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Abstract 

The influence on chlorine chemisorption of surface defects created by low fluence 

Ar+ sputtering of the Si(100)-(2xl) surface has been studied. A distinctly different 

type of Cl bonding is observed on defect sites compared to Cl bonding on Si-Si 

dimers, as judged by electron stimulated desorption ion angular distribution 

(ESDIAD) measurements. On the ordered Si(100) surface only terminally bonded 

Si-Cl species are observed (producing four off-normal Cf beams); on the 

disordered Si(100) surface an additional Cf beam emitted in the normal direction 

is present at 120K. This Cf beam is interpreted as a bridge bonded Cl species 

chemisorbed inside of the dimer vacancy defects. In SiCl2 thermal desorption a 

new low temperature desorption channel is observed on disordered Si(100) 

surfaces indicating that defect sites enhance the rate of surface etching. In the 

range of Ar+ fluences studied (0.2-5 monolayer) the Cl saturation coverage 

increases by as much as 30%, over that observed on non-defective Si(100)-(2xl). 



I. Introduction 

The role of surface defect sites on silicon single crystal surfaces in 

governing surface reactivity forms a major thrust of modern surface science 

research using many different surface measurement methods. In the case of 

Si(100)-(2 x 1) the clean surface exhibits wide terraces which may be highly 

defect free, separated by single atomic height steps. The terraces adjacent to such 

steps exhibit orthogonal arrangements of silicon dimer rows, as observed by STM 

[1]. The low surface density point defect sites often observed by STM on the flat 

terraces fall into several categories, termed type A (single missing dimers), type B 

(two adjacent missing dimers), and type C (two adjacent half missing dimers) [2], 

as well as the step defect sites separating Si(100)-(2xl) terraces. The detailed 

origin of the point defects is controversial, although measured submonolayer 

coverages of metals such as Ni have been correlated to the surface density of 

missing dimers observed by STM [3-6]. 

Defects on silicon surfaces are of importance because of their influence on 

microelectronic device fabrication [7], silicon epitaxial growth [8,9], and surface 

reactivity and photoreactivity [10,11]. A variety of defect structures have been 

observed on Si(100) following low fluence ion bombardment [12-14], and it was 

shown that these structures may be annealed away at 1223 K, returning the surface 

to the ordered condition [12].  No studies of surface defect production involving 



ion bombardment of Si(100) at 120 K have been reported, and the work described 

here employed such low temperature bombardment in order to capture and study 

defect sites as they are formed rather than after thermally induced changes have 

occurred. 

In this paper we use controlled levels of Ar+ bombardment to produce 

defect sites. The properties of chemisorbed chlorine on the defective surface 

changes dramatically from that observed on the ordered surface, as seen by both 

ESDIAD (electron stimulated desorption ion angular distribution) [15], and by the 

thermal desorption of the major thermal etch product, SiCl2- 

II. Experimental 

The experiments were carried out in an ultrahigh vacuum chamber with a 

base pressure of 3 x 10"! 1 Torr, as described previously [16,17]. The system is 

equipped with a digital LEED/ESDIAD apparatus, a CMA Auger electron 

spectrometer, a line-of-sight, shielded and apertured mass spectrometer for 

temperature programmed desorption, a second open-ionizer mass spectrometer for 

uptake measurements during CI2 adsorption, an ion gun for highly controlled ion 

bombardment, and an absolutely calibrated capillary array doser for controlled 

adsorption of CI2 gas, minimizing the vacuum system exposure to this corrosive 

gas. 



Si(lOO) crystals (Virginia Semiconductor, float zone growth, p-type, boron 

doped, 5-20 ohm cm) of 0.4 mm thickness were used in the present experiments. 

Rectangular slabs of dimension 23 x 12 mm^ were cut from the wafer, 

ultrasonically rinsed in methyl alcohol (spectrophotometric grade), and then in 

deionized water (10*8 ohm cm). On the manipulator the crystal was clamped on 

its ends between silicon bars made of the same material, and these bars were 

clamped tightly between Ta (Goodfellow, 99.9 %) spring structures. This method 

was shown to produce very uniform resistive hearing across the crystal and to lead 

to contamination free Si [18]. 

