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New Features in Kinetic Energy Distribution of Laser-Induced Si* Desorption from Si(100)
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Silicon ion desorption from Si(100) under the irradiation of low fluence 193 nm pulsed laser beam is
studied using high resolution mass-selected time-of-flight technique. New features in the kinetic energy
distribution of desorbed Si ions have been observed. A simple model is used to calculate the kinetic
energies of desorbed Si*, and reasonably good agreement with measured values is obtained.

PACS numbers: 79.20.Ds, 68.45.Da

Substrate particle desorption under the bombardment
of photons and electrons has attracted much attention in
recent years. Compared with metallically bonded sur-
faces [1] and ionically bonded surfaces [2], substrate par-
ticle desorption from covalently bonded surfaces is not
as quantitatively understood [3—12]. Under the irradia-
tion of high laser intensity (=5 X 10° W/cm?), substrate
particle emission from silicon surfaces is believed to re-
sult from surface evaporation and plasma formation [5].
Desorption of Si* from silicon surfaces under the irradia-
tion of much lower laser intensity (~5 X 10® W/cm?) has
also been reported [7], but the mechanism is not fully
understood. Time-of-flight (TOF) technique was used to
study the kinetic energy of emitted particles. The TOF
spectrum of emitted Si neutrals, taken at relatively high
laser intensity (=4 X 107 W/cm?), was found to consist
of a broad peak, which shifts toward higher energy as
laser fluence increases [4]. Because of low resolution in
the ion detection system, the structure of the TOF spectra
for lower laser intensity irradiation was not studied [8].

In this Letter we report the observation of new features
in ion kinetic energy distribution of Si* desorption from
Si(100) under the irradiation of 193 nm pulsed laser
beam (<300 mJ/cm? or 1.7 X 107 W/cm?). To the best
of our knowledge, these new features have not been
reported before. In addition to providing insight into
the desorption mechanism, these new features may also
be useful in quantitative studies of laser-induced surface
processes, e.g., surface premelting, the onset of laser-
induced plasma, etc. A simple model based on the
localization of two holes in the back bond of surface Si
atoms is used to calculate the kinetic energy of desorbed
Si*. The calculated energies are in reasonable agreement
with the measured ones.

The experiment was carried out in an ultrahigh vac-
uum chamber with a base pressure 5 X 10710 Torr. The
Si(100) sample, 18 mm X 5 mm X 0.38 mm in size, was
Czochralski grown (Wacker) and P-doped n-type with
a resistivity of ~5 2 cm. The sample was cleaned by
2 keV Ar* sputtering, annealing at 925 K and flashing
to 1400 K for 30 s [13]. The cleanliness of the sample
was confirmed by an Auger spectrometer. The tempera-
ture of the sample was measured in the following way.
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Two identical Si(100) samples were clamped together by
0.002-in. molybdenum foil. A small dent was drilled on
the back piece so that a 0.003-in. W-26%Re/W-5%Re
thermocouple was snugly sandwiched between the two
Si samples. Samples were heated by passing dc cur-
rent through them. Only the front sample was used in
the study. The 193 nm laser beam from an excimer laser
(pulse width ~17 ns), after passing through an aperture of
5 mm diameter and a beam splitter, was focused by a lens
(f = 26 cm) through a quartz window onto the sample
and exited through another quartz window. The angle of
incidence was 65°. Laser fluence was varied by changing
the distance between the lens and the sample while keep-
ing the laser power fixed. The typical beam size on the
sample was 0.5 mm?.

The desorbed Si ions were detected using mass-selected
time-of-flight technique. A quadrupole mass analyzer
(UTI 100C) was used to perform the mass selection. To
avoid the background signal due to neutral residual gas
molecules such as CO, the ionizer assembly in the ana-
lyzer was tuned off and grounded. The collection angle
was 0.01 sr. The ion signal, after being amplified by a
fast preamplifier, was recorded by a multichannel scaler
(EG&G ORTEC T914) with the dwell time per channel
being set to 70 ns. A fast silicon photodiode monitored
the reflected laser light from the beam splitter and trig-
gered the start (flight time = 0) of the multichannel scaler.
The z component of the ion velocity is given by v, = L/t,
where z is the sample surface normal, which also coin-
cides with the axis of the mass filter, L is the flight length
(22 cm), and ¢ is the flight time.

