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Translational Energy Distribution of Si Atoms Desorbed by Laser-Induced Electronic
Bond Breaking of Adatoms onSi(111)-(7 x 7)
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The desorption of Si atoms caused by the laser-induced electronic bond breaking of adatoms of
Si(111)-(7 X 7) was studied upon exciting the surface with nanosecond and femtosecond laser pulses.
The translational energy distribution of desorbed Si atoms is characterized by a peak energy of 0.06 eV
with an onset energy of 0.02 eV; the feature is independent of wavelengths, fluences, and temporal
widths of excitation laser pulses. This energy distribution, as well as other characteristic features of
the process, is well described by a proposed model of phonon-kick mechanism following the two-hole
localization on adatom sites. [S0031-9007(98)08226-X]

PACS numbers: 79.20.La, 61.80.Ba, 68.35.Bs, 78.66.Db

Laser interaction with semiconductor surfaces has been The7 X 7 surfaces of -type Si(111) wafer were pre-
studied extensively, motivated both by applications inpared and characterized as before [5]. STM observation
materials processing and by basic research in light-mattef the surface revealed typicalx 7 images in which al-
interaction [1,2]. As a result of the interaction, changesmost no atomic-scale defects were included. Three dif-
in surface atomic structures are often induced, and théerent types of lasers were used to generate laser pulses
electronic processes have been shown to play importafior exciting the surface. An excimer-laser-pumped dye
roles in the change when laser intensities are below melaser (Lambda Physik, Model EMG201MSC, and FL3002)
threshold [3-5]. Recently, it has been demonstrated bgenerated laser pulses of 20-ns temporal widths at wave-
scanning tunneling microscopy (STM) observation thatengths from 400 to 700 nm. Q-switched Nd:YAG laser
adatoms of th& X 7 structure of clean Si(111) surfaces (Spectra Physics GCR130) was used for generating 532-
are removed selectively by an electronic process underm (5 ns) and 266-nm (4 ns) laser pulses. And a mode-
irradiation of nanosecond (ns)-laser pulses in the visiblédocked Ti:sapphire laser (Coherent Mira 900F) with a
region [5]. It has also been shown that Si atoms areegenerative amplifier (BM&-10) was employed for gen-
ejected from the surface in the electronic ground state asrating 403-nm (200 fs) and 269-nm (300 fs) laser pulses.
a direct consequence of the electronic bond breaking ofhe laser pulses were guided to the UHV chamber pre-
adatoms. This electronic bond breaking ofi$1)-(7 X cisely on the same optical path determined by using sev-
7) is featured by the efficiency which is strongly site eral apertures, and were incident at’ 46&m the normal
sensitive, resonantly wavelength dependent, and highlgf the surface. Desorbed Si atoms were resonantly two-
superlinear with respect to the excitation intensity [5].photon ionized by laser pulses of 251.23 nm, generated by
Based on these results, it has been suggested that the twab@-switched Nd:YAG laser-pumped dye laser (Lambda
hole localization on adatom sites plays an important roléPhysik, Scanmate 2B), which were guided to pass parallel
in this electronic process. to the sample surface with a distance of 3.30 mm." Si

