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Surface structure and doping-induced etching of SiL00) by chlorine: First-principles study
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Surface-structure and doping effects ori18D) surface etchings by Cl atoms and molecules have been
studied based on first-principles calculations. The calculated results reveal that the desorption energy of SiCl
from thep(1X 1) geometry is in excellent agreement with the experimental result, implying that a plausible
surface-structure change in Cl adsorbed surfaces at high temperatures above 600 °C could trigger a spontane-
ous desorption. The calculated desorption energies for Cl adsorbed Si surface systems have been decreased by
raising the Fermi level as observed in experiments. It is found to be mostly the effects of total energy reduction
by dipole fields generated between virtual holes and ionized Cl af@0463-18206)07227-X]

I. INTRODUCTION of magnitude® The present calculations start from those op-
timized geometries of Cl adsorbed structures and are ex-
Halogens on semiconductors are of great interest not onliended to desorption pathways which may strongly depend
for technological importance, but also from scientific view-on the surface structure. For understanding the effects of
points to understand systematic adsorption and desorpticgHrface structure and doping, the present calculations are per-
processes initiated by atoms or molecules. Molecular haloformed on the following subjects: desorption induced by ac-
gens are chemisorbed on the(180) surface exothermally tivated Cl atoms, desorption of spontaneous oractivated
and form a stable adsorbed structure on th{&) surface at reactions, and tha-type doping dependence of desorption.
low temperature$. The halogen atoms are chemically
bonded to dimer dangling bonds or bonded on bridge $ites. Il. CALCULATION METHODS
The adsorbed halogens spontaneously desorb or cause etch-
ing as volatile molecules, when the surface temperature is The electronic-state calculations have been performed us-
elevated up to 600 °€:° A flux of halogen atoms and mol- ing self-consistent pseudopotential techniques within
ecules exposed to Si surfaces at elevated temperatures aensity-functional formalism in the local-density approxima-
yields a continuous etching of the Si surfafésThere are tion. The norm-conserving pseudopotential is employed, fol-
still some ambiguities concerning the etch rate strongly delowing the method of Bachelet, Hamann, and Sténitf The
pendent on surface structures. The etch rate by a flux dPerdew-Zunger and Cerperley-Alder correlations were
halogen molecules also depends on the doping levels iimplemented.’*® Fictitious time derivatives of electronic
semiconductoré.A higher etch rate has been achieved onwave functions are integrated to converge the electronic
n-type Si rather than op-type Sié states on the basis of momentum-space formalism at each
The contradictions in halogen adsorption and desorptiotime step for ionic motions. The @i00) surface is modeled
on semiconductors stimulated us to study the etching of thes a repeated slab consisting of 10 Si layers and 16.3 A of
Si(100) surface by Cl to learn the principles inherent in over-vacuum spacing. Inversion symmetry with respect to the
all aspects of semiconductor etching by halogens. Electromiddle of the slab is employed to increase the computational
stimulated desorption ion angular distributigg SDIAD)  efficiency. A cutoff energy of 12 Ry has been employed at a
studies have implied possible geometries for Cl adsorbedinglek point (I' point) to converge the total energy suffi-
structures on the §i00) surface’® Those studies, including ciently. The errors of the calculations due to the single
angle-resolved photoemissiéARPES studies, suggest that point have been checked by comparing the desorption energy
adsorbed Cl atoms are chemically bonded to dimer danglingf a Cl atom from the Cl adsorbex{4X2) geometry with
bonds>'*~*3Those structures are confirmed to undergo soméwo and fourk point sampling. The desorption energy was
reconstructions at high temperatufe€l molecular beam found to be reduced by 0.1 eV from oRkepoint to two and
studies have shown that the volatile molecules desorbefbur k points. It was found that the calculations have
from the Cl adsorbed &i00) surface are SiGland SiCl achieved convergence of the energy difference within 0.1
rather than SiGlat high temperatures® Those findings im-  eV. The initial configurations of Cl adsorbed Si surfaces
ply that the spontaneous molecule desorption might be rewere first formed by optimizing atom positions in the super-
lated to a possible structure change at high temperaturesell geometry.
Several theoretical studies have shown stable configurations Since etchings of Si surfaces occur more rapidly at high
for Cl adsorption on the §100) surface?'*°Based on this temperatures, one can propose that desorption of volatile
understanding, the present study is focused on the basioolecules occurs through the bond breakings with the small-
mechanism of etching occurring as volatile molecules fromest binding energies. This idea is supported by the fact that
Cl adsorbed %100 surfaces. Then the study is also ex- volatile molecules in the case of Si etching by Cl molecules
tended to doping effects on etchingtype doping has been are mostly SiCl and SiCl rather than Si¢lin spite of an
shown to enhance the Si etch rates by more than two ordeesarlier belief that a Cl atom has to break a Si-Si bond and
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induces the desorption of SiCmolecules. A similar phe-
nomenon has also been found in Si etching by oxygen, where
SiO molecules desorb from the oxidized Si surfaces above
600 °C!°In the present study, therefore, the desorption of Cl
atoms and volatile molecules was investigated by searching

