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Atomic structural changes of a Br-chemisorbed Si111)-7X7 surface
under 10-150 eV electron impact
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Electron-stimulated desorption from Br-chemisorbedL 81)-7X7 surfaces was investigated by scanning
tunneling microscopy. Irradiating these surfaces with electrons field emitted from the tip of the scanning
tunneling microscope induced various desorption behaviors depending on the initial Br coverage and electron
energy. At low Br coverage, Br atoms desorb but no atomic changes occur on the Si surface. At saturation
coverage, Si adatoms as well as Br atoms desorb to a large extent. The cross section of Br atom desorption first
increases near 15 eV and then increases by orders of magnitude with electron energy up to 150 eV. The cross
section of adatom desorption, in contrast, is much less dependent on the electron energy in this energy region.
These desorption behaviors are discussed from the viewpoint of electronic excitation at the Br-chemisorbed
Si(111) surface.

I. INTRODUCTION Il. EXPERIMENT

The current study was conducted using a STWEM-

Electron-stimulated desorption(ESD) of halogen- 501, Unisoku Ltd. mounted in an ultrahigh-vacuum cham-
adsorbed semiconductor surfaces has received much atteer with a base pressure of aboux 50 ° Pa. The sample
tion from the viewpoint of industrial applications as well as was ann-type (0.01 cm) Si(111) wafer outgassed f@8 h at
fundamental interest. Studies of the ESD of halogen650 °C and flash heated to 1200 °C. Thé&l$il)-7X 7 surface
adsorbed semiconductor surfaces have so far concentrated was exposed to Bmolecules at room temperature by dosing
the analysis of desorbed particfe$,and have provided in- with Br, gas through a variable-leak valve. The, Bas was
formation on the species of desorbed particles and the way ithe vapor from pure liquid Br(99.9%, TRI Chemical Ing.
which the yield of the desorbed particles changes as a fundn a glass cylinder. The STM tips were fabricated from 0.3-
tion of electron energy. The surface structural changes inmm-wide tungsten wire that was electrochemically etched in
duced by electron irradiation, however, especially those o 2.5N KOH solution. Prior to use, the tips were bombarded
the atomic scale, have been little studied for these halogesy an electron beam in vacuum in order to remove any ox-
nated surfaces. Baba and Matsui demonstrated that atoms @fe. In the previous study we found that brominated Si ada-
a chlorine-adsorbed Si surface can be manipulated by a scattms can be etched by tip scanning at sample biases higher
ning tunneling microscopéSTM).> They showed that chlo- than +3.0 V® The STM images shown here were therefore
rine atoms can be removed by applying a high pulse bias tobtained under constant-current conditions in which the
the STM tip. We also reported that Si adatoms were removedample bias voltage was lower that2.5 V. The tunneling
from a Br-adsorbed ®i11) surface by STM scanniny. current versus bias voltage characteristitsV( curves at
These atom removals might be mainly due to the field inwvarious points on the sample surfaces were determined by
duced in the narrow gap between the tip and the samplaising a conventional sample-and-hold technique.
Such a field evaporation should be distinguished from the The FE irradiations of sample surfaces were performed at
ESD process, where the desorption is induced by electronimom temperature in the following steps. After the tip was
transitions to excited states of the surface. If the mechanisipositioned on the place in the STM image to be irradiated,
of ESD is to be elucidated, the effect of electron irradiationthe feedback loop was inactivated in order to move the tip
on the atomic structure at the surface must be studied.  away from the surface. The tip-to-sample distance was