Temperatures were measured using a W5%Re/W26%Re thermocouple, 

protected by a thin Ta tube, and contacted with the top edge of the crystal by 

means of bending the assembly into a springy U-shaped structure [18]. This 

arrangement has been shown to prevent metal contamination of the Si(100) 

surface. The thermocouple reading was compared to the reading of an optical 

pyrometer (corrected for Si emissivity and window reflection at 650nm) and it 

was found that it is about 80 K low at 1400 K compared to the pyrometer [18]. 

For cleaning, the crystal was heated to 1400 K, followed by fast cooling 

(~ 20 K/s) to 973 K and slow cooling (~ 2 K/s) to 100 K. The defective crystal 

was prepared at 120 K by Ar+ ion bombardment (400 eV, 60° incidence angle) 

with an Ar+ fluence varying from approx. 0.2 ML to 5.1 ML (1 ML = 6.78 x 10*4 

ions/cm^). Careful impurity studies of the Si(100) crystal showed that only carbon 



was visible by AES, and the C(LMM)/Si(LW) peak-to-peak intensity ratio was 

reduced to 0.1 %, near the detection limit. Care was taken in the preparation of 

the crystal and in its handling to avoid contamination, particularly by metals, using 

procedures devised in parallel STM investigations [6]. The normal (2 x 1) LEED 

pattern was always found on the clean crystal. 

Chlorine gas (99.999%, Matheson) was purified by freeze-pump-thaw 

procedures and was transferred to the sample using the doser connected to a well 

conditioned gas line. Both gas uptake curves and Auger spectroscopy were used 

to ascertain the Cl coverage. The Cl(KLL)/Si(LW) ratio was employed, using a 

0.3 uA electron beam current for <30 s measurement periods to avoid any 

significant electron stimulated desorption. 

All ESDIAD data were collected at a crystal temperature of 100 K with a 

primary electron energy of 120 eV at a collected current of < lOnA. The incidence 

angle was 45°. The potentials within the apparatus were: Vcrystai = +15 V; the grid 

potential VGi = VG2 = VG3 = 0 V; Vo4 = +14 V; and VG5 = - 500 V, where the five 

grids are numbered in accordance with their distance from the crystal. The 

ESDIAD patterns were corrected for the soft X-ray background effect measured 

[19], and were smoothed by a 5-point smoothing routine [20]. The integrated 

volume of the ESDIAD pattern was used to evaluate the relative Cl+ ESD yield. 



m. Results 

A. ESDIAD Measurements on Ordered and Disordered Si(100) 

Figure la shows the Cl+ ESDIAD pattern produced by partial monolayer 

adsorption of CI2 on an ordered Si(100) -(2x1) surface at 100 K. Four sharp Cl+ 

beams, oriented in the <011> and <0lT> directions can be observed, and 

correspond the Si-Cl bonds originating from the Si dangling bonds associated with 

the orthogonal sets of dimer sites present on the surface [21,22]. Upon annealing 

the surface to 673 K, and then cooling back to 100 K, the slightly intensified four 

beam pattern shown in Figure lb is observed. 

Figure 2a shows an identical adsorption experiment performed at 100 K on 

a defective surface produced by 1.9 ML Ar+ bombardment at 120 K. The Cl+ 

ESDIAD pattern is quite different from that observed on the ordered surface, and 

is characterized by a sharp normal Cl+ beam having only a slight hint of the four- 

fold symmetry which was seen on the ordered surface. Upon annealing the 

surface containing the chemisorbed Cl to 673 K, the four beam pattern is 

regenerated (Figure 2b) without substantial loss in intensity compared to the 

control experiment on the ordered surface shown in Figure lb. 