for the minimum-energy-barrier pathwa$fs.Thermal de-
sorption was presumed to occur as an adiabatic process. ()
Since there are some degrees of freedom in atomic motions,
the present calculations do not include all possible trajecto-

ries in atomic motions. The desorption studies have been >

carried out for a restricted set of configurations in the direc- /\/M
tion perpendicular to the surfaces. A specific atom or a center & @O @O@@
of mass of a desorbing molecule was moved to pass through :
the saddle point on the potential energy surfaces to find the By =4leV
pathways with the minimum barrier energies.

Thermally activated bond breakings occur at weaker
bonds. Those bond strengths are strongly dependent on the
energetic balance in atom-atom bond configurations on sur-
faces. The binding energy between a Cl atom and a Si atom
is 3.72 eV, which is almost twice as much as the binding ® ®
energy of 1.83 eV between two Si atoftsThis energetic
balance could be slightly distorted by deformations of sur-
face structures. In the present calculations, therefore, we paid > @ o - ©
attention to effects of possible structure changes on desorp- & " e
tion. Two types of SiL00 surfacesc(4x2) andp(1x1), O@ <°>O @
are prepared as a substrate for etching and desorption calcu-
lations. Thec(4X 2) surface has been found to be the lowest
energy configuration on &i00) surfaces? There is affirma-

tive evidence that the transition from p(2x1) to a figuration for Cl desorption from $100-c(4% 2) surface. Cl and

p(li< 123 surface occurg on &E0O Surfaces at about Si atoms are represented by shaded and filled circles, respectively.
600 °C:” although there is no actual confirmation of the re-ygjence-charge densities are given by equicontour plots.

arrangement from thp(2X 1) to thep(1X 1) geometry on

Si(100 surfaces by elevating temperatures. Frequent flip4.5 eV, respectively. In the case of Figap the top Si atom
pings and transitions from (77) to (1xX1) have been ob- is bonded only to two substrate Si atoms in contrast to the
served on S§il11) surfaces at high temperatures abovetop Siatom bonding to three Si atoms in Figa)l The Si-Cl
830 °C. Here, etchings at high temperatures are assumed Biading energy is almost equal to the sum of binding ener-
desorptions from the(1x1) surfaces. All calculations have gies of the two substrate Si atoms in the case of Fig). 2
been carried out using a §42) unit cell employing the The desorption of a SiCl or a Siinolecule does not, how-