We earlier developed a technique for irradiating a samplehanged between 1 and 130 nm. Then a voltage was applied
surface with field emissiofFE) electrons from a STM tip to the sample in order to extract FE electrons from the tip
that is away from the samplé and this technique enables and the extraction voltage was varied between 10 and 150 V.
the STM tip to be used for making situ observations of the A FE current was detected during the irradiation. Under
FE-irradiated area on the surface. Because we can obsertttese conditions the value obtained by multiplying the FE
the same area on a sample before and after electron irradigurrent(nA) by the irradiation time(s) and dividing by the
tion, we can evaluate the effects of the irradiation site by sitesquare of the tip-sample separationm) is regarded as the
In the present study we investigated ESD from a Br-relative dose density of electrons with which the sample was
chemisorbed $111) surface by using this technique, and the irradiated. In the later discussion, the kinetic energy of inci-
desorption behavior we observed is quite different from thedent electrons will be corrected for the contact potential dif-
results obtained in a previous study of STM etching. ference between the tip and the sample.
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& . FIG. 2. Tunneling current versus sample bias voltagev)

curves obtained before and after FE irradiation of €lBI)-7X7
surface dosed with 200 L of BrExtraction voltage and FE current
density were 50 eV and 10 nA s/AnThe feedback loop was inac-
tivated at a sample bias 6f1.0 V and a tunneling current of 0.7
nA.

be isolated Si atoms that are removed from the adatom sites.
Thel-V curves obtained before and after FE irradiation of a
surface dosed with 200 L of Biare shown in Fig. 2. In the
|-V curve obtained before irradiation there is a gap in the
tunneling current at sample biases betweeh3 and+0.6

V. The gap is due to the saturation of dangling bonds of
adatoms by Br bonding. In thieV curve obtained after the

FE irradiation there is no gap; tHeV curve resembles that

of a clean surface. This result indicates that most of the ada-
toms remaining after the FE irradiation are Br-free.

Thus the electron irradiation induced various desorption
behaviors depending on the initial Br coverage. At the low
coverage resulting from a 20 L dose, Br atoms desorbed but
adatoms hardly desorbed, so the density of adatom vacancies
was nearly the same as that of the initial clean surf&ig.

1(d)]. As Br coverage increased up to the saturation level,
adatom desorption became notable even though the predomi-
) ) nant desorption was that of Br atoms from the adatom layer

Figures 1a), 1(b), and Ic) show STM images before [Figs. 1e) and Xf)]. As a result, the density of adatom va-
electron irradiation of $111)-7x7 surfaces dosed with 20— cancies produced by electron irradiation increased with ini-
200 L of Br,. The images were obtained at a sample bias ofjg| Br, doses up to 200 L(Fig. 3). This is explained as
+2.5 V. At sample biases arountl1.0 V, the Br-bonded follows: Adatoms are multiply brominated when the,Br

adatoms are darker than the surrounding unreacted adatomgse is high and these multiply brominated adatoms (SiBr
because of the occupation of the dangling bonds, while at

biases over-2.0 V most of them become brighter because of

FIG. 1. STM images before and after FE irradiation of
Si(111)-7X7 surfaces dosed with 20—200 L of BExtraction volt-
age and FE current density were 50 eV and 10 nA &/rBample
biases for the observations wet€2.5 V in (a), (b), and(c), and
+1.0 Vin (d), (e), and(f). The areas shown are ¥@.6 nnt.

Ill. RESULTS AND DISCUSSION

A. Effect of Br coverage

tunneling into the antibonding state of the Si-Br bdrid. ~ oal ° o
Therefore the bright sites in these images represent Br- = 8 o o
bonded adatoms. The density of these adatoms increased 3 S 5
with the Br, exposure dose. At Brdoses up to 100 L the § 0.3k o
7X7 structure is retained and so most adatoms are singly 8
brominated:! With further increase in Brexposure up to ; ;
200 L, the periodicity of K7 structure became a little S 02} 8,./'
blurry. This is because at doses much beyond the saturation ﬁ
level the By molecules react with the backbonds of the Br- 5 #0
bonded adatoms, forming multiply brominated silicdfs. z oy

The STM images of the above surfaces after irradiation g 8
with FE electrons extracted at 50 V are shown in Figsl),1 =] ol 8
1(e), and If). These images were obtained at a sample bias