As evidenced by several previous studies on desorgens thus ionized were collected by a negatively biased
tion processes, the translational-energy distribution of—120 V) drift tube, and then detected by a microchan-
desorbed species gives essential information on mechael plate placed in a shield box behind the drift tube.
nisms of bond breaking processes at surfaces [6—8]. In Any of the laser beams used here had a near-Gaussian
this Letter, we present measurements of the translationabeam profile, and the typical beam radius at the sample
energy distribution of Si atoms desorbed by the electronisurface was 0.20 mm for ns-laser pulses and 0.10 mm
bond breaking of adatoms by exciting the surface withfor fs-laser pulses, respectively. Laser irradiation was
different types of laser light, which includes a ns lasermade with fluences belo@00 mJ/cn? for ns-laser pulses
in ultraviolet (UV) range and a femtosecond (fs) laser,and30 mJ/cn? for fs-laser pulses [9]. The formation of
together with a ns laser in the visible region. It is shownvacancies at mostly individual adatom sites, without any
that the energy distribution shows a common feature of @race of surface recrystallization and melting, was revealed
peak energy of 0.06 eV with an onset energy of 0.02 eVby STM observation of irradiated surfaces for the fluence
irrespective of different characteristics of excitation laserange used.
light. Based on this result and its analysis, together When the7 X 7 surface was excited by 266-nm laser
with the other features revealed previously [5], a modebulses or fs-laser pulses of 403 and 269 nm, Si atoms
is proposed of the mechanism of the electronic bondvere emitted in the electronic ground state as the major
breaking of adatoms on @il 1)-(7 X 7). product of desorption. In the fluence range studied, the
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yield (Y,) of desorption changed as much as 3 orders ofhis feature indicates clearly that the final step of the
magnitude, with showing similar superlinear dependencéond breaking which governs the energy partition to Si
on the fluence of excitation laser to that for previousatoms is common for any type of excitation. It implies
ns-laser excitation. The time-of-flight (TOF) spectrathat the same localized excited state (which will be
of desorbed Si atoms were measured by changing thieereafter called the reactive state) is formed at adatom
time interval between laser pulses for surface excitatiorsites with a formation yield which is dependent on several
and those for ionizing desorbed Si atoms at severatharacteristics of excitation laser light. Below, we briefly
fluences of each type of laser light. The TOF spectra ardiscuss some characteristics of the yield of forming this
characterized by a given velocity distribution and a peakeactive state in a few cases.
at flight time of 2.05us, neither of which depends on In Fig. 2, we show the result df; induced by 266-nm
wavelengths, fluences, and temporal widths of laser lightns-laser pulses. It shows a clear superlinear dependence,
In order to have deeper insight into the bond breakinglthough the yield is much smaller than that for 532-nm
process, we evaluated the number denaify) of atoms ns-laser pulses (and hence than that for 600-nm ns-laser
with translational energy from a TOF spectrum. In pulses [5]). The previous study revealed a strong peak
this evaluation, a phase space factowdfwas taken into at 2 eV in the wavelength dependence of the efficiency
account ¢ is the speed) [6,8], to compare experimentalof desorption, and the peak was attributed to the optical
data with consequences of a one-dimensional model whictransition(s) in the surface electronic states [5]. An
will be discussed later. The result is shown in Fig. 1.alternative assignment may be argued that the peak is
The distribution shows a steep increase after an onsetlated to the two-photon absorption transition in the bulk
energy of about 0.02 eV (shown by the arrow) to form aelectronic states, based on the fact that the direct band gap
peak at 0.06 eV, associated with the high-energy tail up tof Si crystals is 4.185 eV [11], and on the feature of the
0.6 eV. Although the peak flight time of 2.0bs in TOF  nearly quadratic dependencelof at weak fluence regime
spectra corresponds to the translational energy of 0.15 efs]. However, the superlinear dependence Xf for
[5], the peak translational energy of 0.06 eVA{e) is  excitation by 266-nm laser, the photon energy (4.66 eV)
obtained after the phase-factor correction, which enhances which is above the direct band gap, definitely excludes
significantly number densities at low-energy parts [6,8].this alternative. We interpret the result as follows: the
Since the amount of Si atoms desorbed by one pulse is dt66-eV photons can induce optical transitions in which
most 10~* monolayer (ML) [5], any effects of gas-phase surface electronic states are involved [12], and the holes
collision after desorption can be neglected [10]. Thereforein the surface band thus formed are still responsible for
the energy distribution seen in Fig. 1is characteristic of thehe two-hole localization to form the reactive state. In
bond breaking process at the surface. fact, the dependence shown in Fig. 2 is well described
One of the important features seen in Fig. 1 is thatty the equation derived in the two-hole localization
the energy distribution is identical with each other formechanism [13], as shown by the solid curve in the
different types of laser light with different characteristics. figure. The lower yield for 266-nm excitation may be
attributed to a weaker optical-absorption strength and/or
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FIG. 1. Translational energy distribution of Si atoms desorbed
by the laser-induced electronic bond breaking of adatoms of LASER FLUENCE (mJ/cmz)

Si(111)-(7 X 7). Surface excitation was made at 300 K with

laser pulses of different characteristics in wavelengths, fluence&IG. 2. Fluence dependence of the yield of Si-atom desorp-
and temporal widths. Data for different types of laser lighttion induced by irradiation with ns-laser pulses of 266 nm. The

