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Reactivity of halogens on a Sil11) surface studied by surface differential reflectivity
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The adsorption of Br on a Si(111)7 surface at room temperature and the isothermal desorption of silicon
bromides from a Br-terminated &@il1) rest atom surface at about 900 K have been investigated by means of
in situ real-time surface differential reflectivitySDR) spectroscopy in order to elucidate the fundamental
processes of Br-etching. The present results are compared with those of previous SDR studies on chlorine
adsorption and chloride desorption. In the adsorption process, both the sticking probability on adatom dangling
bonds and the breaking probability of adatom back bonds are larger than those for Cl adsorption. In the
desorption process, the activation energy for bromide desorpli@eV) is smaller than that for chloride
desorption. The experimental results can be well interpreted in terms of larger repulsive interaction between Br
adsorbates. The activation energy for the formation of the dimer-adatom-stacking fault st(@ciue®) is
larger than that for the surface after chloride desorption.
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[. INTRODUCTION Many bilayer islands and clusters are found on the1l
Br-terminated rest atom surfate!® Polybromide species are
Etching with halogen gases is widely used in semiconduceesorbed at about 600 K, and monobromide species are de-
tor technology, and is a promising candidate method foisorbed above 900 K as SiBt* As for the desorption mecha-
layer-by-layer etching, which is one of the basic techniquesiism, a scanning tunneling microscope study indicated that
to fabricate nanometer-scale structures. Halogen etching cospontaneous Br etching of (311) at 700—900 K results in
sists of several stages: adsorption of halogen atoms on thstep retreat? A surface differential reflectivity spectroscopy
surface, desorption of silicon halides, and reconstruction ofSDR) study on chloride desorption suggested that the de-
the clean surface. An understanding of the atomic scalsorption from clusters proceeds together with the desorption
mechanisms of these fundamental processes will be useful foom steps=® Thus, the dynamic process at each stage of
optimize etching conditions. Etching of the(800) surface is bromine-etching of $111) has not yet been fully under-
preferentially studied in connection with industrial applica- stood, and needs to be established before the relative reac-
tions, but etching of the §i11) surface is also of interest, tivity of halogens on the $111) surface can be discussed.
because the dimer-adatom-stacking faDIAS) structure has Real-time observation is essential to investigate kinetics.
a variety of sites with different chemical reactivitieBiffer- Optical methods are superior to others, because they are non-
ent halogens will react with a semiconductor surface in dif-invasive, nondestructive, and capable of very rapid response.
ferent ways, because they have different ionic radii and dif SDR is a powerful tool to study adsorption processes in real
ferent electron affinities. Understanding the chemical trendime!® Differential reflectivity is defined as\R/R=(R,
of halogen reactivity is crucial to optimize etching condi- —R.)/R., whereR, andR; are the reflectivities of the ad-
tions. On S$(100), several studies have proved the existencesorbed and the clean surfaces, respectively. Spectral features
of a repulsive interaction between adsorbates for larger halosf adsorption on adatom dangling bonds and breaking of
gens(Br and ), in terms of the presence of staldé4x2) adatom back bonds were identified from the calculation of
structure and lower desorption enefg$.However, there is the AR/R spectrum for the hydrogenatedx7 surface"’
no such study on §i11), and in fact, similarity among Cl-, The adsorption process of chlorine on Si(11%)7 was elu-
Br-, and I- terminated X 1 structures was reportédire the  cidated by the same methd8SDR is also a powerful tool to
fundamental processes of Br etching of13il) similar to  investigate the desorption process by monitoring the recov-
those of Cl etching? That is the question we would like toery of dangling bonds and back bonds during chloride de-
answer in this study. sorption from a Cl-terminated Qil1) rest atom surfac®
The static properties at each stage in the fundamental pro- In the present study, the adsorption process of bromine on
cesses of halogen etching have been revealed by a variety afSi(111)7< 7 surface and the desorption process of silicon
methods. It is known that chlorine atoms first react with adabromide from a Br-terminated Qill) rest atom surface were
tom sites to form monochlorides and remove dangling bondnvestigated in real time by means of SDR. One should note
states near low covera§é while further exposure produces that the structure of the rest atom surface on which the de-
SiCl, and SiC} species On the other hand, there is little sorption takes place is different from thex7 DAS structure
direct evidence for the presence of polybromide species, abn which the adsorption takes place. The Br adsorption pro-
though their presence is generally accepted. Annealing atess has been investigated at room temperature, while the
about 700 K for a Cl-covered surface and at 500—650 K fobromide desorption process and subsequent restoration of the
a Br-covered surface removes Si adatoms, and the rest atoDAS structure have been investigated between 873 and 923
surface covered with Br atoms takes &1 structure”'> K. The time courses of the disappearance of the dangling
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bonds and the back bonds yield the rate constants in théesorb polybromide species and to form the rest atom sur-
adsorption process, whereas the time courses of their recoface. Otherwise the desorption of both polybromide and
ery yield the rate constants, the order of reaction, and th&onobromide species would proceed at the same time in
activation energies in the desorption process. The kinetics dfothermal desorption at higher temperatures. After the an-
the adsorption and desorption and restoration processes dtgaling at 673 K, isothermal desorption of silicon bromides
evaluated here from the bond density data. They are conftom the rest atom surface was observed by SDR between
pared with the results of previous SDR studies on Cl adsorp373 and 923 K. _ _ _

