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Abstract. The dynamics of laser melting of atomically clean
Si is investigated in ultra-high-vacuum (UHV) by transient re-
flectivity with single-pulse sensitivity in the presence of mon-
itored amounts of chlorine, oxygen or propene. Adsorption of
one monolayer (1 ML) leads to measurable variations of the
melting dynamics, which are strongly adsorbate-dependent.
The variations differ qualitatively and quantitatively from
those observed with heavy exposures to gases. The melting
dynamics returns to that of clean Si upon subsequent irradi-
ation by laser pulses without readsorption. The required num-
ber of pulses for return to clean Si dynamics depends strongly
on the type of adsorbate. Adsorbate-induced changes of ab-
sorption and reflectivity, and/or incorporation of adsorbates
into the substrate, do not explain the results. By contrast,
the variations of the melting dynamics are correlated to the
photoemitted electron yield, suggesting that laser melting is
sensitive to the presence of electrons in the conduction band.
These results show that accurate modelling of laser melting
of Si interacting with gases should take into account the pres-
ence of the gases.

PACS: 61.82.Fk; 79.20.Ds; 81.40.Wx

Laser processing of semiconductors in the presence of gases
has been a continuing field of research over the last 20 years.
Adsorbates on Si experience strong effects induced by UV-
laser melting: desorption from Si, diffusion in liquid Si, and
segregation at the solid/liquid frontier during recrystalliza-
tion. While diffusion in the liquid phase does not vary sig-
nificantly with adsorbate, desorption and segregation at the
Si liquid/solid interface depend strongly on the chemical na-
ture of the adsorbates. After a single pulse, the undesorbed
fraction of adsorbates may be located at the surface or in the
region of the volume that was melted, influencing strongly the
desorbed fraction at the next pulse. This interplay between
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desorption and segregation results in very different types of
surface modifications: cleaning, etching, doping, dopant pro-
file redistribution. The melting dynamics can be measured
through time-resolved measurements of the Si reflectivity at
wavelengths where solid and liquid Si have very different
reflectivities [1]. Numerical simulations assume the instanta-
neous conversion of electronic excitation into heat, and cal-
culate the temperature depth and time profiles as a result of
laser absorption and heat flow. The result can be compared
to transient reflectivity (TR) and time-unresolved measure-
ments, like impurity depth profile [2], time-of-flight mass
spectrometry, and Auger electron spectroscopy (AES) [3].
The competition between desorption and diffusion to the bulk
was studied in the case of Cl experimentally [4] and numer-
ically [3], showing that the branching ratio between desorp-
tion and diffusion to the bulk is “decided” in the first ns of
melting. The surface is almost completely depleted from ad-
sorbates during melting.

We observed previously that the melting dynamics of Si
depends strongly on chlorine pressure in high-vacuum ex-
periments [3]. The melting threshold varies by 70 mJ/cm?
and the melting duration varies by nearly a factor of two.
Since the presence of impurities inherent to high vacuum pre-
cluded an interpretation of this experiment, it has prompted
us to realize TR measurements under a clean UHV environ-
ment. It is the aim of this paper to report results concerning
the effect of adsorbates on the melting dynamics in UHV.
We studied first clean Si in a large range of laser fluence,
and for several temperatures, with an experimental setup al-
lowing to record TR in a single pulse [S]. We included in
numerical simulations the dependence of reflectivity on the
temperature depth profile of the solid, allowing us to simulate
accurately the TRs below and above the melting threshold.
Surprisingly, we found that the melting dynamics of clean Si
is faster than calculated with a standard thermal model [6].
Within the thermal model, the data could be fitted assuming
that heat diffusion is reduced in the solid near the surface dur-
ing the time of photoexcitation. The interpretation is the fol-
lowing: the normal thermal parameters of Si describe ground
state Si where the lattice exchanges energy with a (small)
density of conduction band electrons that depends on tem-
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perature, through electron—phonon scattering. In the presence
of photoexcitation, the conduction band electron density is
larger than at thermal equilibrium, with the implication that
the lattice is not exactly in the same state (photoexcitation
promotes electrons from bonding to antibonding states, which
produces lattice distortions). It follows the observed modifi-
cation of thermal properties. In addition, as the conduction
band electron density increases, electron energy relaxation is
more and more related to lattice distortions, as is suggested
by femtosecond (fs) experiments where melting is faster than
electron—phonon scattering [7]. “Non-thermal melting” with
fs pulses corresponds to a conduction-band electron density
of ca. 5 x 102! cm~3 [8], while a density of ca. 5 x 10?0 cm ™3
is estimated in ns laser melting [9]. Since adsorbates modify
the electronic structure, a possible test of the role of pho-
toelectrons in laser melting is to study it in the presence of
adsorbates: this is the aim of the present work. Chlorine, oxy-
gen and propene are selected for their technological relevance
(Cl, O) and/or for their importance as native Si contaminants
(O, C). They differ in their chemisorption, desorption and
segregation.

