,,. Fig. 2 shows the ratio h&h, as a function of 
N,O exposure. The top part of this figure qualitatively indicates the observed 
LEED pattern(s). During initial exposure (O-3 X lo4 L) the 2 x 1 two-domain 
LEED pattern remains well visible. After 4.5 X lo4 L this LEED pattern has 
almost completely transformed into a 1 X 1 structure. For exposures beyond 
2 x lo5 L, i.e. at saturation, only a very weak 1 X 1 LEED pattern with a 
highly intense background is observed. 

(2x1) (2x1) 

1 
A, 

1 1 + 1 (1x1) barely visible-4 

T 24 

0 SI (100): N20 - N2 
f 

‘Qd 
4 21 - 
* 

T=300 K 

18 - 

0 1 

;xp30scrQs 

5 7 8 9 10 11 

CL1 - *lo” 

Fig. 2. Normalized Auger oxygen signal, ho/h sit versus NzO exposure. Each data point is taken 
after new exposure on a freshly cleaned surface. The top part of fig. 2 qualitatively indicates the 

observed LEED pattern(s). 
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50 60 70 80 90 

Ekin (ev) 

Fig. 3. SiLz3W Auger spectra oi: (a) a clean Si(lOO) surface, (b) the same surface exposed to 
4 x lo5 L N20. 

At saturation (ho/h, = 14.7 X lop3 (fig. 2)) the oxygen coverage turned 
out to be (1.0 f 0.1) ML (section 2.2.2). We mean by ML coverage that 
6.78 x 1014 oxygen atoms or 3.4 X 1014 oxygen molecules (section 3.1.2) have 
reacted with 6.78 X 1014 Si atoms in the surface layer (l-3 atomic layers 

(section 2.2.2)). 
Curve b of fig. 3 shows the actual SiLz3W Auger spectrum of a clean 

Si(100) surface which has been exposed to 4 x lo5 L N,O. This spectrum 

shows peaks at 62, - 70 and 83 eV, in addition to the peaks at 57, 74 and 81 
eV (curve a of fig, 3) which are characteristic of the clean Si(100) surface [19]. 

3.1.2. rYii3orption of 0, 
In fig. 4 is shown the ratio ho/h, as a function of 0, exposure. Monolayer 

coverage (1 ML), as determined from the results of the previous section, is also 
indicated in this figure. From fig. 4 is derived that the adsorption of 0, 
reaches ML coverage at - 65 L. Additional exposure results in a slow 
continuous uptake of oxygen in the exposure range studied (- lo6 L). For 
exposures up to at least 300 L the LEED pattern still shows some patches 
having the 2 x 1 structure. 

Curve b of fig. 5 shows the actual Si Lz3W Auger spectrum after saturation 
of the reflectometer signals (curves a in figs. 10 and 11) i.e. after 85 L. The 
spectrum shows peaks at 62, - 70 and 83 eV, and it has a similar shape as 
curve b of fig. 3. Not long ago [14,19] I have shown that the SiL,,W Auger 
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oL5 
Exposure CL1 - 

Fig. 4. Normalized Auger oxygen signal, ho/hs,, versus 0, exposure. ML coverage, as de- 
termined in section 3.1.1, is also indicated. Each data point is taken after a new exposure on a 

freshly cleaned surface. 

transition at 83 eV can be assigned to the Si-0 bond. Displayed in fig. 6 is the 
p-p height of the SiO peak at 83 eV, denoted as hsio(83 eV) in arbitrary units 
(au), versus 0, exposure. h,,(83 eV) is measured from the positive excursion 

Fig. 5. SiL,,W Auger spectrum of: (a) a clean Si(100) surface, (b) the same surface exposed to 85 
L, (c) the surface in (b) followed by isochronal annealing at 700 K for 5 min (section 4.3). 
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0 20 40 60 80 100 120 140 160 180 zoo 

Exposure CL1 -----+ 

Fig. 6. SiO 83 eV Auger p-p height, hsio(83 ev), versus 0, exposure. hsio(83 ev) is measured 
from the positive excursion at 79.5 eV to the negative excursion at 83 eV in the SiL,W spectra 

1191. Its magnitude is displayed in arbitrary units (au). 

at 79.5 eV to the negative end at 83 eV in the SiL,,W Auger spectrum [19] 
(see, e.g., curve b in fig. 5). Saturation of 12,,(83 ev) occurs after about 80 L. 

3.2. Retentivity ~ea~~re~ents 

3.2.1. Decomposition of N,O 
In fig. 7 is shown the relative difference in reflectivity, AR/R(hv), before 

and after exposing a clean Si(lO0) surface to N,O, at five successive stages. 

9 [%I 

4 

1.0 1.4 1. 8 2. 2 2. 6 3. 0 3. 4 3. 8 4. 2 4. 6 5. 0 

t-iv CeVl ------+ 
Fig. 7. The relative difference in reflectivity, a R/R( hv), before and after exposing a clean 

Si(lO0) surface to N,O at five successive stages. The corresponding doses are indicated. 
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Si (100): N20---+ Nz~+O~,_, 
1.2 - T=300 K 
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1.0 - 

0 4 e 12 16 20 24 28 32 36 40 

Exposure CL3 - *lCl’ 

Fig. 8. The relative change in reflectivity versus N,O exposure at hv = 2.90 eV (peak A2) and at 
hv = 3.85 eV (peak C). 

The corresponding doses are indicated in this figure. The upper curve corre- 
sponds to the ultimate relative difference in reflectivity, A R/R(hv, sat), at 
saturation. The bottom curve shows four peaks at 3.85, 3.15, 2.90 and 1.60 eV, 
which are denoted as C, Al, A2 and Bl, respectively. In the upper curve only 
two peaks can be discerned - at 2.90 eV (peak A2) and 3.85 eV (peak C). The 
shape of AR/R(h) below hv = 1.8 eV, however, suggests the onset of a peak 
which may have its maximum around 1.3 eV [32]. This peak is denoted as B2. 
As the exposure increases from 3 X lo4 to 4.5 X lo4 L, the most obvious 
change is that peaks Al and Bl, prominent at low oxygen coverage, are 
gradually obscured with increasing coverage by their neighbouring peaks A2 
and B2 (by extrapolation), respectively. In the assumption that peaks A2 and 
C are due to well defined optical transitions, their behaviour during the 
decomposition process was studied separately. 

The relative change in reflectivity, AR/R, with N,O exposure both at 2.90 
and at 3.85 eV is depicted by curves A2 and C of fig. 8, respectively. 
Saturation of curve A2 is accomplished after - 4 x lo5 L and that of curve C 
after 2 X lo5 L. 

