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Optical Reflectivity of Si above the Melting Point

By
J. BONEBERG, O. Yavas, B. Micrswa, and P. LEIDERER

The variation of the optical reflectivity of a Si single crystal during irradiation with two successive
Nd:YAG laser pulses is investigated with ns resolution. The first pulse melts the surface and therefore
the reflection coefficient increases up to the value of the metallic liquid at the melting temperature
(1685 K). Upon further heating the surface with the second, time-delayed pulse, a decrease of the
reflection coefficient is observed, resulting from the temperature-dependent dielectric function of the
molten Si. The largest decrease in the reflectivity that could be reached before damaging the surface
amounted to 9% for a probe wavelength of 633 nm. The application of a simple Drude model for the
optical constants above the melting point is discussed.

Die Anderungen im optischen Reflexionsvermogen eines Silizium-Einkristalles wihrend der Bestrahlung
mit zwei auleinander folgenden Nd:YAG-Laserpulsen wird mit ns Auflésung untersucht. Der erste
Puls schmilzt die Oberfliche, und der Reflexionskoeflizient steigt daher aul den Wert der metallischen
Flissigkeit am Schmelzpunkt (1685 K). Weiteres Heizen der Oberfliche mit dem zweiten, zeit-
verzogerten Puls fihrt zu einer Verringerung des Reflexionsvermégens aufgrund der temperatur-
abhingigen diclektrischen Funktion des geschmolzenen Si. Die groBte Verringerung des Reflexionsver-
mogens, die erreicht werden kann, bevor die Oberfliche zerstért wird, betrigt 9% fir eine Test-
wellenldnge von 633 nm. Die Anwendung eines einfachen Drudemodells fiir die optischen Konstanten
liber dem Schmelzpunkt wird diskutiert.

1. Introduction

The thermal model for nanosecond laser annealing of Si is widely accepted. Above a certain
(pulse-width and wavelength dependent) energy threshold E, the surface of a silicon crystal
is melted [1]. The recrystallisation of the melt proceeds from the crystal-liquid boundary
and moves towards the surface on a nanosecond timescale. A series of time-resolved
experiments (LEED [2], X-rays [3], and optical measurements [4]) as well as the numerical
solution of the heat diffusion equation [5] support this model in the low-energy range.
Experiments in the higher-energy range (E > 2E,) show that the temperature of the liquid
surface can considerably exceed the melting temperature (7, = 1685 K). Time-of-flight
measurements of atoms evaporated from the surface by a nanosecond laser pulse indicate
a temperature between 2000 and 3000 K [6]. Time-resolved pyrometric measurements of
the surface temperature show temperatures above 2000 K as well [7]. A consequence of the
increasing temperature of the melt should be a change in the optical constants of the liquid
and in particular a change of the reflection coefficient. Although there are some indications
that a variation of the optical constants does indeed exist [4], the only systematic investigation
of the optical properties in the high-energy regime found no change [8].

In this work we report on a detailed study showing a distinct decrease of the reflection
coefficient of Si in the liquid phase heated well above the melting temperature during ns
laser annealing.
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2. Experimental

The samples used here were polished silicon wafers with (100) and (111) orientation. The
annealing laser was a frequency-doubled Q-switched Nd:YAG with a pulse length of 7 ns
(FWHM) and a beam profile close to TEMyo. For the measurements of the reflectivity we
used a focused, p-polarized HeNe laser beam («# = 633 nm, 7 mW) with an angle of incidence
of 30° and a 1/e diameter at the sample surfacc of 20 pm. The Nd: YAG laser pulse, incident
perpendicular to the surface, was only mildly focused to a spot diameter of about 0.5 mm,
i.c. the variation of the pulse laser beam across the diameter of the test laser focus was
small. The light reflected from the surface was detected by a pin diode (risctime < 1 ns)
and registered by a fast digital storage oscilloscope (HP 54111D). Interference filters in
front of the pin diode suppressed contributions of the Nd: YAG light to the measured signal.
For the double pulse experiments the Nd:YAG laser beam was split by a 50:50 beam
splitter, one part being delayed with respect to the other by 28 ns and then focused onto
the same spot of the sample.

3. Results and Discussion

In principle, information about the laser-induced change of the surface temperature and
reflectivity in the liquid state can be obtained from single pulse experiments. However, the
double pulse measurements described here are interpreted more readily: The leading pulse
generates a molten layer thick compared to the penetration depth of the laser light, so that
the second pulse — which is the one to be analysed in detail — 1s absorbed under well-defined
conditions. Moreover, the elfects due to heating the liquid surface are relatively subtle and
thus in a single pulse experiment are easily obscured by the huge change in the reflectivity
upon melting. By contrast, in a double pulse experiment these two processes are well
separated.