Figure 3 shows the profiles of the Cl+ ESDIAD patterns obtained for 

varying levels of defect production by Ar+ bombardment prior to CI2 adsorption to 

saturation coverage. The relative and absolute intensity of the normal Cl+ 

component of the ESDIAD pattern systematically increases as the degree of defect 

production is increased by increased ion bombardment. In addition, the total yield 

of Cl+ monotonically increases as the damage by Ar+ bombardment is increased 

up to 5 ML of Ar+. 

The enhanced yield of Cl+ as the level of surface damage increases is 

indicative of the presence of an increasing surface density of defect sites. These 

defect sites may be removed by annealing, and this is reflected in a decrease in the 

saturation-coverage Cl+ yield, as shown in Figure 4. In Figure 4, a 1.9 ML dose 

of Ar+ was used to initially disorder the surface at 120 K. Following this, various 

annealing temperatures were employed, followed by saturation CI2 adsorption. A 

sharp decrease in the Cl+ yield is observed for annealing above about 300 K, and 

the effect culminates at about 700 K. The reduction in Cl+ yield to near zero in 

these experiments is due to self quenching effects between neighboring Cl atoms 

at the high coverages achieved here [23]. This quenching effect between 

neighboring Cl atoms decreases significantly when the surface contains point 

defects made by Ar+ bombardment. Because of the strong self-quenching on an 

ordered Si(100) surface, the production of four Cl+ ESDIAD beams upon 



annealing to 673 K, as shown in Figure 2, was intentionally measured at lower Cl 

coverages where this quenching effect was not dominant. 

B. Temperature Programmed Desorption Studies 

Temperature programmed desorption of Cl/Si(100) layers results in SiCl2 

desorption near 960 K from the ordered surface. For disordered Si(100), Figure 5 

indicates that additional desorption of SiCl2 occurs near 600 K, and that the 

relative quantity of this low temperature desorption product increases as the level 

of surface damage, prior to CI2 adsorption, increases. In addition to this effect, the 

desorption peak shape for the high temperature SiCl2 desorption process changes 

from a sharp, high temperature peak on the undamaged surface, to a broader and 

somewhat lower temperature peak on the damaged surface. Annealing the highly 

damaged surface to 673 K begins to reverse these two effects as surface ordering 

of Si(100) begins to occur (Fig. 5e), and annealing to 1400 K returns the surface to 

an ordered condition as shown in initial TPD spectrum (Fig. 5a). 

C. Auger Spectroscopy Studies of Cl Surface Coverage 

Figure 6 shows results from Auger spectroscopy studies of the saturation 

coverage of Cl on Si(100) which has been damaged to various levels by Ar+ 



bombardment. In addition, the effect of annealing the saturated layer to 673 K is 

shown at the various levels of initial damage. Two effects are evident: (1) For 

the damaged surface, the saturation Cl coverage rises significantly in the first 0.5 

ML Ar+ damage regime, and then rises more slowly at higher damage levels; (2) 

Annealing the Cl-saturated Si(100) to 673 K removes Cl by amounts of- 30% or 

less, depending on the initial damage level. For annealing experiments on surfaces 

with zero or low damage levels, little decrease in the Cl coverage occurs on 

annealing to 673 K. These results are qualitatively in agreement with the TPD 

experiments shown in Figure 5, where the presence of surface defects produced by 

Ar+ bombardment provides a low temperature desorption channel releasing SiCl2 

below 673 K. 

IV. Discussion 

Three separate effects are observed to occur in the behavior of adsorbed Cl 

when defect sites are introduced on Si(100)-(2 x 1) by Ar+ bombardment. These 

are: 

(1) The production of a normal Cl+ ESDIAD beam; 

(2) The increase of a saturation chlorine coverage; 

(3) The formation of a low temperature SiCl2 thermal desorption state. 

10 



In this section we propose possible mechanisms leading to the above 

mentioned effects. 

A. Origin of Normal Cl+ ESDIAD Pattern on Si Defect Sites 

Figure 7a shows a single silicon dimer vacancy defect site which might be 

produced by Ar+ bombardment. Remaining on this site are four inclined Si 

dangling bonds located on the second layer Si atoms, and inclined towards each 

other. The dimer vacancy has been observed by STM when defect sites are 

produced by sputtering [12-14], by the introduction of Ni impurity atoms [4-6], 

and by thermal etching of Si(100) as SiCl2 species are desorbed from the surface 

[24]. 