H 1t 1 1 1 1 1

of +1.0 V. There are dark sites at adatom positions, the o 100 200 300 400

number of which increases as the initial Br coverage in-
creases. The brightness of these dark sites was not changed
by changes in the applied bias, so they are thought to be FIG. 3. Density of adatom vacancies as a function of initigl Br

vacancies of the adatoms that are produced by the electrafose. Extraction voltage and FE current density were 50 eV and 10
irradiation. Some bright spots seen in Fige)lor 1(f) may  nAs/nnf.

Br2 dose (L)
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FIG. 4. STM image after FE irradiations of a($11)-7X7 sur-
face dosed with 400 L of Br Extraction voltages of FE electrons
were 10, 13, 15, and 20 V. The irradiation at each voltage was
performed at the same distance between the tip and the séb®le
nm). The values indicated at each voltage are FE current density.
The areas enclosed by circles were irradiated. Sample biases for the
observation were+-2.0 V.

x=2 or 3 desorb under electron irradiation more easily than
singly brominated adatoms because of the reduced number
of adatom backbonds. The density of adatom vacancies
hardly increased at Bidoses beyond 200 L. This is probably
because at room temperature the adatom bromination is al-
most saturated by doses near 200 L.

B. Effect of electron energy

Figure 4 shows the STM image of a fully Bdosed sur-
face after sequential irradiation by FE electrons at extraction
voltages of 10—-20 V. The irradiation at the voltages below
20 V changed the contrast in the STM image only slightly, in
spite of very high electron dose densities. The area irradiated
at 20 V, on the other hand, is markedly darker than unirra-
diated areas. Figure(® shows a magnified image of the
surface obtained after irradiation at 20 V. Over 60% of the
adatoms are removed and the underlying rest layer is im-
aged. The remaining adatoms and the exposed rest atoms
were Br-free as a result of tHeV measurement. The under-
lying rest layer seems to keep &7 periodicity among the
partially remaining adatoms. This fact is not self-evident
since it is not clearly understood how the surface recon-
structs under the electron-stimulated desorption. Becker . o
et al.reported that the hydrogen from a hydrogen-terminated F!G. 5. STM images after FE irradiation of (311-7X7 sur-
Si(111)-1x 1 surface desorbs when the surface is irradiated@ces dosed with 400 L of BrExtraction voltages and FE current
with 2-10 eV electrons, converting the<IL structure to the ~densities weréa) 20 Vand 30 nA s/ nrf (b) 40 V and 15 nAsinth
2% 1 structuré We did not observe the desorption of Br and (c) 125 V and 0.3 nAs/nf Sample tr)];zas for the observation
atoms and adatoms at extraction voltages below 10 V, an(g;1 i;:C][eE;\I/I'I (;)h ghiﬁiz::ggtg:: ;It?uoc?uré;he areas enclosed
even at higher voltages, all the adatoms in>a77 unit cell '
were not removed. The structural conversion produced by
ESD may also depend on the size of the desorbed area &yssing adatoms, around the dimer walls of the 77 unit
well as the excitation process. cells. The four bright spots are on top of the rest atoms.
On more careful inspection of the image shown in Fig.These features can be assigned to the four-Si-atom structures
5(a), several sets of four bright spotsome of them are that were observed in the initial stage of Si deposition on
enclosed by circléssmaller than an adatom exist, instead of Si(111)-7X7 at room temperaturé.We propose the follow-
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FIG. 6. Schematic representations of the top view around the & 0 20 40 60 80 100 120 140 160
dimer wall of a S{111)-7X7 unit cell: (a) before(clean surfaceand Extraction voltage (V)
(b) after Br, exposure, an¢c) after FE irradiation. When an adatom . . . L
is triply brominated as shown itb), the position of the adatom is FIG. 8'_ Density of adatqm vacancies pro_dgped by FE irradiation
shifted to the top of the site on the rest atom by breaking twodS a function of the extraction voltage. The initiabBlose was 400
backbonds of the adatom L, and the electron dose density at each extraction voltage was the