3.2.2. Adsorption of 0, 
Curve b in fig. 9 shows the maximum relative difference in reflectivity 

AR/R(~~) before and after exposing a clean Si(l~)2 X 1 surface to 85 L 0,. 
The optical spectrum shows two peaks at 2.95 and at 3.85 eV, denoted as A2 
and C, respectively. Curve a displays the increment AR/R( hv) after a small 
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9. The relative difference in reflectivity, AR/R( hv), before and after: (a) exposing a 
Si(100)2 X 1 surface to 5 L OX and (b) exposing the same surface to 85 L 0,. 

clean 

0, exposure (5 L}; a new peak at 3.10 eV, denoted as peak Al, is also 
observed. The position of peak C, however, does not change as a function of 
exposure. 

1. 2 

I 

hv’2.90 eV 

1.0 

Exposure CLI- 

Fig. 10. (a) The relative change in reflectivity versus 0, exposure at hv = 2.90 eV. The maximum 
relative change in reflectivity, A R/R N20(2.!30 eV, sat), taken from figs. 7 and 8, is shown for 
comparison. (b) As (a), after isochronal annealing a Si(100) surface which has been exposed to 85 

LOZ,at700Kfor5min. 
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$p C%l 

hv-3.85 eV 

Exposure CLI- 

Fig. II. (a) The relative change in reflectivity versus O2 exposure at hu = 3.85 eV. The maximum 

relative change in reflectivity AR/RN20 (3.85 eV, sat), taken from figs. 7 and 8, is shown for 

comparison. (b) As (a), after isochronal annealing a Si(100) surface, which has been exposed to 85 

LO~.at7~Kfor5min. 

The relative change in reflectivity, AR/R, with 0, exposure at 2.90 and at 
3.85 eV is depicted by curves a of figs. 10 and 11, respectively. Saturation is 
seen to occur after - 85 L. In these figures is also depicted AR/RN~o(hv, sat) 
for kv = 2.90 and 3.85 eV (figs. 10a and lla, respectively). AR/RNzo(~~, sat) 
is the maximum relative change in reflectivity at photon energy hv for the 
reaction between N,O and a clean Si(100) surface (see figs. 7 and 8). 

4. Discussion 

4.1. Surface state transitions 

The macroscopic three-phase dielectric layer model [33-361 was used for 
the inte~retation of the reflection measurements on the clean Si{lOO) surface 
in UHV in terms of surface state transitions [3-5]. In this model the homoge- 
neous absorbing film which appears in the model of McIntyre and Aspnes 
[37], has optical properties which are associated with surface states. The 
absorbing layer, on top of a substrate, has a thickness d,,, much smaller than 
X, the wavelength of the light used. Upon chemisorption of oxygen on a clean 
semiconductor surface, this thin absorbing transition layer is effectively re- 
moved. The dielectric constant in the surface region then becomes equal to 
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Fig. 12. Schematic model for molecular (0,) and atomic (N2-0) oxygen adsorption on a clean 
silicon surface to interpret the reflectometric data. 

that of the bulk substrate. Fig. 12 shows the model for oxygen (0, or 0 as 
released by decomposition of N,-0 (see section 3.1.1)) adsorption on a clean 
silicon surface, to interpret the reflectometric data. Els,, Elb, CoX and < (= 1) are 
the complex dielectric constants of the transition layer, the bulk substrate, the 
oxygen layer and the vacuum, respectively. Wierenga [3] has derived that 

where d,, is taken to be 0.5 nm [33,36]. In the photon energy region from 1.5 
to 4 eV, the influence of a monolayer of oxygen on the value of AR/R was 
here calculated to be negligible with respect to the surface states layer, which is 
about lop2 (see section 3.2). The relative change in reflectivity, AR/R, at a 
given photon energy upon adsorption of molecular (0,) or atomic (N2-0) 
oxygen is therefore proportional to the number of surface states which have 
disappeared [33-361. 

However, care must be taken in attributing above-gap structure in the 
differential reflection spectrum completely to surface states. A recent micro- 
scopic calculation of the surface optical properties of the Si(111)2 X 1 surface 
[38] has revealed that a relatively large contribution to differential reflectivity, 
in the range of 2-4 eV, can be related to the structural changes of this surface 
occurring upon oxidation, this contribution being probably so large because of 
the strong surface rearrangement which takes place in the r-bonded chain 
model [39]. The results of this calculation were found to be in reasonable 
agreement with polarization-dependent reflectance measurements [40,4i]. As 
far as the Si(100)2 x 1 surface is concerned, comparable theoretical calcula- 
tions and polarization-dependent reflectance measurements have not been 
performed yet. Therefore, the degree to which the structural change of this 
surface contributes to differential reflectivity in comparison with that of the 
rr-bonded-chain Si(111)2 X 1 surface is unknown at the moment. The results of 
the present work strongly suggest, however, that a substantial contribution to 
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the optical spectrum of figs. 7 and 9 in the range of 2-4 eV can be related to 
surface states (for a discussion see section 4.2.1). 

Other m~h~isms which may contribute to surface optical properties are: 
(i) surface excitonic effects and (ii) a bulk-like Franz-Keldysh effect 142,431. 

At present the subject of surface valence excitons in semiconductors is still 
a matter of debate. Recently [44], it has been shown that the presence of 
bound exciton states critically depends on the magnitude of the screening of 
electrons in surface states. Surface state screening is, however, still ill under- 
stood [45,46]. It has been suggested that, at least for the Si(111)2 x 1 surface, 
excitor& effects on the optical properties are very small 1441. Polarization-de- 
pendent reflectance measurements, combined with the experimental de- 
termination of the k-dispersion of filled [17,18,47,48] as well as empty [49,50] 
surface states should be performed to reach a more definite conclusion about 
(possible) surface valence excitons at the Si(lOO)Z x 1 surface. 