FIG. 1. (011 cross-sectional views df) the initial configura-
tion for Cl adsorbed $100-c(4 X 2) surface andb) the final con-

c(4x2) or thep(1x1) surface geometry. ever, occur because of the energetically unfavored geometry
of Cl atoms on the Si surface in this case.
. RESULTS Figures 3a) and 4a) show the(011) cross-sectional view

of the two-Cl-atom chemisorbed (300 surfaces with
c(4%2) andp(1X1) geometries, respectively. There is an-
Cl atoms impinging on the Si surface cause etchings as isther stable geometry on thg{4x2) surface, where one
known from plasma assisted etching experiments. If one Cllimer is terminated by two Cl atoms as shown in Fig. 5. The
atom has a sufficient kinetic energy to break Si-Si back+total energy of this geometry is calculated to be 1.5 eV
bonds, the incident Cl atom could be repelled together witthigher than that of Fig. @), where the Cl atoms are almost
surface Si atoms as a volatile molecule from the Si surfaceforming a molecular structure. Since both Si atoms in the
Since there are infinitely many pathways for Cl collisionsdimer are bonded tightly to three Si atoms, a thermal activa-
with the Si atoms on surfaces, this reaction is modeled by &on of single Cl atoms does not cause desorption as,SiCl
simple desorption process from the Cl chemisorbed Si surbut mostly results in desorption of one Cl atom as confirmed
faces. Figures(®) and 2a) show(011) cross-sectional views in the present subsection. We have neglected the desorption
of one-Cl-atom chemisorbed (3D0 surfaces withc(4X 2) in this case. Both Cl atoms in Figs(&3 and 4a) are bonded
andp(1X1) geometries, respectively. The geometries of Clto one of the Si atoms on the surface. The geometries of Cl
and Si atoms are optimized in these structures. In the case ahd Si atoms are also optimized in these structures. Both
desorption of one Cl atom from chemisorbed18D) sur- geometries could be possible intermediate configurations for
faces, the ClI atom is moved toward the vertical directionspontaneous desorption, to be described in the following sub-
from the optimized geometries as shown in Fi@®nd Fig.  section. The desorption process is started by moving one of
2(a). The final configurations for these cases are shown inwo Cl atoms along the vertical direction from the Si surface
Fig. 1(b) and Fig. Zb). In both cases, solely the ClI atom is chemisorbed with two Cl atoms. The final configurations af-
found to simply desorb. The desorption energies are 4.1 angr the minimum-barrier desorption processes for these cases

A. Desorption induced by an activated Cl atom
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FIG. 2. (012 cross-sectional views @) the initial configuration for Cl adsorbed(&D0)-p(1x 1) surface andb) the final configuration
for Cl desorption from S1L00)-c(1x 1) surface. Cl and Si atoms are represented by shaded and filled circles, respectively. Valence-charge
densities are given by equicontour plots) Equicontour plots of difference in valence-charge densities between the undoped and the
excess-electron cases (B11) cross section for Cl atom adsorbed1%i0-p(1X 1) surface, corresponding fa). Solid lines show charge
surplus regions, while dotted lines show charge deficit regions in the undoped cases compared with the excess-electron cases. Thick
dash-dotted lines represent the 0 value.

are shown in Fig. @) and Fig. 4b). The Cl atom alone terminated by a Cl atom is the most plausible configuration
desorbs in the case of tteg4 < 2) surface, while it desorbs realized at low temperatures. The existence has been con-
as a SiCJ molecule in the case of the(1x 1) surface. The firmed by several ESDIAD and ARPES studiés**and is
difference of the two-Cl-atom chemisorbed surface geometrgupported by theoretical work;'® although there still re-
shown in Fig. 4a) from the one-Cl-atom chemisorbed sur- mains another possibility for the lowest energy
face geometry as shown in Fig(a&® can be attributed to configuration'® The geometry of Cl adsorbed on bridge sites
strongsp® bond formation by two upper Cl atoms and two could be the lowest energy configuratioSince a SiGl mol-
lower Si atoms bonding to one Si atom. This favors the Si-Clecule has been found to desorb from Cl adsorbed Si surfaces,
bond rather than the Si-Si backbonds, as is indicated by we have explored this mechanism starting from the
slight bond energy dominance of one Si-Cl bond over twoc(4X2) surface geometry of one dimer terminated with two
Si-Si bonds. The desorption energies for Figh)3and 4b) Cl atoms as shown in Fig. 5. Desorption of Si@quires