tion and chloride desorption on ($L1),2>8 and the differ- The temperature was monitored with an electronic pyrom-
ence in the reactivity of bromine and chlorine orf13i) is eter. The experimental setup for SDR has been described in

discussed in terms of the interaction between adsorbates. detail glsewheré. Light from. a hanggan tungsten lamp or a
deuterium lamp was polarized horizontally and separated

into a probe beani©0%) and a reference beaf0%). The
p-polarized probe beam was introduced into the vacuum
chamber and was incident on the surface at an angle of 70°
_g 4 Mrom the surface normal. The specularly reflected probe
chamber at a base pressure of 20 ° Pa. A specimen of  poam and the reference beam were introduced via optical
5x18x0.38 mn? was cut from a B-dopeg-type S{111)  fipers 1o a grating spectrograph. The specira of both beams
wafer (10-18) cm). The specimen was ohmically heated to\ere detected by a dual photodiode array, and the intensity
1470 K for several seconds and slowly cooled to obtain thef the reflected spectrum was normalized with respect to the
7X7 DAS structure. The X7 structure was confirmed by reference spectrum. Photoinduced electrons in the diode ar-
low-energy electron diffraction. Br gas was generated with aay were accumulated at each pixel for 20 s to improve the
AgBr electrochemical cell doped with CdBf5 wt%).1° The  signal-to-noise ratio. At each temperature, spectrum of a
electrochemical cell produces more atoms than molecflles.clean surfaceR, and that of a Br-covered surfad®, were
Actually, any trace of Br species was not observed with a measured in that order to obtain a differential reflectivity
quadrupole mass spectrometer during the Br gas exposurgpectrumAR/R=(R,— R.)/R;.

The cell outlet was directed to the surface of the specimen,
so that incident flux of Br atoms onto the surface was much
larger than that in the case of back filling. This flux was
estimated from the output of the vacuum gauge, using the
pumping speed and the area of the specimen.

In the isothermal desorption measurement, the Br

saturated surface was annealed at 673 K for 3 min in order t

II. EXPERIMENT

Measurements were performed in an ultrahigh vacuu

IlI. RESULTS AND DISCUSSION

A. Adsorption of halogen gas

Figure 1 shows the SDR spectra in the visible and ultra-
violet ranges for several Br exposures at 313 K. The expo-
gure is represented bY; which is the number of atoms im-
pinging on the area of the X1 unit cell. The AR/R
spectrum alN;=0.5 has a negative pe@klocated at 1.8 eV.

At N;=3.0, a shouldeB at 2.4 eV is apparent. As in the case

of H adsorption.’ these features arise from the disappear-
ance of electronic states of the cleaix 7 DAS structure.

The featureA is ascribed to missing transitions between sur-
face states involving adatom dangling bond states Butd
missing transitions from adatom back bond states to bulk
states. The peak energies of the features in the higher-energy
range agree with those &; andE, edges in the reflectance
spectrum, and these features were ascribed to bulk states
3.0 modulated due to the adsorption. The featédrés almost
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saturated aN;=3.0, wherea® is saturated abovi;=8.0.