In chemical adsorption experiments on clean se~~nductor surfaces the 
band bending at the surface is expected to be changed as a result of charge 
redistribution. This might cause a change in the optical parameters due to the 
Franz-Keldysh effect [42,43]. This effect occurs at critical points of the bulk 
band structure. From electroreflectance experiments [51,52], the critical points 
in the bulk optical structure for silicon were found to be positioned at around 
3.4 and 4.3 eV. Therefore, the electrical field effects will not have a noticeable 
influence on the shape of the differential reflection spectrum for hu < 3 eV. 
The electroreflectance spectra [51,52] show that the (oscillatory) reflectivity 
changes at - 3.4 and at - 4.3 eV, induced by the Franz-Keldysh effect, are 
both of the order of (maximal) 10m3 in AR/R. It can be seen that these 
changes are small as compared with the ultimate relative difference in reflec- 
tivity, AR/R, at peaks A2 and C in figs. 7 and 9 (upper curves). This result is 
in agreement with earlier surface differential experiments on Si(111)2 x 1 
[41,53] and Ge(111)2 x 1 [53] surfaces, where the Franz-Keldysh effect was 
found to be negligible small. On GaAs and GaP surfaces, however, this effect 
is more pronounced (51,541 and therefore cannot be neglected. The above 
mentions electroreflectance spectra 151,521 show that the region between 3.5 
and 4.1 eV, i.e. the region in which peak C (figs. 7 and 9) is positioned, does 
not have significant structure. Theoretical calculations [55] predict the ex- 
istence of a surface state at - 2.5 eV below the Fermi energy, E,. This surface 
state has recently been found using angle resolved photoemission spectroscopy 
[17,18]. This surface state has been identified as a dimer bond surface state, i.e. 
a surface state induced by the covalent bond in the surface plane forming the 
dimer. We therefore suggest that peak C (at hv = 3.85 eV) can be attributed to 
optical transitions from the filled dimer bond surface states band at - 2.5 eV 
below E, to an empty dimer states band theoretically predicted to lie at - 2.5 
eV above E, [55]. Additional evidence in favour of this suggestion shall be 
given in section 4.2. 
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The observation of structure in the photoemission spectra, indicative of two 
filled dangling bond surface states [17,47,48], and of two minima in the almost 
empty surface state band [50,56], may explain the observed peaks in our 
optical spectra (figs. 7 and 9) for hv < 3.2 eV. Both the c(4 X 2) and 2 X 2 
reconstructions yield a dangling bond surface state which is lower in energy 
than that for the 2 x 1 superstructure on a clean Si(100) surface [59,60]. A 
recent STM study [9] has revealed that the 2 X 1, 2 X 2 and c(4 X 2) geometries 
may always coexist on clean Si(100) surfaces in spite of the fact that in most 
LEED experiments only the 2 X 1 reconstruction is observed. The regions with 

local 2 x 2 and c(4 x 2) order were found to be small. Peak Bl, which has its 
maximum at hv = 1.60 eV (fig. 7), may therefore be attributed to optical 

transitions from a filled dangling bond surface states band at - 1.3 eV below 
E, [17,47,48,50] (DBdX2) which corresponds to c(4 X 2) and/or 2 X 2 recon- 
structions, to the empty surface states band at - 0.4 eV above E, [27,49,58]. 
Peak Al (figs. 7 and 9) may then be assigned to transitions from DBJx2 to 
empty states terminating deeper in the conduction band. The main peak A2 
[61] which appears both in fig. 7 and fig. 9, can be attributed to optical 
transitions from the filled dangling bond surface states band at - 0.8 eV 
below E, [17,47,48,50] (DB,,,) which corresponds to the prominent 2 X 1 
geometry, to the same empty states in the conduction band. Peak B2 (fig. 7) 
which is estimated to be positioned at 1.3 eV [32], corresponds to optical 
transitions from DB, x i to. the empty surface states band in the band gap 
[27,49,58]. The calculated maxima in the joint density of surface states [62], 
corresponding to peaks Bl and B2 (fig. 7) Al and A2 (figs. 7 and 9) and C 
(figs. 7 and 9) are (1.70 + 0.05) (1.4 5 0.1 (by extrapolation), (3.3 + 0.1) and 
(4.2 k 0.1) eV, respectively. This result favours the asymmetric dimer model 
for the Si(100)2 x 1 surface with additional domains of other reconstructions 
[9,59,60]. 

In contrast to the energy spectrum of AR/R for the reaction between N,O 
and a clean Si(100) surface (fig. 7) we do not observe a distinct peak Bl at low 
oxygen coverage for the reaction between 0, and the same surface (curve a of 
fig. 9). The empty dangling bond surface state in the gap region [50,56] can be 
characterized by the empty dangling bond orbital on the “lowered” Si atom of 
the asymmetric dimer. The absence of well observable structure around 1.5 eV 
(curves a and b of fig. 9) therefore suggests that the “lowered” Si atom does 
not show appreciable reactivity towards the 0, molecule. If, however, the 0, 
adsorption is started from a Si(100) surface which contains more than 1% of a 
ML of carbon (as measured with AES), peaks Bl and B2 can be clearly 
observed [14,63]. 

Thus far our differential reflection spectra (figs. 7 and 9) seem to be rather 
consistent with the model of a clean Si(100)2 x 1 surface with additional 
domains of higher order reconstructions, the evidence being supported by the 
STM measurement [9]. This same STM study has also revealed that both 
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buckled and nonbuckled dimers are present, in roughly equal proportions, 
suggesting that their energies are nearly degenerate. Furthermore, defects, 
single and multiple missing-dimer (with non-dimer dangling bonds), were 
found to occur in rather large numbers on their thermally cleaned Si(100) 
surface. Theoretical calculations of surface-state bands have been performed 
for different symmetric and asymmetric dimer models (see, e.g., ref. [48]) but 
no calculations exist so far for a model involving buckled as well as non- 
buckled dimers and single and multiple dimer defects. Such a model would be 
in accordance with the results from the STM study [9] and might also give an 
explanation for the existence of two filled surface states [17,47,48,503 and for 
the observed two minima in the almost empty surface state band [48]. The 
authors of the STM study [9] have argued that the ratio of buckled to 
nonbuckled dimers and the density of single and multiple missing dimer 
defects depend on the exact preparation of the clean surface and on remaining 
surface impurities. Their surface cleaning procedure, i.e. annealing the silicon 
sample at 1050-llOO”C, was shown to result in considerable surface rough- 
ness after several heating cycles. This is in agreement with earlier studies 
where it was found that prolonged annealing of a silicon single crystal, already 
above 8OO”C, resulted in irreversible changes of the surface texture (section 
2.4). Therefore, we do not think that the STM image [9] represents a typical 
clean Si(100) surface with respect to the number of defects. In section 2.4 we 
have discussed that our surface cleaning procedure probably leads to a clean 
Si(100) surface with the best possible degree of perfection, i.e. a very Iow 
density of defects! From a comparison with literature data [9,64,65] we 
estimate that only a few percent of our clean Si(100) surface is made out of 
steps and defects. 