are 6.8 and 6.5 eV, respectively. Those energies are reldermation of SiC} prior to desorption:

tively higher as compared to those of spontaneous desorp-

tion, which will be described in the following subsection. 2SiCladg— Si(ads + SiCly(ads 1)
This is mostly due to large surface deformation accompany- ) )
ing the desorption. — Si(adsg + SiCly(gas. 2

Here, we have to postulate an intermediate configuration for
spontaneous Sigdesorption. One of the most plausible ge-
Major volatile molecules for spontaneous desorption aremetries is obtained by moving one of the two Cl atoms
primary SiC} and secondarily SiCl as indicated by severalcloser to the other Cl atom. This corresponds to the case
experimental results:®> Our study is mainly concentrated on where a Cl molecule is chemisorbed at one of two Si atoms
desorption of major SiGl molecules. The desorption of in a dimer as shown in the cross-sectional view of Fig).3
SiCl, is likely to break the backbonds more easily than in theThe pathway for spontaneous desorption is explored by mov-
case of SiCl desorption. ing the center of the Cl mass along the vertical direction in
For one-monolayer-Cl saturated (B)0 surfaces, the the geometry shown in Fig.(8. The final configuration is
p(2x1) surface geometry with each dimer dangling bondshown in Fig. 8c). This trajectory also corresponds to the

B. Spontaneous desorption or Gl activated reaction
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reaction probabilities of etching can be enhanced by more
than one order of magnitude whertype dopant impurities

are heavily concentrated. To explore the effect of raising the
Fermi level byn-type doping of semiconductors, desorption
of Cl and SiC}, is calculated for the Cl adsorbed Si surface
system by adding electrons. Background charges are added
for excess electrons to neutralize the total system. The cal-
culated results are summarized in Table | together with those
calculated without excess electrons in the previous subsec-
tion. In both cases of Cl and SiCHesorption, desorption
energies are reduced by the presence of excess electrons. In
the case of Cl desorption from thg(1X 1) geometry, the
desorption energy is dramatically reduced from 4.5 eV to 3.7
eV as compared with 0.3 or 0.3 eV energy reduction in Cl
desorption fromc(4x2) geometry and SiGl desorption
from p(1x1) geometry.

To understand the desorption energy reduction by the
presence of excess electrons, the differences of valence elec-
=560V tron densities between the undoped and the excess-electron
cases are drawn as contour maps. For implementing excess
electrons, one electron is added for the one-Cl-atom ad-
sorbed case, while two electrons are added for the two-ClI-
atom adsorbed case. Figurei®)2and 4d) show the differ-
ences of valence electron densities when a Cl atom or two Cl
atoms are adsorbed on thg810-p(1x1) surface, respec-
tively. Solid lines show charge surplus regions, while dotted
lines show charge deficit regions in the undoped cases as
compared to the excess-electron cases. Thick dash-dotted
lines represent the 0 value. As can clearly be seen in both
figures, we can confirm that there are charge deficit regions
just below the Cl atoms on Si substrates in Figz) 2nd on

(@)

(b)