The appearance of the featuBemeans that adatom back
bonds are broken and polybromide species are formed. This
is the first direct evidence for polybromide species formation
on the Br-covered Si(111)77 surface. Meanwhile, adsorp-
tion on the dangling bonds of rest atoms of the DAS struc-
ture does not contribute to the SDR features, because the
filled dangling bond states of rest atoms are clearly below the
filled dangling bond states of adatofts”? This was demon-
strated by the experiment that showed that the sticking prob-
ability determined from SDR is nearly equal to that deter-
mined from surface second-harmonic generat®HG).2® It

FIG. 1. Variation ofp-polarized reflectance spectra during Br IS Well known that SHG does not detect the dangling bond
adsorption at 313 KN; is the number of atoms impinging on the States of rest atons.
area of the X 1 unit cell. The feature\ originating from the dan- The overall features of the SDR spectra in Fig. 1 are
gling bonds develops first, the featuBefrom the back bonds ap- Similar to those for Cl adsorption on Si(111¥7, and the
pears later. procedure for analysis & R/R is described in detail in Ref.
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FIG. 2. Coefficientsa, (solid circleg andb, (solid squaresvs FIG. 3. Development of the coefficierds, andb, vs N; at 313
exposure at 313 K. This reveals the development of the adsorptioK. Solid circles and squares are for Br adsorption, whereas open
on the adatom dangling bonds and that of the breaking of the adaircles and squares are for Cl adsorptiRef. 18. Solid and dashed
tom back bonds. Solid lines are best-fit curves for direct adsorptiofines are best-fit curves for the experimental plots of direct adsorp-
of atoms, whereas dashed lines are for dissociative adsorption @bn of atoms.
molecules.

migration of atoms were also calculated. However, they did
18. EachAR/R spectrum in Fig. 1 is reproduced by a linear not agree with the data as well as the solution of E&g;.
combination @,S,+baSg) of two-component spectr&, On the other hand, the breaking of the adatom back bond
andSg, representing the featurédsandB, respectively. The is analyzed as follows. The adatom back bond is assumed to
magnitudes oS, and Sy are determined so as to reproduce be broken only when the adatom dangling bond is terminated
the saturatedd R/R spectra afN;=20.0 witha,=1 andb, by at least one Br atom. In the case of direct adsorption of
=1. As shown in Fig. 2, thus obtained, (solid circles and  atoms without migration, the rate equation is as follows:
b, (solid squaresreveal the development of adsorption on
the adatom dangling bonds and the development of breaking
of the adatom back bonds, respectively. The horizontal axis

corresponds td\; . : . .
Thepadsorpti(l)n on adatom dangling bonds is analyzed avglhereﬁ is the breaking probability of adatom back bonds,

follows. In the case of direct adsorption of Br atoms without "8 '3 thg normalized density of broken adatom back bonds,
migration, the rate equation is as follows: andNg is the saturated number of. Ng should be smaller

than 2 because adatoms are not removed by the Br exposure.
In the case of dissociative adsorption of Br molecules which

—=an;(1-n,). (1) produces two adsorbates from one molecule, the rate equa-
dt tion is as follows:

dng
W:Bni(NBnA_nB): (3

dna

Here,n, is the normalized density of adatoms bonded to at 5

least one Br atomg is the sticking probability of Br atoms W:,B’n{(NBnA—nB)Z, 4

on the adatom dangling bond, angdis the number of atoms

impinging on the area of theX1 unit cell per second. In the whereg’ is the breaking probability of adatom back bond by
case of dissociative adsorption of Br molecules which proBr molecules. Solutions of Eq$3) and (4) fitted to b, are
duces two adsorbates from one molecule, the rate equation éown by solid and dashed lines in Fig. 2, respectively. The
as follows: solution of Eq.(3) fits much better than that of Eq4).
Consequently, atoms are also found to play an essential role
in the breaking of the adatom back bond.