In summary: the differential reflectivity spectrum as shown in fig. 7 is 
consistent with the model of a clean Si(lO0) surface having coexisting 2 X 1, 
c(4 x 2), 2 x 2 (and possibly more) geometries, the 2 x 1 superstructure being 
prominent. However, we cannot exclude the possibility that peaks Al (figs. 7 
and 9) and Bl (fig. 7) are also due to defects with non-dimer dangling bonds. 
Moreover, the structural change of the Si~lOO) surface which occurs upon 
oxidation might also contribute to the structure in the differential spectrum 
for photon energies above 2 eV (sectiqn 4.2.1). Surface excitonic effects and 
the Franz-Keldysh effect are not expected to contribute significantly to the 
structure in the optical spectrum for photon energies of 1.5-4.5 eV. 

4.2. N,O decomposition kinetics related to surface geometry 

4.2. I. Fractional oxygen coverage versus exposure 
In section 3.1.1 we have shown that the N,O decomposition reaction 

terminates at 1.0 + 0.1 ML oxygen coverage. The fractional oxygen coverage 
as determined with AES, BAEs, is equal to 1 if 6.78 X 1014 N,O molecules per 
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Fig. 13. Fractional oxygen coverage as a function of N20 exposure to the Si(lO0) surface, as 
determined with AES, f3,, (plus signs) and with reflectivity measurements, 6’,,,,,,, (solid line). 

B = 1 represents the final monolayer of oxygen. 

cm2 have decomposed at the (100) surface. ML coverage can occur, irrespec- 
tive of whether the oxygen atom has reacted with the first, second or even 
third layer Si atoms, since the escape depth of the 0 (510 ev) Auger electron is 
- 9 A [201. In fig. 13 @,,, (as derived from fig. 2) is plotted as a function of 
N,O exposure (plus signs). 

The reflectivity change at 2.90 eV at saturation, AR/R(2.90 eV, sat) which 
is (0.88 k 0.03)% (fig. 8, curve A2), corresponds to a complete removal of all 
the filled dangling bond surface states. AR/R(3.85 eV, sat) which is (0.80 _+ 
0.03)% (fig. 8, curve C), corresponds to a complete removal of the dimer bond 
surface states. From fig. 7 it can be seen that peaks A2 and C are widely 
separated. Therefore, the total number of filled dangling and dimer bond 
surface states (= 6.8 X 1014 cm-’ on an ideal clean Si(lOO)Z X 1 surface) which 
have disappeared upon nitrous oxide exposure is proportional to the sum of 
AR/RNz0(2.90 eV, r) and AR/RNz0(3.85 eV, r). This sum is given by 

OR/RN’o(SUM, r) = AR/RNz0(2.90 eV, r) C AR/RNz0(3.85 eV, T), (4) 

where 7 is the exposure (in L). AR/RNzo(S~M, T) can be derived from 
curves A2 and C of fig. 8. At saturation AR/RNzo(SUM, sat) = (1.68 k 0.04)%, 
which implies that all dangling and dimer bond surface states and possibly 
also defect states have been removed. In fig. 13 (solid line) is shown the 
fractional oxygen coverage as determined with DR, 6aEFLECr, in the assump- 
tion that 8,,,- is linearly proportional to AR/RN20(SUM, 7). This figure 
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shows that the e,,, data (plus signs) coincide, within the bounds of experi- 
mental error, with the BREFLECT curve. It turns out that the total number of 
dangling and dimer bond surface states which have disappeared upon N,O 
exposure is linearly proportional to the amount of oxygen atoms adsorbed. 
Moreover, it seems that the contribution to AR/R in the range of 2-4 eV due 

to structural changes of the Si(100) surface occurring upon chemisorption of 
atomic oxygen (section 4.1), is either very small or varies linearly with oxygen 
coverage. In the following section a model is proposed in which the decom- 
position of N,O at the Si(100) surface is described by a coupled reaction 

mechanism. 

4.2.2. First chemisorption stage: O-3 x IO4 L 
In the initial stage (O-3 x lo4 L) the chemisorption of atomic oxygen via 

decomposition of N,O mainly leads to a removal of dimer bond surface states 
(fig. 8, curve C). The removal of the dangling bond surface states, however, is 
slow (fig. 8, curve A2). Its rate of removal with exposure only slowly increases. 

Total energy calculations [66] have indicated that the dimer bond between 
two silicon atoms on the reconstructed Si(100) surface is stronger than a bulk 
Si-Si bond. Nevertheless, we see that the deposition of atomic oxygen mainly 
occurs at the dimer in the first chemisorption stage. Therefore we assume that 
atomic oxygen goes into a bridging position between the two Si atoms which 
constitute the dimer. This assumption is supported by two theoretical studies 
which show that atomic oxygen in the first layer bridging position is 0.4 eV 
[7,67] to 1.3 eV [68] more stable than in the on-top configuration, Additional 
experimental evidence in favor of our assumption will be discussed in section 
4.2.5. 

In fig. 14 we show a schematic model for the uptake of atomic oxygen (0) 
via the decomposition of N,O on an ideal clean Si(100) surface. For simplifi- 
cation we present a side view of the reconstructed Si(100)2 x 1 asymmetric 
dimer surface (a). All displacements have been drawn to scale, using the 
results of refs. [7,67-691. The orbital character of the dimer bond (DM) and 

the dangling bonds (DUp and Ddown ), however, is shown schematically. Dur, is 

the filled dangling bond orbital, Ddown the empty one. We consider the growth 
of the oxide layer to occur in the [Oil] direction only. At higher oxygen 
coverages oxide growth in the [Oil] direction must also be taken into account 
(see section 4.2.6). 

Fig. 14b then shows a possible reaction path how mainly dimers are broken 
in the first stage, thereby leaving the dangling bond orbitals unreacted. Simple 
geometrical considerations may explain why the oxygen atom prefers to go 
into a bridging position between the two Si atoms which constitute the dimer, 
despite its strong bond. Theoretical calculations [7,67,68] show that the 
respective nearest-neighbour (NN) Si-0 distance for the bridge site is about 
1.93 A. Less strain is therefore involved in the formation of a si /O \si group 
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Fig. 14. Schematic model for successive uptake of atomic oxygen (0) via the decomposition of 

N,O on a clean Si(100) surface. For simplification we present a side view of the reconstructed 

Si(lOO)Z X 1 asymmetric dimer surface (a). All displacements have been drawn to scale, using the 

results of refs. [7,67-691. The orbital character of the dimer bond (DM) and the dangling bonds 

(D,, and Ddown) is, however, drawn schematically. Further explanations are given in the text. 