1 Experimental

Experiments are carried out under a base pressure of
2 x 107" mbar on B-doped 1.5Qm Si(100) surfaces. Si
cleaning is by heating at 350 °C for 12 h followed by a short
anneal to 1100 °C. It is checked by LEED and AES. Sharp
LEED patterns are observed before and after laser process-
ing. The intensity of a s-polarized, cw probe laser diode at
675 nm is recorded with a time resolution of 2 ns after its re-
flection on the silicon sample. The reflected beam is passed
through an interference filter and detected by a fast semicon-
ductor detector, the linearity of which is carefully checked.
Melting is induced by a pump XeCl laser at 308 nm. Fresh
excimer gases were always used for the measurements. The
angles of incidence are 0° and 12° for the pump and probe
lasers, respectively. The pump beam passes through a lens
array homogenizer. The plane where the energy distribution
is homogeneous is optically conjugated with the sample, the
size of the uniformly irradiated area being ~ 2 x 3 mm?. The
sample is also optically conjugated with a fast detector, which
allows us to record the relative intensity of the reflected beam.
The absolute precision on the measurement of the laser flu-
ence is estimated to be 8% (based on imprecisions in the
evaluation of beam uniformity, losses on the UHV cham-
ber window, the size of the laser spot, and the power meter).
However, pulse-to-pulse variations are much smaller, as will
be shown below. The size of the probe laser spot on the sam-
ple is 0.1 mm?. Charges photoemitted by the excimer pulse
are collected at 5 mm from the sample on a filament electrode
(1-mm diameter, biased +90 V with respect to the sample
to ensure that all photoemitted electrons are collected). The
time resolution of ca. 50 ns does not allow the investigation
of the time dependence of electron emission. At 308 nm only
electrons of the conduction band can be photoemitted by ab-
sorption of one single photon. The photoelectron current thus
reflects the conduction-band electron density. All signals are
recorded on a digital oscilloscope (500-MHz bandwidth) in
one single laser shot. Adsorption is made before laser pulses
by introducing chlorine, oxygen or propene at a typical pres-

sure of 1078 mbar for a time allowing the completion of
1 ML. In the case of Cl,, adsorption is made in a separate
chamber. The dose is controlled by AES. The cleanliness of
gases is controlled with a quadrupole mass spectrometer. The
shape of the TR as a function of laser fluence was described
in detail in [5]. In this work, the pulse energy is kept in the
range of ca. 500-600 mJ/cm?, resulting in a maximum re-
flectivity Rpax of ca. 0.6 that corresponds to a melted depth
of ca. 12nm. Ry, increases with melted depth as long as
the latter is smaller than ca. 20 nm, the absorption length
at 675 nm. Beyond this value, it is equal to the reflectivity
of liquid Si(0.7). The melting duration Az is the TR width,
taken at R = 0.4, the reflectivity of solid Si at the melting
temperature.