are normalized to the same peak height. The solid curve islependence for 532-nm ns-laser pulses is also shown for com-
the calculated distribution by the simple model presented irparison. The solid curves are the best fit of the formula derived
the text. from the two-hole localization mechanism (Refs. [5] and [13]).
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efficient pathways which compete with the reactive-adatom vibration. Based on this consideration, together
state formation in the deexcitation process of free holesvith an important role of the two-hole localization de-
generated by 266-nm excitation. scribed above, we propose here the phonon-kick mecha-
The yields of desorption by fs-laser pulses of bothnism of the bond breaking of adatoms o1l )-(7 X 7).
403 and 269 nm also depend superlinearly on fluence®efect reactions induced (or enhanced) by transiently gen-
However, the fluence which gives the same amount of Sierated violent lattice vibration (phonon kick) upon the car-
atom desorption was reduced to abgyitof that for a ns  rier localization at defect sites are well documented in
laser of a similar wavelength. In the case of excitationsemiconductors [21]. In the present case, “defect sites”
with fs-laser pulses, temporal widths of which may beare the first-hole localized sites, and the violent vibration
much shorter than the lifetimes of surface excited speciefeading to the bond breaking is induced only upon the
generated, one-hole and two-hole localized states may kmecond-hole localization along the reaction coordirgate
formed in time-dependent ways during the lifetime of theof vibrational motion of adatoms normal to the surface.
free holes in the surface band. We formulated the equation This process is schematically portrayed in Fig. 3, where
for such a time-dependent hole localization, and evaluated group of parabolas denoted By represents the state of
the yield of two-hole localized states. The enhanced yieldhe second hole staying in the free state with the first-
due to higher densities of holes generated in a short timbole localized,V, the state of two-hole localized, and
period and the superlinear dependence for the fs-laséf; the final state of the bond breaking, respectively. In
excitation are well described by this equation [14]. the bond breaking process, the adatom electronic state of
Thus, in the cases of UV-laser and fs-laser excitationa perturbedsp3-like configuration is finally transformed
the desorption yields are well described by the two-holénto the free-atomy?p? state inV,. We assume that this
localization mechanism, similar to the previous studieslectronic transition, a key of the bond breaking, takes
[5]. The two-hole localization assumes the first-holeplace onV, at a critical pointR with an energyEr and a
localization on the surface. Since the adatom-vacancylistortionAg on Qg.
formation is not related at all to any preexisting defects The phonon-kick process can be described as follows:
on the surface [5], an intrinsic process of the first-the packet formed on the coordinate with a mean total
hole localization has to be assumed. In contrast to thenergyE; (= Eg) passes the critical pointtimes with the
valence electronic state of Si crystal showing a largeenergyE (= E;) during relaxation, induces the transition
delocalization energy, which can be measured as a halfwith a probability P at each passage, and is dissipated
of the bandwidth, some of the occupied surface statefinally. The Si atoms desorbed by the packet wkh
on S(111)-(7 X 7) show much narrower bandwidths (the have ¢ given by ¢ = E — E,, whereE, is the energy
width is as small as 0.05 eV for the surface b&af[15].  of V, measured from the bottom df,. The number
Although no theoretical estimates on the lattice relaxatiordensity N(e) is determined by the product ef and P,
energy for the holes on this surface have been available,
the smallB of the surface electronic state and restricted
freedom of carrier motion [16] may make the self-trapping ‘
of holes possible on the surface. Therefore, the two-hole §y
localization at intrinsic adatom sites may be applied for
the bond breaking of adatoms on this surface. v,
We now discuss the mechanism of the electronic bond — ¥, :Si(sp?)
breaking of adatoms. The peak energy of 0.06 eV seen in 2 1P
Fig. 1 is much smaller than photon energies of excitation
laser light. This low translational energy may exclude
any desorption models which assume simple repulsive \_> bond breaking
potential energy surfaces leading #oof the order of A4
eV. Also, the fluence-independent velocity distribution of Eo
desorbed Si atoms indicates clearly that the mechanism Ve :Si(s’p’)
of desorption induced by multiple electronic transition
(DIMET), often argued for desorption processes on metal Ag
surfaces [7,17], is not the case for the bond breaking of |
adatoms on this surface.
Experiments [18] andab initio calculations [18—20] REACTION COORDINATE
have shown a significant charge delocalization of danglingFiG. 3. Schematic of the model of the phonon-kick process
bond state of the adatoms, which results in a bonding intollow[ng two-hole localization at adatom sites. Adiabatic
teraction between adatoms and the Si atoms directly b@otentialsvy, Vs, and V, show the state of the second hole

| h Theref hole localizati t adat Staying in the free state in addition to the first localized hole,
ow them. erelore, upon hoie localizalion al adaloMy, 4t of two-hole localized, and that of the final state of the bond

sites, bonding property of the adatom may be affecte@reaking including a Si atom in the electronic ground state in
seriously to weaken the bond and to induce a strongacuum, respectively.
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of the dependence, when we assume a simple dampingniversity.
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transition matrix elementF| is the change of the energy
separation of the surfaces Rt and vy is the velocity of (Springer-Verlag, Berlin, 1995).
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