at the dimer (bond length = 2.4 A [69]) than between two Si atoms of NN 
dimers. The distant? between these two Si atoms, denoted as Si(1) and Si(2) 
(fig. 14a), is - 5.5 A. Furthermore, the insertion of an oxygen atom between 
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Si(1) and Si(2) would require the weakening of two dimers which, for energetic 
reasons, is clearly not favoured. In fig. 14b we also see that the reaction of 
N,O with the dimer leads to new possible adsorption sites (1, 2 and 3). Due to 
the formation of si /O \si groups at two NN dimers, the distance between 
Si(1) and Si(2) has decreased from 5.5 to - 3.9 A (site 1). Consequently the 
incoming oxygen atom may attack site 1 as well as the dimer. The formation 

of bridging oxygen is again favoured since there is a natural hybridization for 
the bonding of 0 with the surface Si dangling bonds at these sites. The 
distance between the two Si atoms which constitute the new adsorption sites 
increases in the order site 1, site 2, site 3. Therefore, we think that the 
reactivity of these sites towards the decomposition of N,O decreases in that 
order. The number of these new adsorption sites depends upon the number of 
NN dimers which have reacted with N,O. We can now understand why the 
rate of removal of the dangling bond orbitals increases as a function of 
exposure. 

Going back to fig. 8 the increase in the rate of removal of the dangling 
bond orbitals is observed as an increase in the rate of change of ARR/R(2.90 
eV) (curve A2) with exposure (O-3 X lo4 L). 

In fig. 7 (bottom curve) we see that peak Al (section 4.1) is larger than peak 
A2 which appears as a hump on the tail of peak Al. This result suggests that 
the adsorption site which is related to one or more of the additional domains 
of other reconstructions [9] on a clean Si(100)2 X 1 surface is more reactive 
than sites l-3 (fig. 14b). Of all the other possible reconstructions, the 
adsorption site which is related with the c(4 x 2) geometry can be considered 
the most reactive as we shall see below. In fig. 15a we present a side view of 
part of a c(4 x 2) unit cell in which two “up” atoms of the asy~et~c dimers 
are directed towards each other (site ~(4 X 2)). This site consists of a pair of Si 

atoms each having a filled dangling bond (D,,). 
Reaction of N,O with the two dimers (DM in fig. 15a) leads to a new 

adsorption site, in fig. 15b denoted as site 1’. The distance between the two 
NN Si atoms which constitute site 1’ is - 3.9 A. This value is equal to that 
between the two Si atoms which constitute site 1 (fig 14b). In comparison with 
sites l-3 (fig. 14b), site 1’ has the highest negative charge density because of 
the two filled dangling bond orbitals. Since 0-Si bonding involves a consider- 
able charge transfer from Si to 0, we may therefore speculate that the N,O 
molecule prefers to decompose at site 1’. As a result the local c(4 X 2) 
reconstruction is removed. 

An alternative reaction path is that the N,O molecule attacks site ~(4 X 2) 
(fig. 15a). The resulting adsorption complex is depicted in fig. EC. 

From figs. 14~ and 15~ it can be seen that the reaction of N,O with sites 2 
and c(4 x 2) respectively, results in a weakening of the Si-Si dimer bonds, in 
these figures denoted as site D *. As a result this site can now be more easily 
attacked by N,O molecules. Returning to fig. 8, the observed increase in the 
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Fig. 15. (a) Side view of part of ~(4x2) unit cell in which two “up” atoms of the asymmetric 
dimers are directed towards each other (site c(4 x 2)). All displacements have been drawn to scale 
using the results of ref. [69]. However, the orbital character of the dimer bond (IIM) and dangling 
bonds (D,, and Ddown ) is shown schematically. Reaction of the N,O molecules via two possible 

reaction paths is depicted in (b) and (c). Further explanations are given in the text. 

rate of change of AR/R(3.85 eV) (curve C) with exposure, after 3 X lo4 L, 
can be attributed to an increase in the number of weakened dimers. 

As mentioned in section 4.1, we cannot exclude the possibility that peaks 
Al (figs. 7 and 9) and Bl are (also) related to defect sites. Further theoretical 
research should be performed in order to be more conclusive about this point. 

4.2.3. Second chemisorption stage: 3 x IO4 L - 4 X IO’ L; complete removal of 
dimer and dangling bonds 

The rate of removal of the dangling bond orbitals is at its maximum at an 
exposure of 4.5 X lo4 L (fig. 8, curve A2). After this exposure most of the 
dimers have been removed (fig. 8, curve C). This is consistent with the 
observation that the LEED pattern now only shows very small patches of a 
2 X 1 structure, the 1 X 1 structure, however, being prominent. After 2 X lo5 L 
all dimers have been removed (fig. 1-M). The LEED pattern now only shows a 
weak 1 X 1 structure which disappears almost completely at an exposure of 
4 x lo5 L. At this stage all dangling bond orbitals have disappeared (fig. 14e). 

4.2.4. Reaction probability of N,O 
The reaction probability of N,O is defined as the number of adsorbed 

oxygen atoms per incident N,O molecule. The initial reaction probability for 
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the reaction of N,O with the clean Si(lO0) surface, s(O), is derived from either 

the 8 REFLECT cuNe Or ‘AES data of fig. 13. Using the expression 

de 
- =@)“P, 
dt No 

(5) 

where v is a frequency factor (= 2.97 X 102’ cmP2 s-l Torr-‘), N, is the 

number of first layer Si atoms on the (100) surface (= 6.78 X 1014 crnsw2), P is 
the pressure in Torr and t is the time in s, the calculated value s(O) = (2.4 + 
0.2) x 10-5. 

This value is about five times as large as that for the reaction of N,O with 
the Si(111)7 x 7 [14,15] and Si(110)5 X 3 [14,16]. Both values are, however, 
orders of magnitude smaller than the initial sticking coefficient of 0, on the 
above mentioned Si surfaces and on the Si(100) surface (section 4.3). The N,O 
molecule has a low bond dissociation energy (D(N,-0) = 1.677 eV [70]) as 
compared with that of 0, (D(O=O) = 5.04 eV [70]). The dissociative reaction 
is therefore more exothermic than that of 0, (section 4.3). The decomposition 
process of N,O, however, seems to involve a large activation energy and 
demands very restrictive geometric conditions 1711 in order to reach the 
appropriate orientation which, in case of the (100) surface, most probably 
leads to the bridge bonded geometry (see section 4.2.5). This may explain why 
N,O only decomposes at those Si atoms which have some excess charge, i.e. 
the first layer Si atoms with their dangling and dimer bond orbitals, without 
significant incorporation of oxygen atoms into the subsurface Si lattice 
([14-161, and this work). 