Shown in Figs. 1(a) and 1(b) are, respectively, the
representative raw TOF data for various laser fluences and
the corresponding kinetic energy distributions as obtained
from the TOF spectra: dN/dE;, = (t*/mL)dN/dt, where
N is the number of ion counts and m the ion mass. All the
spectra were taken on grounded samples at 300 K. For
laser fluence lower than 150 mJ/cm?, four peaks centered
at 56, 48, 41, and 32 us, which correspond respectively to
2.2,3.0, 4.2, and 6.9 eV, are observed. Each peak seems
to contain subpeaks, the origin of which is unknown.
As laser fluence increases, the peak positions remain
approximately the same, in contrast to the TOF spectra
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FIG. 1.

(a) Representative raw TOF data desorbed Si ions for various laser fluences.
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Each TOF spectrum is the accumulation

of 1000 laser shots. The laser fluence is calculated from P/zr?, where P is the measured power (J) and r the 1/e beam radius
as measured using a small (10 um diameter) pinhole. Therefore, assuming a Gaussian distribution for the fluence, the indicated

fluence represents peak fluence at the center of the irradiated spot.

Estimated temperature at the center of the spot due to laser

heating [14] is indicated for each laser fluence. (b) The corresponding ion kinetic energy distribution.

of emitted Si neutrals under the irradiation of higher laser
fluence [4]. For fluence higher than 150 mJ/cm?, a peak
at 25 us (11.3 eV) begins to develop and its position
shifts toward higher energy as laser fluence increases.
This 11.3 eV peak can also be seen for lower laser
fluence if the substrate is resistively heated to sufficiently
high temperature (e.g., 1200 K). Thus it seems that the
11.3 eV peak is related to laser-induced thermal or plasma
excitation. The nature of this peak is not fully understood.

It should be mentioned that the rather dramatic features
in the TOF spectra of desorbed Si ions can only be
observed for relatively low laser fluence. At high fluence
(>400 mJ/cm?), the lower energy peaks start to merge
together to form a broad featureless peak, which we
interpret as the onset of surface premelting and will be
discussed in more detail elsewhere.

The location of various peaks in the TOF spectra shown
in Fig. 1 is characteristic (i.e., very reproducible experi-
mentally) of a clean Si(100) surface, independent of
sample cleaning procedures (e.g., Ar* sputtering fol-
lowed by annealing and flashing vs annealing and flash-
ing only). However, ion counts vary from sample to
sample and also depend on sample cleaning procedures.
Therefore, unlike the kinetic energy of desorbed Si™, so
far we have not been able to obtain reproducible data
of Si* yield. It is observed on all samples, however.
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that the dependence of ion counts on laser fluence can
be described by two different power laws. A represen-
tative plot of fluence dependence is shown in Fig. 2.
Nonlinear fluence dependence of integrated ion yield has
been reported for both Si*t [5-7] and Ga" desorption
[10]. It is interesting to point out that the turning point
(150 mJ/cm?) at which the power law changes corre-
sponds to the appearance of the 11.3 eV peak in the ki-
netic energy distribution. This observation has not been
reported before.

In attempting to understand the new features in the
TOF spectra we have considered various possibilities, in-
cluding both surface and gas phase excitations [15]. For
example, the signal may be due to CO™ or Si™ ionized
in the gas phase. However, the results of the following
controlled experiments argue that the observed signal is
due to surface electronic excitation. (1) Features simi-
lar to those in Fig. 1 are also observed on Si(100) sur-
face resistively heated to 1200 K, a temperature at which
there should be no adsorbed species such as CO [16].
(2) Consider the possibility that the observed signal is due
to gas phase ionization of desorbed CO. For a base pres-
sure of 5 X 107! Torr and a laser repetition rate of 5 Hz,
one can estimate that the number density of gaseous CO
above the sample during laser pulse is <4 X 10'3/cm? or
107* Torr. No signals were observed when the chamber
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FIG. 2. A representative plot of the laser fluence dependence
of Si ion counts corresponding to each energy peak in the TOF
spectra. The ion counts are normalized to fluence per unit area
of illumination.