(@

FIG. 3. (011 cross-sectional views df) the initial configura-
tion for Cl adsorbed $100-c(4 X 2) surface(b) the final configu-
ration for Cl-atom-induced desorption, afg the final configura-

tion for Cl,-molecule-induced desorption from ($00)-c(4X 2 . o
surface. CI2 and Si atoms are reprffsented by( sh;de(d an?ﬂ aSHrface dangling bonds in Fig(d) for the undoped cases as
circles, respectively. Valence-charge densities are given by equfzormjared to the excess-electron cases. In both cases, the
contour plots. electrons are 'adsorbed by Cl atoms .bc.ecaus.e of' the strong
electronegativity of Cl. The charge deficit regions in the un-
doped cases, therefore, can be viewed as virtual holes com-
pensating electron charges absorbed by Cl atoms. The elec-
tronic charge configurations of these structures in undoped Si
andn-type doped Si are schematically summarized in Figs. 6
and 7, respectively. In both figure®) and(b) correspond to
the initial configuration before desorption and the final con-
'@uration after desorption, respectively. The hole is located

desorption of a SiGImolecule induced by a collision with
one C}L molecule. The desorption energy is 5.6 eV. This
energy is still high for spontaneous desorption, but is re
duced to 4.1 eV by the initial energy gain of 1.5 eV if the
desorption could occur smoothly from the initial to the final
configuration via the intermediate configuration.

For the spontaneous desorption at high temperatures, td o . : :
desorption is started from thg 1 1) geometry with two Cl ar from the CI' ion in Fig. 7@, reducing the interaction

atoms chemisorbed on one Si atom on the surface as shovgré]ergy between the hole and the @n as is evident in Fig.

P : - . . By comparing Fig. &) with 7(a), we can understand
in Fig. 4(a). This geometry could be derived from the inter- 3) .
mediate configuration of Fig. (8 by the c(4x2) to that the total system of Cl adsorbed on undoped Si shows a

p(1x 1) surface transition. It could also be derived from theIOWer energy because of dipole fields generated between vir-

configuration where two Cl atoms are adsorbed on brid L!al holes and CI ?on_s. The final configurations shown by
sites.g The desorption pathway is searched by moving t?w%'gs' &b) and b) indicate that the undoped cases after de-

center of the Cl mass along the vertical direction in this cas sorption also stay in a lower energy state than the excess-

The final configuration for this motion is shown in Figct electron cases.
This trajectory also corresponds to the desorption of a
SiCl, molecule induced by a collision with oneCholecule IV. DISCUSSION
at high temperatures. The desorption energy is 3.2 eV, which
is lower than the sum of two Si-Si atom binding energies
(3.66 eV) and agrees well with the experimentally obtained ~The present results imply that etching of Si surfaces acti-
desorption energy of 3.2 e¥. vated by impinging Cl atoms can be achieved only on CI
adsorbed(1Xx 1) surfaces with a relatively high desorption
energy of 6.5 eV. In comparison to the present calculations,
It has been reported in experimental work that doping hasneasurements of Si etching by Cl atoms have reported that
significant influence on the etch rates of Si surfaces. Théhe activation energy of 8i00) surface etching by Cl atoms

A. Possible desorption by incident Cl atom activation

C. n-type doping dependence of desorption
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FIG. 4. (012 cross-sectional views d@8) the initial configuration for Cl adsorbed(@D0-p(1X 1) surface(b) the final configuration for
Cl-atom-induced desorption, arid) the final configuration for Gtmolecule-induced desorption from($00-c(1x 1) surface. Cl and Si
atoms are represented by shaded and filled circles, respectively. Valence-charge densities are given by equicor(@uE gliatentour
plots of difference in valence-charge densities between the undoped and the excess-electron (@ddgsmss section for two-Cl-atom
adsorbed $100)-p(1x1) surface, corresponding t@). Solid lines show charge surplus regions, while dotted lines show charge deficit
regions in the undoped cases compared with the excess-electron cases. Thick dash-dotted lines represent the O value. Cl and Si atoms ar
represented by shaded and filled circles, respectively.

is as extremely small as 0.18 &\The direct impact energy p(1Xx 1) surface is in excellent agreement with the experi-
of hg/perthermal Cl atoms to induce desorption is about Imental value of 3.2 eV. The desorption energy of 4.1 eV on
eV.? These differences suggest that etching by Cl atomshe p(2x 1) surface is too high to account for the experi-

occurs with a higher Cl coverage on Si surfaces, breakingnental results. The agreement for desorption from the
backbonds under Si atoms on surfaces and forming volatilg 1 1) surface implies that SiCdesorption occurs on the

SiCl, molecules. These molecules easily evaporate with %(1>< 1) surface at high temperatures. The abrupt increase in
lower activation energy. The etching processes described i

the present calculations have not been realized in the actual
stages of Si etching by ClI atoms. This implies that etching

induced by Cl atom collisions cannot be achieved in so far as
the incident energies of Cl atoms are not well regulated to

induce stable Cl adsorption on Si surfaces.