Zero reaction probability occurs after 4 x lo5 L, that is, at saturation. 

4.2.5. Thermal stability of the oxygen layer: evidence of bridge bonded oxygen 

Heating the Si(100) surface after 4 X lo* L exposure (at ML coverage) to 
700 K in vacuum for 5 min or more, neither changes the Si L2sW Auger line 
shape (curve b of fig. 3) nor changes the amount of adsorbed oxygen, as 
measured by AES. This is an indication that the monato~~ oxygen adlayer is 
in a stable configuration, the most stable configuration at 700 K, after cu-SiO, 
(for which we have not found any evidence), being bridge bonded oxygen 
[11,31,72]. Thermal stability was also observed at lower oxygen coverages. 

It may therefore be concluded that the decomposition of N,O at our clean 
Si(100) surface at 300 K results in a saturated ML of oxygen in which oxygen 
atoms are in a bridging position between first layer Si atoms mainly. More- 
over, the formation of bridging oxygen occurs at any stage of the reaction. 

4.2.6. Structure of the monatomic oxygen layer 
The saturated oxide monolayer is disordered since LEED only shows very 

weak and diffuse 1 X 1 spots with a highly intense background. The structure 
of a complete ordered ML of bridge bonded oxygen atoms on an ideal Si(100) 
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atoms for a monatomic oxygen layer (a) ordered and (b) disordered. All displacements have been 

drawn to scale using the results of refs. [7,67-691. 

surface is depicted in fig. 16a. The actual situation, a disordered ML of bridge 
bonded atoms, is shown schematically in fig. 16b. In both situations all surface 
features with dangling and dimer bond character have disappeared. In our 
description of the room temperature decomposition of N,O we have only 
discussed the formation of si/o\si groups in one dimension, i.e. along the 
[Oil] direction (figs. 14 and 15). We think this is true at low oxygen coverages. 
Chemical arguments may explain why: there is a natural hybridization for the 
bonding of 0 with the surface Si dangling bands or dimer bond orbitals which 
lie in the same plane as the resulting si/O\si group (see, e.g., fig. 14b and 
14~). For steric reasons it would be more difficult for the 0 atom to bond with 
the dangling bond orbitals along the [Oil] direction. At higher oxygen cover- 
ages, however, NN interactions may favour the formation of si /O \si groups 
between NN Si atoms in this direction as well. 



590 E.G. Ketm et al. / Adsorption of utomic oxygen on u cleun Si(lO0) surface 

4.2.7. Chemical stability of the monatomic oxygen layer 
Not long ago [14,15] we have shown that decomposition of N,O on the 

clean Si(111)7 X 7 surface leads to oxygen atoms attached by interaction with 
the dangling bonds; saturation occurring when all dangling bonds are 
quenched. In this way the density of broken bonds per 7 x 7 unit cell could be 
determined [14]. The saturated oxygen adlayer was found to be stable against 
additional 0, exposure. This is in contrast to the oxide monolayer as described 
in the present paper which is found not to prevent further oxygen uptake by 
additional 0, exposure. Since all the dimer and dangling bond orbitals have 

been removed by the reaction with N,O, the uptake of 0, must occur below 
the first Si surface layer. This is consistent with the Si(100) surface having an- 
“open” structure. Inspection of this surface, even with an adsorbed monolayer 
of bridge bonded oxygen atoms (fig. 16b), indicates that it should be possible 
to have oxygen atoms in between all the first-second, and second-third layer 
Si atoms, without invoking too much strain. For steric reasons it seems to be 
more difficult to have oxygen atoms in one or more of the backbonds of a 
surface atom on the Si(ll1) surface which is covered by a saturated adlayer of 
oxygen atoms. This may explain the apparent chemical stability of this surface 
against additional 0, exposure. 

From the previous discussion and in view of earlier results [14-161, it may 
be concluded that the decomposition reaction of N,O with our clean Si(100) 
surface essentially results in a sharp interface between the saturated mona- 
tomic oxygen layer and the underlying Si lattice. Mainly first layer Si atoms 

are involved in the bonding with the oxygen atoms (section 4.2.1). Because of 
defects, a few percent of the oxygen atoms may also have penetrated this Si 

lattice. 
Furthermore, our results strongly suggest that the relatively simple dielec- 

tric layer model [33-361, i.e. AR/R is proportional to the number of surface 
states, can still be used for the interpretation of the reflection measurements 
on the initial oxidation of at least the Si(100) (this work) and Si(111)7 X 7 
[14,15] surfaces. The combination of AES, LEED and DR has thereby proved 

very useful. 
In section 4.3 we will show that the combined use of both atomic (N,O) and 

molecular (0,) oxygen leads to a more coherent picture of the complex 
adsorption behaviour of 0, on a clean Si(100) surface. 

4.3. Adsorption of 0,; a comparison with NJ0 

In comparison with N,O, the reaction of 0, with a clean Si(100) surface 
does not result in a complete removal of the surface states; the maximum 
relative change in reflectivity A R/R02(2.90 eV, sat) and AR/Ro2(3.85 eV, sat) 
at saturation, i.e. at an exposure of - 85 L (curves a of figs. 10 and 11, 

respectively), is less than the corresponding values of AR/RNZo(hv, sat). 
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I 

Si (100) +02 

-8 AES 

Fig. 17. The fractional oxygen coverage (in ML) of the first layer Si atoms as determined with DR, 

6 REFLECT, versus the fractional oxygen coverage of the Si surface as determined with AES, 6’,,s. 

For an explanation, see text. 

Analogeous to equation (4) (section 4.2.1) we have determined 
AR/R’z(SUM, sat) from curves a in figs. 10 and 11, this value being (1.34 k 
0.04)s. AR/RNzO(SUM, sat) was calculated to be (1.68 f 0.04)% which corre- 

sponds to ~@EFr_ECT, sat) = 1 (section 4.2.1). For the reaction between Si(100) 
and O,, eCREFLECT satj is therefore - 0.8. Whereas the decomposition of N,O 

on a clean Si(lOO)‘surface leads to a complete removal of the surface states at 

ML coverage @REFLECT, sat) = ~~AES, sat) = 1.0 + O.l), the reaction of 0, with the 
same surface leaves - 20% of the dangling and dimer bond surface states (and 

possibly also a few percent defect states) unsaturated, i.e. eCREFLEC., satj = 0.8 at 
ML coverage and beyond. This is shown in fig. 17. 