Figure 3 compares Fig. 2 with the results for Cl adsorp-
tion. Open circles and open squares repreagrandb, for
wherea’ is the sticking probability of Br molecules on the ClI adsorption on Si(111)X7 at room temperature, respec-
adatom dangling bond amy is the number of Br molecules tively, and are well fitted by dashed lines calculated using
impinging on the area of theX1 unit cell per second. So- Egs.(1) and(3).1® The present SDR study provides a direct
lutions of Eqgs(1) and(2) fitted toa, are shown by solid and evidence for back bond breaking with Br and polybromide
dashed lines in Fig. 2, respectively. The solution of Elg.  species formation. The dynamic process of Br adsorption is
fits much better than that of E¢R). Consequently, atoms are also revealed. Several measurements at 313 K yield the stick-
found to play an essential role in the adsorption on the adaing probability «=1.20£0.2, and the breaking probability
tom dangling bond. Solutions of rate equations including the3=0.49+0.04, on the adatom. A value larger than 1 is

dny ,
W:a,ni(l_nA)zv 2
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TABLE |. Summary of SDR results for the adsorption and de- 0.01 T T T T
sorption processes of halogens on Si(114)y7 903 K
0.00
Br Cl
(1) Adsorption at room 20s
temperature 0.00
Initial sticking probability 1.2-0.2 0.72
on the adatom dangling 100s |
bonds(featureA)
Initial breaking probability 0.00
of the adatom back bonds  0.49+0.04 0.2 200s 1
S
(featureB)
0.00
(2) Desorption 460 s

(a) Recovery of the dangling

bonds(featureA")
0.00
Order 1st 1sb 700 s
Rate constant at 903 K 0.01% 0.008 s*P 0.01 } .

Activation energy for the 1.8+04eV  2.3-0.3eV?

desorption -0.02
(b) Recovery of the back

bonds(featureB’) . 1 s 1

Order 1st 1sf 1 2 3 4
Rate constant at 903 K 0.003% 0.004stP Photon Energy (eV)
Activation energy for the 3.5+0.6 eV 2.8-0.5 eV
reconstruction FIG. 4. Variation ofp-polarized reflectance spectra during iso-
thermal desorption at 903 K. The featufeoriginating from the
®Reference 18. adatom dangling bonds decays first, and the fedufrem the back
bReference 15. bonds remains even at 700 s. Note that the energy scale of the

. o ) horizontal axis is enlarged from Fig. 1.
seemingly strange. However, this is reasonable if Br atoms

incident outside the area of the<Il unit cell centered on the
adatom are absorbed preferentially on the adatom. This sitgdsorbed adatom tends to break the back bond rather than be

ation is very likely because the electronic charge density ofidsorbed on the rest atom, even at a low coverage. This may

adatom dangling bonds extends widely into the vacgtim. be caused by the large repulsive interaction between Br ad-
On the other handg=0.7 and@=0.2 were reported for Cl Sorbates which is evident on($00).2-° The repulsive inter-

adsorption'® These results are summarized in Table I. Thedction between Br adsorbates may also produce a larger
sticking probabilitya for Br adsorption is 1.7 times as large Sticking probability for Br adsorption, because an impinging
asa for Cl adsorption. Larget for Br adsorption can be at Br atom will tend to bg adsor_bed on an adatom rather than a
least partially explained by the larger atomic radius of the Bf€St atom due to the interaction.

atom (0.115 nm for Br and 0.100 nm for £3° because the
cross section of the collision to the adatom dangling bond is

larger for larger impinging atoms. However, the ratio of the B. Desorption of silicon halides

atomic radius, 1.15, is smaller than the ratiagf1.7, so that Figure 4 shows the SDR spectra in the visible and infrared
this explanation seems insufficient. Another possibility isranges during isothermal desorption at 903 K. H&B/R
considered later. =(R,—R.)/R., and bothR, andR, were measured at 903