was filled with up to 4 Torr of CO (99.99% purity) and
the sample moved away from the laser beam. (3) The
two-photon ionization probability of a gaseous Si atom by
the laser pulse is o,/%7, where o, = 107 cm*s is the
two-photon ionization cross section [17], I the laser inten-
sity in photons per cm? per s, and 7 the laser pulse width.
Thus, even for the highest laser fluence used in this study,
the ionization probability is <5 X 1078, 2 orders of mag-
nitude lower than the electron-impact ionization probabil-
ity in the ionizer assembly. Therefore, if the observed
Si* signal is due to gas phase ionization of desorbed
neutral Si atoms, the neutral Si signal should be about 2
orders of magnitude larger than the Si* signal. By turn-
ing on the filament in the ionizer and positively biasing
a grid in front of the ionizer, one can measure the TOF
spectrum of desorbed Si neutrals. For the laser fluence
used in this study, the Si neutral signal, if any, is not de-
tectable within the featureless background TOF spectrum,
and is estimated to be at least 1 or 2 orders of magnitude
smaller than the Si* signal. Therefore we conclude that
the observed Si™* signal is not due to gas phase ionization
of desorbed neutral Si atoms. (4) When the distance be-
tween the sample and the mass analyzer was varied, the
flight time was found to scale with the flight length cor-
rectly. This rules out the possibility that the signal may
originate from other surfaces, e.g., inner surfaces of the
quadrupole analyzer due to scattered laser light.

As a first attempt to understand the kinetic energy
distribution of Si ions, we use the following model,
which, though oversimplified, seems to account for the
main features in the TOF spectra. The model makes
three assumptions: (1) Si ions desorb from singly bonded
surface Si atoms, e.g., adatoms; (2) Si ions desorb in
their ground electronic states [18]; and (3) desorption of
a Si ion results from the localization of two holes in
the back bond (i.e., the removal of the back bond) of
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FIG. 3. A singly bonded Si atom just before (b) and right
after (c) its desorption as Si*. The open circles in (b) represent
localized holes in the back bond surface state. The open circle
on the substrate Si atom in (c) represents a hole in the dangling
bond and that on the departing Si atom indicates a missing
electron, i.e., a Si*. The filled holes in (b) and (c) represent
electrons at the bottom of the conduction band.

a surface Si atom [11,19]. A localized two-hole state
can live sufficiently long for desorption to occur when
the Coulombic repulsion between the two holes is greater
than the width of the band to which the two holes belong
[20]. Therefore one would expect this mechanism to be
more effective at surface defect sites where the bands are
narrower. We will estimate the kinetic energy E; of Si*
using an argument similar to that used in the Hess law
in physical chemistry. As a first order approximation, the
back bond and dangling bond energies as calculated in
Ref. [21] will be used for the singly bonded Si surface
atoms. The configurations just before and right after
desorption are depicted in Figs. 3(b) and 3(c). The main
electronic relaxation processes during desorption are (1)
the hole left on the surface Si atom becomes a dangling
bond hole and (2) the hole on the departing Si atom
corresponds to ionization of the Si atom. Therefore if
we assign the dangling bond energy to the hole left on the
surface Si atom and ionization energy to the departing Si
atom in Fig. 3(c), the configurations (b) and (c) will have
approximately the same energy. The configuration (b)
can be obtained from (a) by providing energy E,, + U,
where E,, is the energy required to excite two electrons

TABLE 1. Kinetic energy E; of desorbed Si*.
E2h E (CV Ek
Surface states: E (eV)* (eV) [from Eq. (1)] (eV) (obs.)
P; at K point: —-2.6 7.4 1.6 2.2
P, at X point: -3.2 8.6 2.8 3.0
P, at K point: -3.7 9.6 3.8 4.2
Ss at K point: -59 14.0 8.2 6.9

“Reference [21].
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from the back bond to the bottom of the conduction band
in the absence of screened hole-hole repulsion U. The
energy needed to convert (a) to (c) is D + E, + E; +
I — x, were D = 1.8 ¢V is the Si-Si bond energy [22],
E4 is the energy required for exciting an electron from
the surface dangling bond to the bottom of the conduction
band, / = 8.18 eV is the ionization energy of a Si atom,
and y = 4.0 eV is the electron affinity of silicon [23]. By
equating the energies of (b) and (c), we get

Ek=E2h+U_D—‘Ed“1+X. (])

Therefore in this model the different energy peaks in
Fig. 1 correspond to different back bond surface states
from which localized two-hole states are created. Local-
ized two-hole states are created by multiphoton excita-
tion, leading to a nonlinear dependence of the ion yield on
laser fluence. Since U is not known, we use U as an ad-
justable parameter to fit the observed energy peaks. The
values of E; calculated from Eq. (1) using the values of
E,;, and E; (1.9 eV) from Ref. [21] are shown in Table I
together with the observed values. The best fit requires
U = 2.1 eV. This is smaller than the value of U ~ 8-
10 eV in the Si-H bond [19], indicating that screening is
larger in the Si-Si bond than in the Si-H bond.
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