In fig. 18 (black dots) is shown the SiO 83 eV Auger peak h,, (83 eV) 
(data taken from fig. 6) versus AR/R”z(SUM, T). Fig. 18 shows a linear 
relationship between AR/ROz(SUM, T) and A,,,(83 ev). Since AR/ 
ROz(SUM, 7) is proportional to the number of surface states which have 
disappeared, these results strongly suggest that h,(83 eV) is directly related 
to the number of dangling and dimer bond orbitals which have disappeared. 
This means that the SiO 83 eV Auger peak is directly related to Si-0 bond 
formation on the first layer Si atoms only. This conclusion is further supported 
by the fact that hsio(83 eV) does not increase for exposures larger than 85 L 
(fig. 6), in spite of a slow and continuous formation of SiO bonds as evidenced 
by the increase in the amount of adsorbed oxygen up to at least 1.7 ML (fig. 4, 
arrow). If the SiO 83 eV Auger transition had been related to SiO bond 
formation between first and second layer Si atoms as well, we should have 
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Fig. 18. The SiO 83 eV Auger p-p height, h,o(83 eV), versus A R/RoZ(SUM, 7) (see eq. (4)). 

A R/RoZ(SUM, 7) is proportional to the total number of dimer and dangling bond surface states 

which are removed by oxygen. The datapoint (*) corresponds to the situation in which the surface 

after 85 L 0, exposure has been annealed in vacuum at 700 K for 5 min. followed by additional 

O2 exposure at 300 K. The datapoint (0) is related to the maximum relative change in reflectivity, 

A R/RN2*(SUM, sat), as found for the reaction of a clean Si(100) surface (section 4.2.1). 

observed a continuous increase in h,o(83 eV) up to 1.5 ML since the escape 
depth of the 83 eV Auger electron is about 4 A 1201. 

In order to calculate the initial sticking probability of the reaction of 0, 
with the dimer (DM), we make use of the result that a complete removal of the 
dimers corresponds to AR/RNz0(3.85 eV, sat) = (0.80 + 0.03)% (fig. 11, curve 
a). A complete occupation of the filled dangling bond orbitals (D,,) corre- 
sponds to A R/RNZ0(2.90 eV, sat) = (0.88 rt 0.03)%. Furthermore, for simplic- 
ity, it is assumed that the number of filled dangling bonds is equal to the 
number of dimers which is 3.4 x 1014 crne2 on an ideal clean Si(100)2 x 1 
surface. The initial sticking probability of 0, with the dimer, s,,(O), is 
derived from curve a of fig. 11. Using the expression 

(i = DM, DUP, AES), where BDM is the fractional oxygen coverage of the 
dimers, Y is a frequency factor f= 3.48 X 102* molecules cm-’ s-l Torr-’ at 
300 K), P is the pressure in Torr, NnM is the number of dimers per 0, 
molecule adsorption on the (100) surface (= 1.7 x 1014 cmm2) and c is the time 
in seconds, the calculated value is s nM(0) = 0.063 + 0.005. The initial sticking 
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probability for the reaction of 0, with the filled dangling bond orbital, soUP( 
as derived from curve a of fig. 10 using eq. (6) is given by: soUP = 0.027 + 
0.005. 

In section 2.4 we have argued that our clean Si(100) surface probably has a 
few percent, say 5%, of defects with non-dimer dangling bonds. This means 
that the actual number of dimers is about 3.2 x 1014 cm-* and, as a conse- 
quence, the number of dangling bonds has increased to about 3.6 x 1014 cmP2. 
The actual values of sDM (0) and s,, (0) might then be (0.060 k 0.005) and 
(0.028 f O.OOS), respectively. It can bcseen that the inclusion of defects, even 
up to 10% of the surface, does not lead to significant deviations from ~~~(0) 
and s,, (0) for the ideal-defect-free-Si(lOO) surface. 

The “difference between s bM(0) and s,,, (0) indicates some preference for 
0, to react with the surface dimers. The vafue of sr, (0) is in good agreement 
with earlier values from ellipsometry [73] and diffe&tial reflectometry [3,4]. 
These studies [3,4,73], however, were not able to yield information about the 
adsorption of 0, on the dimers since the photon energy range they used was 
restricted to 3 eV. 

The initial sticking probability as derived from the AES data (fig. 4) 

sAns(0), using eq. (6) with NAEs = 3.4 X 1014 surface sites per cm* per 0, 
molecule adsorption on the (100) surface, is given by sAns(0) = 0.09 f 0.01. 

These results show that, within experimental error, in the initial adsorption 

stage sAns(0) = s bM(0) + soUP (even with the inclusion of defects), which 
implies that the rate of removal of dimer plus dangling bond surface states is 
equal to the rate of deposition of 0, (see also fig. 17). This means that the 
adsorption of 0, is dissociative, occurring mainly at the first layer Si atoms. 
Our conclusion is essentially consistent with photoemission measurements by 
Hollinger and Himpsel [12] and Ranke and Xing [13] who found that in the 
first step of the adsorption the atomic species are predominant. Schaefer and 
Giipel [lo], on the other hand, have assumed that even in the initial chemi- 
sorption stage bridging oxygen goes into the bonds between the silicon surface 
atoms and the second layer silicon atoms. Our results, displayed in fig. 17, do 
not indicate incorporation of oxygen into the Si lattice for oxygen coverages 
up to 0.5 ML. 

Since e REFLECT= AES e for fractional oxygen coverages up to 0.5 ML, we 
suggest that the 0, molecule dissociates. One oxygen atom is in a bridging 
position between Si atoms forming the dimer and the second oxygen atom is 
positioned head-on the “up” atom of the asymmetric dimer (section 4.1). The 
second oxygen atom may, however, also go into a bridging position between Si 
atoms of neighbouring dimers. 

In the intermediate coverage range (e,,, = 0.5-l ML oxygen) the adsorp- 
tion behaviour of 0, is more complicated; whereas BREFLECT saturates at 0.8 
ML oxygen coverage, S,, shows a slow but continuous increase (fig. 17). 
Incorporation of oxygen into the subsurface Si lattice and adsorption of 
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molecular oxygen [74] are likely to be the main processes which occur 
simultaneously. 

We think that the unreacted dimer and dangling bond orbitals (- 20%) are 
screened by a molecularly adsorbed oxygen species which is stable at room 
temperature for exposures beyond ML coverage. Evidence in favour of this 
idea is its consistency with the fact that we still observe a LEED pattern which 

shows some patches with the 2 X 1 structure for exposures up to at least 300 L. 
Evidence of a molecular state of oxygen for coverages beyond 0.7 ML is 
supported by an isochronal anneal experiment which is discussed below. 