critical dose densitysee text

ing mechanism shown in Fig. 6 for production of this struc- . .
ture: Some adatoms are triply brominated by &wposure up whereaog, anq ogare the cross sections for desorption of Br
to oversaturation dosage. During the triple bromination, théitoms and Si adatoms (Sﬁ.r andNg, andNs; are the cov-
position of the adatom is shifted to the top of the rest atom&29€s of Br atoms and Si adat_oms”on the surfacg at the
which is bonded to the adatom, because fept bonds of Qlectron dose density.. Thg mu'lt|'pI|C|t|es of th_e .brc.)mma-
the Si-SiBg structure are required to form an equilateral tet-lon are neglected here for simplicity. The coefficierit the
rahedron. After that, the Br atoms bonded to the Si atonf®Ve€rage of Br atoms on 'the adatoms, a’M.S‘ can be re-
preferentially desorb by FE irradiation and only the Si atomgPlaced byNg,. By integrating Eq(1) we obtain
remain. Each of these remaining Si atoms has three dangling NI _ ;
bonds, and chemical bonds between the Si atoms are formed Ner=Ngr X~ (0 + 75)Del, @
in order to reduce the surface energy. where N3, is Ng, at D,=0. When Ng, /N3, is given, the

As shown in Figs. B) and Hc), Br atoms were removed reciprocal of D, provides the total cross sectionog;
at much lower electron dose densities when the extractior- ). From the result shown in Fig. 7, therefore, it is found
voltage was increased from 20 to 40 or 125 V. The value othat the total cross section increased by orders of magnitude
the electron dose density indicated in each image is the minis the extraction voltage increased up to 150 V. The second
mum value required to desorb most of the Br atoms in thaerm in Eq.(1) corresponds to the removal rate for adatoms;
30x30nnt area at the corresponding extraction voltagethat is,
(hereafter we call this electron dose density the critical dose
density. The reciprocal of the critical dose density is shown —dNgi/dDe= ogiaNg= os5Ng;. €)
'J‘th'g- Joa flg]rcg%r;:rfptt?;ne\);\};icg?ga\g);tz%i'aigggog;‘giﬁsub§tituting the right-hand side of Ep) for N, and inte-
creases in e>2traction voltage; that is, with increases in elecgratIng the expression, we have

_n©O

tron energy. Ngi=N2— N3 [og/(og+ og){1—exd — (og+ 0os)D
The Br atoms are thought to be removed from the surface > > slosl(oatos) i H=(oert os)Del;

4
in two ways: by the breaking of Br-Si bonds and by the 0. _ o O( )
breaking of Si-Si backbonds. The removal rate for Br atomgvhereNg;is Ng; atD=0. SinceNg; is nearly equal tig, at
is therefore given by saturation coverage,
~dNg, /dDe=0gNg + rsiaNs;, (D Ns=Ng(1-[os/(0g+0os) {1 -exd — (og+ crsoDe]}(»)
5
?:E 10F . For Dg— e,
> L b
< 1t . o T (Ngi=Ns)/Ng= 05/ (05t o). (6)
;; | e ° ) This equation suggests that, at sufficiently high electron
.,g, 107 e ® Sizp edge dose, the density of adatom vacancies approaches the ratio of
2104 e Brad edge the cross section of adatom desorption to the total cross sec-
§ tion. As shown in Fig. 5, more adatoms remained as the
RS extraction voltage increased from 20 to 40 or 125 V. The
5 L 2'0 4'0 slo alo 1'00 1'20 1"‘0 1;0 density of adatom vacancies is shown in Fig. 8 as a function
5 0 ) of the extraction voltage. The electron dose density used at
- Extraction voltage (V)