In the examples given below the energy density of the first pulse was held fixed at
E; = 1.0 Jjem?, whereas the energy density ol the second delayed pulse was varied. In
Fig. 1a (o d four reflectivity curves are plotted [or E, = 0,0.5, 1.4, and 1.8 J/cm?, respectively.
Fig. 1 a, which represents the effect of laser heating by the first pulse alone, shows that at
the given energy density a molten layer is created which exists for 55 ns, in good agreement
with previous work [4]. In the trace of Fig. 1b, the reflectivity appears not to be affected
within the experimental resolution as the delayed pulse (whose position is marked by an
arrow) hits the surface. Nevertheless, the additional energy input due to the second pulse
manifests itself in an increased lifetime of the high reflectivity liquid phase, 125 ns in this
case. As the energy ol the second pulse is further increased, however, the heating of the
liquid surface leads to a clearly discernible dip in the reflectivity (c.g. AR = 3.4% at
E, = 1.4J/cm? in Fig. 1¢). This dip becomes even more pronounced at higher energies,
reaching AR = 9% at E, = 1.8 J/cm? (Fig. 1d). Beyond that value the surface is permanently
damaged. The energy dependence of this effect is shown in more detail in Fig. 2, where data
for the value of the reflectivity minimum in the dip are plotted versus the pulse energy
density E,.

A closer inspection of the data of Fig. | reveals that the minimum reflectivity in the dip
1s reached slightly after the intensity maximum of the second laser pulse. Afterwards R
relaxes back to the reflectivity of the liquid Si at the melting temperature with a time
constant of 10 ns.
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Fig. 1. Time-resolved reflectivity tra-
ce E, = 1.0J/em? a) E, = 0, b) 0.5,
¢) 1.4, d) 1.8 Jicm?. Laser pulses are
marked by arrows

We observed no measurable
difference in the behaviour of the
S1(100) and the Si(l11) surface.
Simultaneous measurements of
the reflectivity at 488 nm show
essentially the same results [9].

In order to describe the be-
haviour of the optical constants
with increasing temperature we
use a Drude model, following Gu-
sakov et al. [8]. The dielectric
functione = ¢, + ie, can be writ-
ten in the form

. (1)

e S
b oo

w
where w, 1s the plasma {requency
of the electrons and w, the elec-
tron—phonon collision frequency.
In a first approximation we con-
sider w,, to be constant in the melt
at all temperatures and assume
the collision frequency to increase
linearly with temperature [8],

T
0 (T) = 0 (T,) = 2)

T,
w(T,) is taken from the optical
constants of liquid silicon at the
melting point [10}. On the basis



298

67

R (%)

63

I
[¢]

61

59+ ©

55 I L |
0 0.5 1.0 15 2.0
E, (Jfem?) =

Fig. 2. Minimum value of the reflectivity dip resulting from the second pulse with cnergy E,

of (1) and (2) one obtains a temperature-dependent reflectivity (Fig. 3, curve 1), which can
be used to derive the surface temperature of the molten Si from the measured values of the
reflection coefficient. The resulting surface temperatures corresponding to the reflectivity
data of Fig. 2 are shown as squares in Fig. 4.

On the other hand, we have calculated the surface temperature as a function ol the laser
pulse energy by solving the heat diffusion equation (based on the finite difference method
[5D. Tn the calculation the change of the optical constants of the liquid resulting from (1)
and (2) were taken into account. The surface temperatures obtained in this way were
distinctly higher than those resulting from the measurements (see Fig. 4). Regarding the
time dependence, however, the calculations show the same relaxation behaviour as the
measured signal: the reflectivity decrease disappears with a time constant of 10 ns.

The discrepancy displayed in Fig. 4 indicates that the simple Drude model used above
is not sufficient to describe the reflectivity reduction of the melt. In a more extended approach
we have therelore taken into account two additional effects which influence R(T): (i) the
thermal expansion [13] and (ii) the destruction of persistent covalent bonds in the liquid [14].
Good agreement between the measured and calculated data is obtained if we assume that
w, increases with temperature as w, ' (dw /dT) = 2x107*K ™!, due to the second
contribution (the first contribution only yields a small correction of opposite sign). The
resulting R(T) is shown in Fig. 3 (curve 2). A detailed discussion of these models will be the
topic of a separate paper.

The measured surface temperatures as well as the reduced reflection coelficients are
consistent with experimental data of other groups: As remarked in the Introduction the
experiments of Stritzker et al. [6] and Kemmler et al. [7] indicate temperatures above 2000 K.
In the work of Baeri et al. [11] and Surko et al. [12] a reflection coefficient several percent
smaller than the value at the melting point was used (o get agreement between calculations
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Fig. 3. Temperature dependence of the reflectivity using (1) the simple Drude model, (2) the extended
model as discussed in the text
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Fig. 4. Maximum surface temperature resulting from the second pulse with energy E, as calculated

from heat dilfusion equation (solid line) and [rom the experimental data of Fig. 2 using the Drude
mode! (squares)
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and the experimental results. This can be explained on the basis of the temperature-dependent
dielectric function.

The question remains why Gusakov et al. [8] did not find any temperature-related changes
of the dielectric constants in their experiment, which was quite similar to our arrangement
except for the different timescale (their laser pulses are ten times longer). They suggest that
on their timescale on additional mechanism for heat conduction (convection) may be
mvolved.

In summary our measurements complete the thermal model of nanosecond laser annealing.
The experiments show that the optical constants of the liquid Si change with temperature.
The reduction in reflectivity during the laser pulse, which may increase the absorbed energy
up to 30%, has to be considered in numerical calculations of laser annealing and results
in higher surface temperatures and longer melting times compared to calculations where
the reflectivity change is neglected.
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