The breaking probability3 for Br adsorption is 2.5 times K. The spectra were measured in the range from 1.18 to 3.3
as large asB for Cl adsorption. This means that the back eV, because the featufe spreads over the infrared range at
bond is broken more easily by Br than by CI. In other words,903 K and the main part of the featuBé appears below 3.0
polybromide species are produced more easily than polyeV. The spectrum at 20 s has seemingly a single negative
chloride species. The same chemical trend was observed peak at around 2.3 eV. However, the band shape changes
an electron-stimulated ion desorption study, which impliedwith time, and only a negative peak at 2.5 eV remains at 460
that the desorption of SiBrions, suggesting polybromide s. Therefore, the spectrum at 20 s should be considered as the
formation, is apparent even at coverage as low as 0.1 mon@ombination of negative peaks at around 1.7 eV anB’ at
layer (ML) for the Br-covered $i11), though no ion con- around 2.4 eV. The featur&’ is depressed faster thd,
taining Si is detected from Cl-covered($11) at such low and almost disappears at 460 s, whefRasemains even at
coverage€® At 0.1 ML, only a quarter of the dangling bonds 700 s. These spectral features are quite similar to those ob-
of adatoms and rest atoms adsorb Br atoms. These resulisrved for adsorption at room temperat(Fe. 1) except for
therefore suggest that a Br atom impinging close to a Brbroadening of spectral features due to high temperature. The
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FIG. 6. Logarithmic plots of the decay rateg (solid circles
and «,, (open circles Solid lines are best linear fits to the plots,
giving the activation energieE,=1.8+0.4eV and E,=3.5
+0.6 eV.

order, indicating that these processes are dominated by first-
order kinetics. The decay constanfor the recovery rate of

the dangling bondk,, and that for the recovery rate of the
back bondk,, are determined by these fits at each tempera-
ture. In the case of a thermally activated process, the tem-
perature dependence @f is expressed with an activation
energyEy:

0.0 . ' . ' .
0 200 400 600 0 Eq
K=k"exp — . (6)

(b) Time (s) keT

FIG. 5. Time courses of the coefficier® ap and(b) bp at 873 The temperature dependences of the obtainednd ,, are
K (solid circleg, 903 K (solid triangles, and 933 K(solid squares  shown in Fig. 6 with solid and open circles, respectively. The
This reveals the recovery of the dangling bott@sand the adatom  so|id fines are the best linear fits to the plots. The activation
t_>ack bonds_(b)._Solld lines are best-fit curves obtained by using energies in the recovery process of the dangling bonds and
first-order kinetics. the back bonds are determined Bg=1.8+0.4 eV andE,
=3.5+0.6 eV, respectively. These results are summarized in
decay of these features therefore corresponds to the restorgsp|e | and compared with the results for chloride desorption

tion of the structure of the clean surface. o from Si(111).1® The order of the process, the rate constant at
The overall features of the SDR spectra in Fig. 4 aregn3 k and the activation energy are listed.
similar to those for chloride desorption from thegil) rest

atom surface, and the procedure for analysisA®¥/R is
described in detail in Ref. 15. Ea&tR/R spectrum in Fig. 4 . . .
is reproduced by a linear combinatioagS,+bpSg) of the ~ After the annealing at 673 K for 3 min, all polybromides
two-component spectr§i, and Sy representing the features Including Si adatoms are desorbéand the adatom layer

A’ andB’, respectively. The valueap and by, at several disappears? Instead,_the Br-termlna_ted rest atom Sl_Jrface
temperatures are plotted in Figgaband 3b), respectively, ~aPpears 2}(3:)gether with clusters. _ mcludmg_ brominated
which illustrate the recovery of the dangling bonds and theadatomsl. ““Thus, at about 900 K, silicon bromides are con-
back bonds. They are normalized so that the value fitted byidered to be desorbed from two sources. One is monobro-
Eq. (5) described below is unity at 0 s. When the first-orderMides on the rest atom surface and the other is monobro-

process is dominant, the decay is expressed with a rate coftides or polybromides on the culster surface. _
stantx The result for the featurd’ agrees well with that in the

case of chloride desorption, except for the activation ener-
X(t)=e (5) gies, indicating that the desorption mechanism of silicon bro-
mide is similar to that of the chlorid®as summarized below.
wherex stands forap or by . The solid lines in Fig. 5 are The faster recovery of the dangling bon@satureA’) com-
best-fit curves obtained by using E&). These curves well pared with the recovery of the back bondeatureB’) is
reproduce the overall features of the decayagfand by . interpreted as indicating that the featdé can decay before
The fit with higher order was worse than the fit with first the adatom is restored. This is because a dangling bond on