2 Numerical simulation of desorption, diffusion,
segregation

We first examine numerically what is the concentration depth
profile induced by one laser pulse on 1 ML of Cl, O, or
propene (Fig. 1). We use a numerical simulation code initially
developed to describe laser etching of Si by chlorine [3]. The
code calculates the evolution of a foreign atom depth con-
centration (initially present only at the surface) caused by
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Fig. 1. Calculated concentration depth profiles of Cl, O, and C, follow-
ing surface melting induced by successive laser pulses of 600 mJ/cm? at
308 nm having the temporal profile shown in Fig. 2b. The number asso-
ciated with each curve is the pulse number. For the curves labeled “1”,
1 ML of Cl, O, and propene, respectively, is adsorbed and the bulk is ini-
tially clean. There is no readsorption between laser pulses. The parameters
used to characterize desorption and segregation are listed in Table 1. The Cl
profiles are upper limits corresponding to a segregation coefficient of 0.02



a laser-induced temperature jump and the formation of a li-
quid layer. Laser heating and melting are first calculated. The
resulting surface temperature and melted depth as a function
of time are used as inputs in the calculation of the Cl dif-
fusion. In the calculation of heating and melting, standard
thermal parameters of Si are used. Since they do not account
for the experimental melting dynamics, the laser pulse dura-
tion is used as a parameter in order to match the experimental
melting duration. In this way, the Cl diffusion calculation
is based on accurate melting dynamics. In the atom diffu-
sion program, the CI concentration depth profile varies under
the effects of diffusion in the melted layer, segregation at
the liquid/solid interface, and desorption. The parameters de-
scribing these processes are the diffusion coefficient of CI in
liquid Si, the segregation coefficient, and thermal desorption
kinetic parameters (Table 1). The segregation and desorption
parameters were obtained for Cl by comparing experimen-
tal and calculated concentration profiles, Cl1 Auger signals,
and etching rates, at the end of a laser pulse, which together
provide a strong constraint on the determination of the de-
sorption and segregation parmeters. Details of the calculation
are given in [3]. The code has been used for O and propene,
using the appropriate parameters (Table 1). A difference of
0.5 eV is applied between the desorption energies from liquid
and solid Si, corresponding to the Si latent heat of melt-
ing: this was found to fit the desorption kinetics in the case
of CI [3].

Chlorine chemisorbs dissociatively on Si [10]. It does not
diffuse inside Si at room temperature [11]. It experiences
a strong segregation at the liquid/solid Si interface [3]. The
ca. 40% fraction of undesorbed Cl spends the time of the
laser pulse inside the melted layer, but is found mostly at
the surface after the pulse, due to segregation [3,4]: CI is
a case where the final bulk contamination is small, if not
negligible. Oxygen adsorbs dissociatively, although there are
also long-lived molecular precursors [12]. Its desorption en-
ergy is similar to that of CI [13]. It diffuses spontaneously
inside Si even at ambient temperature (although on a quasi-
infinite time scale with respect to the duration of the present
experiments), and it experiences a retrograde segregation at
the liquid/solid interface of Si [14]: O stays inside Si after
melting. Cl and O have similar desorption energies, but the
O concentration at the surface is small after a laser pulse:

Table 1. Parameters describing desorption from solid and liquid Si, and
segregation at the Si liquid/solid interface, used in the calculations shown
in Fig. 1. The pre-exponential factor for desorption, and the diffusion co-
efficient, are taken to be 10 s~! and 1.6 x 107* cm?s~! for all three
adsorbates

Desorption energy ~ Desorption energy Segregation
(solid) (eV) (liquid) (eV) coefficient
Chlorine 3.7 3.28 <0.02%%
Oxygen 3.8° 3.34 1.25¢
Propene 1.7 1.24 0.07¢
a See [3].

% 0.02 is an upper limit corresponding to the detection sensitivity of Cl
in [3].

¢ See [11].

d See text.