B. Surface-structure effects on the desorption mechanism

For spontaneous or £molecule activated desorption on
Si surfaces, the calculated activation energy on the

N

TABLE |. Excessive electronic charge dependence of Cl and
SiCl, desorption energies from Si &l1) and (4x2) surfaces. All
values are in eV.

N N N N
Siexeliexciexellon

electron Clfrom (xX1) Clfrom (4x2) SiCl from (1X1)

0 4.5 4.1 3.2 FIG. 5. (011) cross-sectional view of one dimer terminated by
1 3.7 3.8 2.9 Cl atoms on SD01)-c(4x?2) surface. Cl and Si atoms are repre-
2 2.8 sented by shaded and filled circles, respectively. Valence-charge

densities are given by equicontour plots.
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Adsorbed Desotbhng whereEg; andE¢, represent energies for Si surfaces and Cl
body body atoms, while E 45 and Eqp, represent energy changes by
E. A E. chemisorption and dipole generation, respectively. Compar-
- | ing Fig. 6a) and @b), it becomes obvious that the value of
@C}; O Edpl is. negative_:. Thig negative value increasgs up to 0 eV by
_— reducing the dipole field, when the substrata-ype doped.
By By As seen from the final configurations after desorption shown
in Figs. §b) and 7b), however, the excess-electron case
Surface Surace

stays in a higher energy state after desorption than in the

@) b) undoped case. The consequent reduction in desorption en-

ergy in excess-electron cases means that dipole-field effects

FIG. 6. Electronic charge configuratiof@ for adsorbed state have a stronger influence than the energy c,’f one electron

and (b) for desorbed state from undoped &0-p(1x1). located above the valence band after desorption. If holes are
available to recombine with additional electrons itype

. . . doped Si substrates, the desorption energies may be further
SlCIx_desorptlon from the CI adsor_bed surfaces found in de'reduced. In the case of a Cl atom adsorbed onpitiex 1)
sorption measurements by elevating the substrate temper.

&urface, the desorption energy reduction is 0.8 eV, which is
tures above 600° (Refs. 4 and balso supports the idea that ' e
the Cl adsorbed §100) surface shows the(1xX1) geom- the largest among the postulated structures. This is because a

strong dipole field can be generated between the adsorbed

etry at high temperatures rather than (@< 1) geometry. ~ ion and the virtual hole located on a closer dangling
The temperature dependence of desorption rates can be ngnd as seen in Fig.(®

explained by the geometry change in Cl adsorbed surface py.ping rates of $100) surfaces have been observed to
Etructuresffrorrc; th¢>(2>_<d1) to ]Ehep(llx 11)' Wi have not, increase by more than two orders of magnitude at 400 K
owever, found any evidence for th¢1x 1) surface geom- when the n-type dopant concentration is increased from
etry of Cl adsorbed $100 surfaces to our knowledge, al- 105 to 17° cm 3.8 In the present calculations, the increase
though thep(1x1) surface geometry of GEOO surfaces in etch rates at 400 K bg-type doping is estimated from the

fa?lovg 6000(.: has biedenb observed gyf engri;}nent. Here, trHPesorption energy reduction by 0.3 eV to be more than three
Oh owing fnoitngg CO‘; € propose Thor '9 temp(?]ratu“:‘orders of magnitude. This estimation is not directly compa-
phases of $L00 surface structures. The geometry c angeSaple to the experimental results because the present calcula-