1. Recovery of the dangling bond
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volatile SiX, (X=Cl, Br) volatile SiBr, molecule at the defects, because the energy
barrier for Br and SiBy diffusion is presumed to be low. The
| o 4 present activation energy is smaller than that for the chloride
crater ® o Q" o desorption, 2.3 eV The local structure of the dimer at the
] o step edge on 8§l111) is similar to that of the dimer on
Si(100.** The energy for bromide and chloride desorption

e

&= cluster on Si100) can therefore be taken into consideration in dis-

step cussing the desorption energy on(13il). According toab

initio electronic structure calculation on(800),% the desorp-

FIG. 7. Schematic view of the proposed desorption mechanismtion energy for SiBy (2.31 e\) is smaller than that for SiGl

There are two types of desorption: desorption from defects on th¢3.11 e\). The smaller desorption energy of SjBras as-
rest atom surface, such as steps and craters, and desorption fragsigned mainly to the larger strain due to the repulsive inter-

clusters. action between monobromide species and not due to a de-

crease in the bond charge. On the other hand, TDS studies of

the rest atom surface makes nearly the same contribution @ omi : :
omide and chloride desorption from(800 showed that
the AR/R spectrum as that of the adatom on the DAS sur-, P (£00

: the activation energy for SiBiis 1.9 eV and that for SiGlis
face. Actually, the energy of the dangling bond states on th%.4 eV343The activation energies on(3D0) are quite simi-
rest atom surface was calculated to Be+0.5 eV?® In

comparison with the dangling bond states of adatoms on thgIr fo our results on $111), so that the smaller activation
; ) nergy for SiBs on Si(111) can also be assigned to the larger
7x 7 DAS surface? the difference in the peak energy of the gy ; (113 g g

: i .~ strain due to the repulsive interaction between Br adsorbates.
feature A is estimated to be much smaller than its

bandwidth!® Thus, the peak energy difference between the 2. Recovery of the adatom back bond
rest atom surface and the DAS surface affects the fe#ure The result for the featurg’ in Table | agrees well with

only slightly. On the other hand, contribution from the dan'that in the case of chloride desorption, except for the activa-

gling bond on the cluster can be negligible for_ the following tion energies, indicating that the DAS formation mechanism
two reasons. The area of the cluster surface is much smaller _.

than that of the rest atom surface and the dangling bon. S|m_|lar to that of the surface after chloride desorpﬁ%n_.
angling bonds appear on the rest atom surface as, SiBr

states on the cluster can be well separated from those on ﬂ?neolecules are desorbed. and adatom back bonds subse-
DAS surface. Consequently, the decay of the feaMras '

considered to represent the desorption of silicon bromideguently recover. Since the energy required for the diffusion

from the Br-terminated rest atom surface, and the activatior? f Si clusters is estimated to be lower than 1.5°%Y, the

energy for the featurd’ corresponds to the desorption en- activation energy for the featu®’ corresponds to the struc-
gy, The hermal desopion specoloscaBS) study of (1 SHeTSE, Th 68, does o decey wher e e
bromide desorption from Gill) (Ref. 14 indicates that y 4 ’ y

SiBr, is the main desorption species at around 900 K. Jud stacking fault structure is formed. Various<n DAS struc-
Ztures have been found during reconstruction from the

ing from the first-order kinetics and the activation energy mquenched 1 phase, and thes¥7 DAS structure is formed

Table I, the recombinative desorption of SjBrom the ideal . 9
S o rough a size change proce&s® However, SDR cannot
terrace of the Br-terminated rest atom surface is unlikely, anr(%;_stinguish the %7 DAS structure from othenxn DAS

defects such as steps and craters are thought to play an i B
portant role in the desorption procé§s‘|.'he desorption from structu.res 0=3,59,11, and so gnbecause of the large
bandwidth of spectral featurés.

these defects can follow first-order kinetics because of it The activation energy for recovery of the back bond was

one dimensionality. In the case that the Br density at th
defect is proportional to the Br density on the rest atom qund to be 3.50.6 eV. Although the DAS structure con-

surface, which is established under thermal equilibrium, the°‘IStS of several elements, such as dimers, a corner hole, and

dangling bond density detected by SDR seems to increas?aCkig.g f?“'ii’ thgfe_ elgme:}ts tgre inherentlz inﬁjepk))a?%ble.
following first-order kinetics. This desorption model is sche- ccordingly, the obtained activation energy should be com-