We postulate that the adsorption of two symmetrically bridged Cl species 

on the dimer defect sites is possible (Figure 7) and these symmetric species will 

yield a normal Cl+ ESDIAD beam. Species of this type were detected earlier by 

HREELS studies on Si(100) surfaces now known to possess defect site coverages 

in excess of those now present on our clean, low defect level Si(100) surfaces. 

These sites yield bridged Cl species exhibiting a stretching frequency of 300 cm"l, 

and this vibrational mode disappears when the Cl-covered surface is annealed to 

about 673 K [21]. These symmetrically bound Cl species would be expected to 

desorb in ESDIAD normally from the surface since the resultant repulsive vector 

11 



force on the desorbing Cl+ will be in the normal direction for the symmetrical 

structure. 

B. Enhanced CI Coverage on Defective Si(100) 

Figure 6 shows that as much as 30 % enhancement in the saturation 

coverage of Cl can exist on highly defective Si(100) initially subjected to heavy 

(5ML) ion bombardment damage. This comparison is made to the surface after 

annealing to 673 K, where SiCl2 in the defect-related low temperature desorption 

channel has been evolved, as shown in Figure 5. Our model, involving the 

bridging Cl species on the single dimer vacancy sites, would not be expected to 

yield enhanced Cl coverage, since two Si-Cl species present on the ordered dimer 

site are replaced by two bridged Si-Cl-Si species on the single dimer vacancy site 

as may be seen by examination of Figure 7b. However, it is known that dimer 

vacancies can cluster, as shown in Figure 8, and under these conditions a mixture 

of Si-Cl species and SiCl2 surface species may be produced on the defect site, 

leading to the adsorption of excess Cl compared to the perfect surface. 

C. Low Temperature S1CI2 Desorption from Vacancy Defect Sites 

Figure 5 shows the development of the low temperature SiCl2 desorption 

state as the Ar+ damage level is increased.  The formation of SiCl2 as a volatile 

12 



product indicates that at desorption temperature, Si-Si back bonds are being 

broken, and Si-Cl bonds are formed as etching occurs. These processes can easily 

be visualized on the dimer vacancy defect sites where exposure of second and 

third level Si atoms to Cl occurs, and where in the case of clusters of Si dimer 

defects (Figure 8), surface SiCl2 species may be formed upon adsorption on a 

second layer Si atom which has lost its coordination to two of its four original Si 

neighbors. 

D. Connection to Other Studies 

Although not shown in this work, heating of a Cl-saturated Si(100) surface 

to 873 K also produces an ESDIAD pattern containing mainly normal Cl+ 

emission, indicative of dimer vacancy defect sites produced by etching through 

SiCl2 desorption in the high temperature state [21]. Furthermore, in a companion 

paper [25], the use of small amounts of impurity Ni, to produce split-off dimer 

structures, and other dimer vacancy structures has been studied. Ni-induced dimer 

vacancies are also associated with a normal Cl+ ESDIAD beam, with enhanced Cl 

coverage, and with the low temperature SiCl2 desorption process. 

Annealing to 673 K seems to remove the majority of the dimer vacancy 

defect sites responsible for the effects studied here, although annealing to 1400 K 

13 



is needed to bring the surface back to the starting condition in which the low 

temperature SiCl2 production is diminished to its lowest level (Figure 5). 

V. Conclusions 

Three unique observations related to Cl chemisorption on Si(100), which 

contains defect sites produced by low fluence 400 eV Ar+ damage, have been 

made, using ESDIAD, Cl coverage measurements, and the thermal desorption of 

the etch product, SiCl2- These are: 

1. Vacancy defect sites are associated with the production of a normal Cl+ 

ESDIAD beam which differs from the tilted Si-Cl beams associated 

with Cl chemisorption on the dangling bonds of normal surface Si dimer 

sites. The presence of the normal Cl+ ESDIAD beam provides an 

extremely sensitive method for defect site detection. 