¢ See [12].
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this is why it takes 1000 laser pulses to clean Si from na-
tive O down to undetectable levels, while a few laser pulses
are sufficient to desorb 1 ML of Cl [4]. Propene chemisorbs
on Si without dissociation [15]. However, at the high tem-
perature achieved in the present experiments, CH and CC
bonds are broken and all H atoms desorb: only peaks related
to Si—C vibrations are observed in Fourier-Transform IR
(FTIR) absorption experiments performed on samples after
a large number of laser pulses with resaturation of the surface
by propene between pulses [16, 17]. The unknown desorption
energy of propene is assumed to be equal to that of ethy-
lene [18], significantly smaller than in the case of CI and O.
C experiences a moderate segregation at the liquid/solid in-
terface of Si [14]. Ninety-eight percent of the propene ML is
calculated to desorb, 90% being already desorbed when the
surface starts melting: propene is a case where bulk contam-
ination is limited by desorption: the surface is calculated to
be enriched (with respect to volume) in Cl and depleted in C
(Fig. D).

3 Experimental results
3.1 Chlorine (Fig. 2a)

Single-shot TR records of a chlorinated Si surface are shown
in Fig. 2a in comparison with the TR of the clean substrate.
At the first shot, melting is deeper and lasts longer than on
clean Si, as shown by a 9% increase of Ry,,x and a ca. 20% in-
crease of At. If Clis not readsorbed, R.x returns to the value
of the clean substrate after three laser shots, but it takes ca.
eight shots for At to return to its initial value. Thus A¢ is more
sensitive than Rp,x to the presence of Cl. Since Cl is also un-
detectable by Auger measurements after ca. three pulses [4],
At is sensitive to a few 1073 ML of Cl. After a ca. 20% en-
hancement of the electron emission at the first shot and the
presence of desorbed ions (SiCI™ and SiCl;) in the slow tail
of the signal, return to the clean Si electron emission is ob-
served after ca. four laser shots. The insert of Fig. 2a shows
the laser-intensity temporal profile for the same three laser
pulses as in the main figure, showing that the intensity fluctu-
ations of the laser are negligible. Comparison with [3] shows
that incorporation of ClI in a high vacuum and in UHV have
opposite effects. This is most probably related to the presence
of other foreign atoms that behave differently from CI in the
high-pressure environment, and it justifies the present work in
UHV.

3.2 Oxygen (Fig. 2b)

At the first shot, the effect of O adsorption is opposite to
that of Cl, with a reduction of ca. 6% of Rn.x and of ca. 8%
of At, and a much smaller electron emission. Return to the
clean Si TR (not shown in the figure) takes many more laser
pulses than for CI (ca. 1000 instead of eight): this is readily
explained by the much larger desorption yield of CI. On the
figure is also shown the TR at the second pulse after readsorp-
tion of oxygen: Rnax and At have decreased by another ca.
6% and ca. 8%, respectively. In addition, the reflectivity just
before melting is larger at pulse 2 than at pulse 1. There are
no more variations of the TR between pulses 2 and 6. This is
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Fig. 2a—c. Experimental single-pulse transient reflectivity (TR) records of Si
at 675 nm in the presence of a chlorine, b oxygen, and ¢ propene. The TR is
induced by a laser pulse of ca. 600 mJ/cm? at 308 nm. The actual laser en-
ergy varies slightly with the adsorbate. A typical temporal profile is shown
in b. In each case, the TR of clean Si is also shown, together with the TR
of a subsequent laser pulse, with or without readsorption, as indicated. The
inset in a displays the three records of the laser intensity, as measured with
a fast photodiode, corresponding to the three TRs of the main figure, show-
ing the very small pulse-to-pulse variations of the laser intensity. The inset
in b displays the laser-induced electron current for clean and O-covered Si.
The inset in ¢ shows the variation of the maximum reflectivity as a function
of laser count when propene is readsorbed before each laser pulse

intriguing, since the O concentration in the volume probably
increases roughly linearly with the pulse number. However,
anticipating the discussion, if we take the electron emission
yield as an indicator of the effect of O on the melting dynam-
ics, its very large decrease (~ 2/3) at the first pulse (insert of
Fig. 2b) suggests that the effect should saturate quickly with
laser pulse number.