matically illustrated in Fig. 7. Other surface-sensitive meth—p?]r.eﬂ with the tfo(;matlc;nGer;%rgl};]_for alfa”'.ted lhalf Lf[mttﬁe”’
ods to detect the dangling bond dengiBHG) (Ref. 27 and which IS reported as 2. - s value s close o e
the Cl density (ultraviolet photoelectron spectroscopy activation energy for the surface after chloride desorptton,
which are insensitive to the desorption from the cluster, alscpu.t meanlngf_ully smaller_ than tha’; for the surfac_e after_ b_ro-
see first-order kinetics for the chloride desorption. On th ide desorption. Accordingly, additional mechanisms giving

other hand, methods detecting species desorbed from bo igher activation energy should be taken into account for the

the rest atom layer and the cluster, such as temperaturélJrface after bfomide desorption. AIt.hough the nature of
programmed  desorptidf3*  laser-induced  thermal such a mechanism cannot be determined from the SDR re-

desorptior? and steady-state etchifsee second-order ki- sults, surface morphology could affect the process of DAS

netics. This discrepancy has been explained by the mog&fructure formation, as pointed out in Ref. 40.
that the desorption from the cluster with larger activation
energy lasts longer than that from the deféct.

According to the above desorption model, the activation Three fundamental processes of Br etching of tH&13)
energy of 1.8 eV is ascribed to the energy required to form aurface have been investigated by meanm aiitu real-time

IV. SUMMARY
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SDR spectroscopy. They are adsorption of bromine on adsorption process of Br, both the sticking probability on
Si(111)7x7 surface, isothermal desorption of silicon bro- dangling bonds and the breaking probability of back bonds
mides from a Br-teminated &ill) rest atom surface, and are larger than those for Cl adsorption. In the desorption
subsequent restoration of the DAS structure. The spectradrocess, the activation energy for bromide desorptibi@
featuresA (A’) andB (B’) arise mainly from missing ada- eV) is smaller than that for chloride desorption. This chemi-
tom dangling bonds and missing adatom back bonds of theal trend is interpreted in terms of larger strain due to repul-
DAS structure, respectively. Time courses of the disappearsive interaction between Br adsorbates. The activation en-
ance of the dangling bonds and the back bonds in the adsorprgy for the dimer-adatom-stacking faulDAS) structure
tion process and those of their recovery in the desorptiofiormation (3.5 eV) is larger than that for the surface after
process are determined from the magnitudes of the correshloride desorption.
sponding spectral features. From the time courses, the rate This study has revealed the chemical trend of halogen
constants of the adsorption process, and the rate constantsactivity on the Sil11) surface, which should be a useful
the order of reaction and the activation energies of the deinformation to optimize etching conditions, as well as to im-
sorption process are obtained. prove our understanding of the fundamental processes in the
The present results were compared with the previous SDRRalogen etching of Si surfaces. Our results suggest that Br
studies on CIl adsorption and chloride desorption oretching is superior to Cl etching, because the smaller desorp-
Si(112).*>'8 The mechanisms of the adsorption and desorption energy means better controllability of the etching pro-
tion and restoration processes were found to be qualitativelgess, and the larger interaction between adsorbates may be
the same for Br and ClI, but quantitatively different. In the used for site-selective etching.

*Electronic address: mtanaka@ynu.ac.jp Lambert, J. Vac. Sci. Technol. & 1554(1983.
"Present address: Technology Operations Systems, Merrill LyncB°M. Suguri, Ph.D. thesis, University of Tokyo, 19@hpublished
Japan Securities Co., Ltd., 1-1-3 Otemachi, Chiyoda-ku, Toky?*'R.J. Hamers, R.M. Tromp, and J.E. Demuth, Phys. Rev. Béft.

100-8180, Japan. 1972(1986.
*Present address: Ulvac-Phi, Inc., 370 Enzo, Chigasaki, Kanagawadj E. Northrup, Phys. Rev. Le%7, 154 (1986.
253-0084, Japan. 23T, Suzuki, Phys. Rev. B1, R5117(2000.

1C.M. Aldao and J.H. Weaver, Prog. Surf. S8, 189 (2001).
2H. Aizawa, S. Tsuneyuki, and T. Ogitsu, Surf. $t38 18(1999.
3C.F. Hermann and J.J. Boland, Surf. S0, 223 (2000.