maX ha\t/)e arisen from t_he nature of Si s(;;rface ?trUthureS'Cltions for doped Si correspond to far more extreme cases for
n abrupt increase in spontaneous desorption of Ga dopant concentration. If the experimentally obtained etch
and AsCl|, from the Cl adsorbed GaAs surfaces has been aISPate is extrapolated to the dopant concentration of? 10

observed at about 400 °C, where the same type of temperar -
ture dependence in desorption spectra is obtathddhe ar-
guments discussed in the present study may be applicable
explain these experimental results, as well.

3, the etch rate increases by more than three orders of
magnitude. This tendency in experimentally obtained doping
hancement is almost completely described by the dipole-
field effects proposed from the present calculations.

The reduction of desorption energy by dipole fields can be
C. Dipole-field effects on the desorption mechanism attributed to the charge transfer model proposed from the
Cl adsorbed Si substrates withauttype dopant impuri- egperimental \év%rI?.The.charge trar?sfer $odel suggests that
ties generate a dipole field between negatively charged oil sorption and desorption are enhance dype Si, where

excess electrons can be easily transferred to adsorbed Cl at-

lons and charge compensating virtual holes as shown in F'%ms. This prevents further chemisorption of Cl atoms on the

6(a). This interaction adds an additional energy to the CISi surface. Dipole fields between Cl atoms and Si surfaces
adsorbed Si system. The total enekyy, of the Cl adsorbed - PP . )
well explain this phenomenon through microscopic energet-

Si system can be described by ics

The general aspects of the surface structure and doping
Etor= Esit Ecit Eadst Egpi (3 relevant to etching phenomena discussed here can be appli-
cable not only to S1L00) but also to other Si surfaces, as well
as to other semiconductor materiatstype doping enhance-

Adsomed Desobng ment has also been found for(811) surfaces and polysili-
body body cons.

Qa C Q V. CONCLUSIONS

ChL © ey The present studies have been devoted to elucidating the
surface structure and doping effects ofi®i0) etching by Cl.
Cl-atom-collision-induced etching is found to occur on
@) o) p(1x1) geometries of $100 surfaces through volatile
SiCl, molecules with a relatively high energy barrier of 6.5
FIG. 7. Electronic charge configuratiofis) for adsorbed state €V. A comparison with experimental results on Cl-atom-
and (b) for desorbed state from-type doped S1L00)-p(1x1). induced etching implies that the etching mechanism is un-

Surface Surface
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likely to have any influence on actual stages in so far a$).3 eV, when excess electrons are introduced to the initial

energies of incident atoms are not well regulated. configurations of Cl adsorbed Si surface systems. Dipole
The surface-structure dependence of Sifelsorption cal- fields generated between adsorbed ©@ns and compensat-
culations reveals that the desorption energy of a Si®l-  ing virtual holes are reduced by adding electrons, leading to

ecule from the two-Cl-atom adsorb@d1x 1) geometry on  desorption energy reduction. This explains well the desorp-

the S{100) surface is in excellent agreement with the experi-tion enhancement by-type doping in semiconductors found
mentally obtained value of 3.2 eV, rather than with that ofjn previous experimental results.

the Cl adsorbeg(2Xx 1) geometry. The temperature depen-
dence of SiC desorption shows an abrupt increase at about
600 °C as reported by experimental work. It also supports
SiCl, molecule desorption from the Cl adsorbp@l1Xx1)
geometry, because it suggests that X 1) geometries may The author would like to thank Dr. Terakura and Dr. Uda
exist on Cl adsorbed @i00 surfaces at high temperatures. for their continuous encouragement. The work was sup-

The desorption energies of Cl and Si®bom Cl adsorbed ported by the New Energy and Industrial Technology Devel-
Si(100-p(1x 1) surfaces are found to be reduced by 0.8 toopment OrganizatioNEDO).
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