3.3 Propene (Fig. 2¢)

1 ML of propene has an effect similar to Cl, although not as
strong. Rmax and At increase by ca. 1.5% and ca. 7%, respec-
tively. Since the effect of propene is probably limited by the
small fraction of C that remains in or on Si, the experiment
was repeated with readsorption of propene over a large num-
ber of laser pulses. After the slight increase observed at pulse
1, Rmax and At decrease between pulses 2 and 8, and then
increase up to values much larger than on clean Si until ca.
pulse 200 (insert of Fig. 2c). At this pulse number, Ry,x and
At have increased by ca. 10% and 50% with respect to clean

Si. After pulse 200, the static reflectivity also starts to change
measurably, in relation to the formation of an SiC layer as
shown by FTIR measurements to be reported elsewhere [16].
This is consistent with incorporation of ca. 0.02 ML per pulse
that remain close to the surface, as calculated in Sect. 1. Elec-
tron emission varies during the first laser shots like in the case
of Cl, with an increase of ca. 8% at the first pulse and the
occurrence of a tail at long times which corresponds to the
desorption of anions.

4 Discussion

In the case of readsorption, differences between the first and
second pulses reflect the influence of the adsorbates that have
been brought into the bulk at the first pulse. Their amount is
small for CI and is expected to vary little with pulse num-
ber. It is larger for O. The influence of bulk O is quantita-
tively similar to that of surface O. In the case of propene,
the first laser pulse interacts with Si—propene only, but the
second interacts with Si—propene and Si—C. These seem to
have opposite effects. Si—propene is similar to Si—Cl. Si—C
at ca. 1072 ML concentration is similar to Si—O. SiC at ca.
1 ML concentration (i.e. after ca. 200 pulses) affects the TR
much more strongly, and with opposite trends as a function
of pulse number, suggesting that the mechanism responsible
for the TR variation with pulse number is different for “small”
(1072 ML) and “large” (1 ML) amounts of C.

We now consider plausible explanations for the observa-
tions. TR variations may be ascribed to several factors that
can be affected by the presence of adsorbates: (a) the visible
reflectivity: adsorbates induce reflectivity changes up to a few
percent in the visible and near-UV. On Si, these changes are
related to dangling bond saturation [19]. We observe a mea-
surable change of the static reflectivity at 675 nm only in the
case of propene after 200 laser pulses with propene readsorp-
tion at each pulse. The transient reflectivity has no reason to
vary more than the static one, and such small variations of
the reflectivity can hardly explain changes of the TR width.
(b) The UV reflectivity modifies the fraction of laser energy
absorbed by Si, possibly resulting in variations of the TR
width. Adsorbate-induced variations of the UV reflectivity at
308 nm are expected to be of similar importance as in the
visible. The change of R at 308 nm is known in the case of
0, (40.6%) [20]. This is equivalent to a 0.9% decrease of
the laser energy (taking into account the reflectivity of 0.6
at 308 nm). However, at 600 mJ /cm2 more than 80% of the
laser energy arrives on the sample when it is already liquid
(Fig. 2b). Variations of the liquid reflectivity are expected to
be much smaller than on the solid, because a fraction of ad-
sorbates has desorbed, and the rest is distributed over a depth
that extends more into the bulk than the UV optical depth.
The 0.9% decrease of the solid reflectivity would then result
in a decrease of the laser energy of ca. 0.2%. This corresponds
to a decrease of the melting duration of ca. 0.4% based on our
calculations of [3], smaller than observed by a factor of 18.
(c) The UV absorption determines the location of laser energy
deposition, but its influence can be ruled out in the present
case because the absorption length (6 nm) is much smaller
than the heat diffusion length corresponding to the pulse du-
ration (1 wm): heat diffusion controls the melting dynamics,
not absorption. (d) The thermal properties can be modified