4K. Nakayama, C.M. Aldao, and J.H. Weaver, Phys. Re\6B

24pn, Avouris and R. Wolkow, Phys. Rev. 8, 5091(1989.
253.C. Slater, J. Chem. Phy39, 3199(1964.
26K. Mochiji and M. Ichikawa, Phys. Rev. B3, 115407(2001).
27K. Shudo, T. Sasaki, M. Tanaka, and T. Shirao, Solid State Com-
15 893(1999.

5D. Rioux, F. Stepniak, R.J. Pechman, and J.H. Weaver, Phys. Rey, mun. 127, 203(2003.
. , . , RWJ. y M. y . ] . . .
B 51 10 981(1995. M. Schuter, J.R. Chelikowsky, S.G. Louie, and M.L. Cohen,

5G.A. de Wijs and A. Selloni, Phys. Rev. @}, 041402(200. Cpk,‘\i’s' Rev. ABllz,sz:“z(oogtl"g?s. R Del Sole. Surf. <EEL33
’B.S. Itchkawitz, M.T. McEllistrem, and J.J. Boland, Phys. Rev. - Noguez, A.l. reotit, an - Del sole, surl. —333

Lett. 78, 98 (1997). 1, 1249(1995. _
8J.S. Villarrubia and J.J. Boland, Phys. Rev. Lé8, 306 (1989. 31H' Sakamoto and Y. Takakuw@npublishe _
93.J. Boland and J.S. Villarrubia, Phys. Rev4B 9865 (1990. P. Gupta, P.A. Coon, B.G. Koehler, and S.M. George, Surf. Sci.
10R D. Schnell, D. Rieger, A. Bogen, F.J. Himpsel, K. Wandelt, and__ 249 92 (1991.

W. Steinmann, Phys. Rev. 82, 8057 (1985. 32p_Gupta, P.A. Coon, B.G. Koehler, and S.M. George, J. Chem.
1J. Whitman, S.A. Joyce, J.A. Yarmoff, F.R. McFeely, and L.J.  Phys.93, 2827(1989.

Terminello, Surf. Sci232, 297 (1990. 33A. Szabo, P.D. Farrall, and T. Engel, Surf. S212, 284 (1994).
12R J. Pechman, X.-S. Wang, and J.H. Weaver, Phys. Re82,B >*R.B. Jackman, R.J. Price, and J.S. Foord, Appl. Surf. 3;i296

11 412(1995. (1989.
134, Grub and J.J. Boland, Surf. S&i07, 152 (1998. 35R.B. Jackman, H. Ebert, and J.S. Foord, Surf. 336 183
147, Shirao, K. Shudo, Y. Tanaka, T. Nakajima, T. Ishikawa, and M.  (1986. 3

Tanaka, Jpn. J. Appl. Phys., Paré2, 593 (2003. 36B. Woighlander, M. Kastner, and P. ®ilauer, Phys. Rev. LetB1,
BM. Tanaka, S. Minami, K. Shudo, and E. Yamakawa, Surf. Sci. 858(1998.

527, 21 (2003. %7|.-S. Hwang, M.-S. Ho, and T.-T. Tsong, J. Phys. Chem. Solids
18C. Beitia, W. Preyss, R. Del Sole, and Y. Borensztein, Phys. Rev. 62, 1655(2001).

B 56, R4371(1997). %8H. Tochihara, W. Shimada, H. Yamamoto, M. Taniguchi, and A.
7C. Noguez, C. Beitia, W. Preyss, A.l. Shkrebtii, M. Roy, Y. Bo-  Yamagishi, Jpn. J. Appl. Phys., Par6¥, 1513(1998.

rensztein, and R. Del Sole, Phys. Rev. L&&, 4923(1996. 39T, Ishimaru, K. Shimada, T. Hoshino, T. Yamawaki, and I.
M. Tanaka, T. Shirao, T. Sasaki, K. Shudo, H. Washio, and N.  Ohdomari, Phys. Rev. BO, 13 592(1999.

Kaneko, J. Vac. Sci. Technol. 20, 1358(2002. 40T, Shirao, K. Shudo, Y. Tanaka, T. Ishikawa, and M. Tanaka, Jpn.

9N.D. Spencer, P.J. Goddard, P.W. Dacies, M. Kitson, and R.M. J. Appl. Phys., Part 22, L386 (2003.

165411-7