2. An enhancement of Cl surface coverage up to an extra 30% occurs on 

heavily damaged Si(100) surfaces as Si-Si back bonds become 

accessible. 

3. The desorption of SiCl2 in a low temperature process near 600 K is 

characteristic of the presence of vacancy defect sites. 

Rationalizations of all three of these experimental observations have been 

made based on the assumption that sputtering at 120 K results in the production of 

14 



dimer vacancy defect sites, and that clustering of these sites can occur at higher 

temperatures. The vacancy defect sites detected by these three experimental 

observations begin to be removed by annealing the damaged Si(100) surface to 

673 K. 
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Figure Captions 

Figure 1. (a)Cl+ ESDIAD patterns following CI2 adsorption (Cl<Ki,L)/Si<LW)=0.24) 

on the Si(100)-(2xl) surface at 120K; (b) subsequent annealing at 673K (b). The 

patterns are presented as 2-dimensional contour plots and as 3-dimensional plots 

Figure 2. (a)Cf ESDIAD patterns following the dose of Si(100) surface by 

1.9ML of Ar+ ions (E^ = 400eV, angle of incidence = 60°) and Cl2 adsorption 

(Cl<KLL)/Si(LW)==0.24) at 120K; (b) subsequent annealing at 673K. The patterns are 

presented as 2-dimensional contour plots and 3-dimensional plots 

Figure 3. 2-dimensional profiles taken from the original Cl+ ESDIAD patterns in 

the <011> direction as a function of increasing Ar+ dose. All profiles are obtained 

after CI2 saturation of Ar+ dosed Si(100) surfaces at 120K. 

Figure 4. The effect of annealing of the disordered Si(100) surface (Ar+ dose = 

1.9ML at 120K) on the total Cf ESDIAD yield. The Si(100) surfaces were satured 

by CI2 at 120K after the surface annealing. 

Figure 5. SiCl+ TPD spectra from Cl2 saturated Si(100) surface for: (a) ordered 

surface; (b) - (d) disordered surfaces produced by 0.2ML, 0.9ML, and 1.9ML of 

18 



Ar" ions, respectively; (c) disordered surface exposed to 1.9ML of Ar+ ions 

followed by annealing at 673K. All spectra were acquired with a temperature ramp 

of3K/s. 

Figure 6. The C^KLL/S^LW) Auger peak ratio for CI2 saturated Si(100) surfaces 

as a function of increasing exposure to Ar+ ions: (a) after saturation at 120K; (b) 

subsequent annealing at 673 K. 

Figure 7. A schematic top view of a Si-Si dimer row showing a model for: (a) 

single dimer vacancy defect on the Si(100) surface; (b) single vacancy dimer 

defect saturated by chlorine bridge bonded species, and a proposed model of 

normal Cl+ ion production from such a species. 

Figure 8. A schematic top view of a Si-Si dimer row showing a model for a 

double dimer vacancy defect on Si(100) surface saturated by chlorine species. 
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Cl+ ESDIAD Patterns from Ordered Si(100) Surface 
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Cl+ ESDIAD Patterns from Disordered Si(100) Surface 

Ar+ Dose = 1.9ML 

Annealing 
at 673K 
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Cl+ ESDIAD Patterns for Various Ar+ Damage Levels 
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Effect of Annealing of Disordered Si(100) Surface 
Followed by Saturation with Cl2 at 120K 
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Figure 4 



Thermal Desorption of SiCI2 Following Adsorption of 
Cl2 on Ordered and Defective Si(100) 
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Figure  5 



Cl,. Saturation Coverage and Coverage Change 

After 673K Annealing as a Function of Ar+ Dose 
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Figure 6 



Single Dimer Vacancy Defect on Si(100) 
and Bridging Ci in Vacancy 

(a) Single dimer vacancy defect on Si(100) 
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Figure 7 



Double Vacancy Cluster Saturated with Cl 
to form SiCI and SiCb Species 
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Figure 8 
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