through chemical modification of Si. The amount of incor-
porated atoms can be evaluated using the data of Fig. 1. The
peak of O concentration below the surface after the first pulse
is ca. 2 x 102 cm™3 (or a molar fraction of 4 x 103 with re-
spect to Si). The peak concentration of C is ca. 8 x 10'® cm™3
(or a molar fraction of ca. 3 x 10™*). The molar fraction
with respect to the melted layer is even smaller (ca. 2 x 1073
and ca. 3 x 1073 for O and C, respectively). For such small
amounts of impurities, the variation of the heat capacity and
thermal conductivity should follow a monotonic variation
with pulse number, and be much larger in the case of O (“fast”
evolution towards SiO) than in the case of C (“slow” evolu-
tion towards SiC): this is not observed. As pointed out above,
the TR does not vary after pulse 2 in the case of O, while C
has an influence of a similar strength as O. In addition, chem-
ical modification, where it definitively cannot be ignored
(pulse numbers between 9 and 200 for C), leads to a varia-
tion with a pulse number which is opposite to the variation at
small pulse numbers. Therefore, the observed effect of adsor-
bates at the first laser shots cannot be due to a chemical effect.

To summarize, adsorption of 1 ML of chlorine, oxygen or
propene leads to measurable and reversible variations of the
melting dynamics. These variations are strongly adsorbate-
dependent and even pulse number-dependent, and cannot be
explained by adsorbate-induced changes of absorption and
reflectivity, or by the formation of a layer chemically dif-
ferent from the substrate (the case of propene illustrates the
opposite effects of sub-ML and ML concentrations). Hav-
ing eliminated these explanations, we are led to consider the
role of excited electrons and the interplay between excited
electrons and adsorbates. The electron emission yield is ex-
pected to reflect the conduction band electron density. We
observe that electron emission by the laser pulse is correlated
to the TR width: the larger the width, the larger the electron
emission yield. This supports the idea previously proposed
in our study of clean Si that a high density of photoelec-
trons enhances surface melting. The proposed mechanism for
clean Si is Si—Si bond weakening and lattice distortion. For-
eign atoms may interfere in two ways. The first way is band
bending: the formation of the doubly charged layer at the
surface drives electrons to, or away from, the surface. This
effect should increase with adsorbate electronegativity. The
second way is that foreign atoms induce defects during heat-
ing where charges may be captured. The observations suggest
that Cl and O are not active through the same mechanism.
CI would be active through band bending, while O would
be active through SiO defects that would capture electrons.
Similarly, adsorbed propene would act through band bend-
ing while SiC defects would act like SiO defects. A full SiC
layer would act through overall different thermal and optical
properties.

5 Conclusion

Laser melting with a nanosecond laser is sensitive to the pres-
ence of adsorbates at a dose of 1 ML. Although melting is
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a thermal process in the sense that it is controlled by photon
absorption and heat flow, photoexcited electrons were sug-
gested to play a quantitative role in the melting dynamics
by modifying the thermal conductivity and heat capacity [5].
The adsorbate-induced variations of optical properties are
too small to account for the observations. Therefore varia-
tions of heat capacity and thermal conductivity with adsor-
bates must explain them. The experimental results rule out
the effect of material change by dilution of adsorbates into
Si: in particular, adsorbates appear too diluted in the melted
layer by comparison with heavier doses of adsorbates which
produce different effects on the melting dynamics. There-
fore, we attribute the effect of 1 ML of adsorbates on the
melting dynamics to the coupling between adsorbates and
photoelectrons.

The present results show that modeling of laser melt-
ing, although very useful, must be handled with care, espe-
cially when comparing experimental results under different
environments. Even dopants may be suspected to influence
the melting dynamics. In low-vacuum experiments, melting
allows the simultaneous incorporation of desired and unde-
sired impurities, with unpredictable results for the melting
dynamics.
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