We start with a Si(100) surface which is exposed to 85 L 0, at 300 K, i.e. 
after saturation of the reflectometer signals (curves a of figs. 10 and 11). After 
annealing this surface in vacuum at 700 K for 5 mm the SiL,,W Auguer line 
shape (fig. 5, curve c) has changed with respect to that which is taken before 
isochronal annealing (fig. 5, curve b). The most prominent change is the 
increase of the peak at 70 eV as compared with that in curve b of fig. 5. 
During the annealing in vacuum the amount of adsorbed oxygen, as measured 
with AES, does not change. As the number of oxygen atoms cannot increase, 
we conclude that si /O \si bonds are formed after isochronal annealing. This 
phenomenon can only be explained by assuming that heating this surface to 
700 K produces some further reaction to form more bulk-like oxide, by 
allowing diffusion of molecular oxygen through the surface layer. The bond 
rearrangement of the adsorbed oxygen which occurs during isochronal anneal- 
ing leads to a surface at which the initially unreacted first layer Si atoms 
(screened by the molecularly oxygen species) have become active towards 0,. 
This can be seen in curves b of figs. 10 and 11 which show AR/R(2.90 eV> and 
AR/R(3.85 eV), respectively, versus 0, exposure after isochronal annealing. 
Curve b of fig. 11 shows that additional 0, exposure results in a complete 
removal of the remaining dimer bond surface states since AR/R(3.85 ev> 

increases from 0.68% to 0.8% (= AR/RNz0(3.85 eV, sat)). LEED now only 
shows a highly intense and diffuse background, which is an indication that the 
surface order is completely disrupted. The increase in AR/R(2.90 eV) from 
0.66% to 0.78% (fig. 10, curve b) suggests an incomplete saturation of the 
dangling bond surface states. A complete removal of these surface states 
would have been accompanied by an additional change A(AR/R(2.90 ev)) of 
0.2%, i.e. from 0.68% (fig. 10, curve a) to 0.88% (= AR/RNz0(2.90 eV, sat)). 
Since we are not able to follow AR/R( hv) during isochronal annealing we 
cannot exclude the possibility that some of the dangling bond orbitals have 
reacted with the molecularly adsorbed oxygen species as a result of the bond 
rearrangement. This process may have caused an additional change 
A(AR/R(2.90 eV)) of O.l%, as suggested from the data in fig. 18: the increase 
in AR/R’z(SUM, sat) from 1.34% (before isochronal annealing) to 1.58% 
(after isochronal annealing followed by 0, exposure ( > 80 L)) is accompanied 
by an increase in hsio(83 eV) of (1.3 f 1.0) au (fig. 18, *). In fig. 18 is also 
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plotted hsio(83 eV) against AR/RNzo(SUM, sat) (o), from which it is esti- 

mated that an additional change A(A R/R(2.90 ev)) of 0.1% during isochronal 
annealing should be accompanied by an increase in A,,,(83 eV) of about 0.4 
au. Due to the error in hsio(83 eV), which is + 1.0 au as measured on the X-Y 
chart recorder, we are not able to measure a relatively small increase in 
hsio(83 eV) of 0.4 au (fig. 5~). Since, however, the datapoints (* and 0 in fig. 
18) have, within experimental error, the same value of A,,(83 ev), we suggest 
that some of the molecularly adsorbed oxygen species have indeed reacted 
with 11% of the dangling bond orbitals during the annealing in vacuum. An 
alternative explanation is that 11% of the dangling bonds have rearranged 
independently of O,, that is, it may not be 0 which reacts with these dangling 
bond orbitals. 

At coverages above 1 ML, incorporation of oxygen into the subsurface Si 
lattice is the limiting process (fig. 17). In the exposure region studied (lo6 L, 
fig. 4) we have not found any evidence for SiO, tetrahedra formation. 

5. Concluding remarks 

The most important conclusion of this paper is that an atomically clean 
Si(100)2 x 1 surface can be oxidized in a very controlled way by using nitrous 
oxide at 300 K. The same result was found for the Si(111)7 x 7 [14,15] and 
Si(llO)S X 1 [14,16] surfaces. We have found that decomposition of N,O 
mainly occurs at those surface Si atoms which have a dimer and a dangling 
bond. The amount of chemisorbed oxygen atoms is therefore linearly propor- 
tional to the total number of dimer and dangling bonds. In this way a sharp 
interface between the saturated atomic oxygen adlayer and the underlying Si 
lattice has been obtained. Due to defects, of which the concentration in our 
clean Si(100)2 X 1 surface was estimated to be a few percent, some of the 
oxygen atoms may also have penetrated this lattice. Decomposition of N,O on 
our clean Si(100)2 x 1 surface was found to terminate at monolayer coverage. 
Since this reaction leads to an essentially abrupt interface, it was attractive to 
compare this reaction with the complex one of 0, with the same surface. The 
combined use of both molecular (0,) and atomic oxygen (N,O) has led to a 
more coherent picture of the complex adsorption of 0, on the Si(100)2 x 1 
surface. The results presented in section 4.3 show that penetration of oxygen 
into the subsurface Si lattice is effective well below ML coverage. Adsorption 
of a molecular species was also observed. Beyond ML coverage incorporation 
of oxygen into the Si lattice is the limiting process. These results show that the 
formation of a well defined oxygen overlayer on the clean Si(100)2 x 1 surface 
is not feasible by using 0,. However, we have been able to give a description 
of the atomic nature of the oxygen covered Si(100) surface by using N,O. 
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Careful measurements of the SiL,,W Auger spectra have led to more 
definite conclusions about the binding state of oxygen on silicon: the SiO L,sVV 
83 eV Auger peak, which is a newly found feature, can be exclusively related 
to Si-0 bond formation on the first layer Si atoms ([14,19] and section 4.3). 

The extension of the photon energy range from 3 to about 5 eV (DR) has 
enabled us, for the first time, to follow, in situ, the reaction of both N,O and 
0, with the surface,dimer at the clean Si(100)2 x 1 surface (sections 4.2.1 and 
4.3). Furthermore, by recording AR/R(hv) both as a function of photon 
energy and of exposure, we have found evidence supporting the STM experi- 
ment [9] that several superstructures coexist on the clean Si(100)2 x 1 surface 
(section 4.1). 

The combination of AES for measuring the adsorbed total amounts of 
oxygen and DR for measuring the amount of oxygen which has reacted with 
the dimer and dangling bonds, has proved very useful. 
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