each voltage was the critical dose density. The density of
FIG. 7. Relation between extraction voltage and reciprocal ofddatom vacancies was hardly changed by irradiation with
the critical dose density of FE electrons required for Br atom de-electron dose densities greater than the critical dose density.
sorption. The initial By dose was 400 L. The measured area wasTherefore it should be noted that the desorption of Br-free
30x 30 nn?. adatoms is scarcely induced by electron irradiation. The den-
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sity of adatom vacancies decreased with the extraction voltthe crossing to some neutral excited st&teEhe energies for

age and approached the level for the initial clean surfacehe ionization edge of Br& (~75 eV) and Si 2 (~110 eV)

This suggests thatg, in Eq. (6) increases more rapidly with electrons are in the energy region studied here. The increase

the extraction voltage than does;;. Therefore the depen- in the cross section of Br atom desorptioag() at high

dence of the total cross section on the electron energy, showalectron energies is mainly due to the excitations of these

in Fig. 7, actually represents the dependencergfat the core electrons, although a resonant enhancement in the cross

higher electron energies. section near the ionization edges is not clearly observed in
As shown in Figs. 4 and 7, Br atom desorption becamérig. 7. Analyses of the desorbed species and their yield spec-

large at an extraction voltage near 20 V. For the exact deteitra will elucidate the desorption mechanism in more detail.

mination of threshold electron energy for Br desorption, the

electron energy should be corrected for the contact potential IV. CONCLUSION

difference of the emitting and receiving surfaces. If we as- . .

sume that most electrongare emitted a?the Fermi level of the A Br-chemisorbed 111) surfacg undergoes atomic-

tip surfacé* and that the work function of a Br-chemisorbed structural changes when electr(_)n-stlmulated desorptl_o_n oc-

Si(111) surface is similar to that for a clean Si surface, 4.8°UrS: and the desorption behavior depends on the initial Br

eV,15 the corrected threshold energy is about 15 eV. Neithe overage and electron energy. When the initial coverage is
experimental nor calculated data on the energy level of th ow, Br atoms desorb but Si adatoms hardly desorb. When

valence electrons of a Br-chemisorbed1gil) surface have e initial Br coverage is increased up to the saturation level,

been reported. It has, however, been shown both experimeﬁr—‘e adgtom desc_)rption increase; greatly because the ”“”.‘ber
tally and theoretically that the ionization energies for theOf multiply brominated adatoms increases. The cross section

valence levels of the SiBmolecule are close to those of the of Br atom desorption first increases at an electron energy of

SiCl, molecule and that the energy difference between th 5 eV and then increases rapidly with the electron energy up

. 17 ) .~ 1o 150 eV. The threshold energy could correspond to ioniza-
two molecules is at most about 1 €Y At a first approxi tion of the bonding electrons of the Si-Br bond. The cross

mation, therefore, the energy levels of the valence electrons” . . . :
of the Br-chemisorbed §i11) surface can be presumed to be section of the desorption of brominated adatoms, in contrast,
close to those of the valence electrons of the CI—chemisorbe(gieloends little on .the glectron Qnergly._snu STM observa-

) : . . * tion of a surface irradiated by field-emitted electrons from a
Si(111) surface. The bondingr) and antibonding *) lev- ™ tio will b ntial for atomic-structural studi f
els of the Si-Cl bond are respectively 12—13 and 3-4 e\/S P € essential Tor atomic-structural studies o
below the vacuum levéf-2Therefore, the excitation of@  —>0
electron to the antibonding level requires 8—10 eV, which is
a little far from the above threshold energy. The threshold ACKNOWLEDGMENTS
energy at 15 eV is close to the energy needed to excite a  This work, partly supported by NEDO, was performed at
electron to the vacuum level. Such an excitation leads to iodRCAT under the joint research agreement between NAIR

desorption and otherwise to neutral atom desorption throughnd ATP.
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