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Abstract. A nanosecond-time-resolution pyrometer has
been developed for measuring the transient surface tem-
perature of a solid material heated by pulsed excimer-laser
irradiation. Fast germanium diodes are employed to cap-
ture the transient thermal emission signals in the
wavelength range between 1.2 and 1.6 pm. The surface
temperature is derived from the measured spectral
thermal emission. The directional spectral emissivity is
determined in situ by measuring the transient directional
spectral reflectivity and applying Kirchhoff’'s law. The
experimental results are in good agreement with numer-
ical thermal modeling predictions. The pyrometric ther-
mal emission measurement also yields the solid/liquid
interface temperature during the pulsed excimer-laser-in-
duced melting. The relation between the measured inter-

*Current address: School of Mechanical Engineering, Purdue Uni-
versity, West Lafayette, IN 47907, USA
**To whom all correspondence should be addressed

Abbreviations:

C,, blackbody radiation constant, C; = 3.7420 x 108 W um*/m?;
C,, blackbody radiation constant, C, = 1.4388 x 10* um K; C,, spe-
cific heat in J/kg K; dA, area on the laser-heated spot whose thermal
emission is detected in mm?; D, Detector responsivity in A/W; ey,
blackbody spectral emissive power in W/m? um; f, focal length of
lens in mm; F, laser fluence in J/cm?; i, complex imaginary unit
(i=./ —1); K, thermal conductivity in W/m K; L, latent heat in
J/kg; M, minimization function to calculate the temperature from
thermal emission in (6) and (10); 77, complex refractive index; R,
reflectivity; R, specular reflectivity; Ry, diffuse reflectivity; T, tem-
perature in K; T, effective temperature (7) in K; T, interface
temperature in K; Ty, equilibrium melting temperature in K; V,
voltage recorded on the oscilloscope in V; Vi, velocity of the
solid/liquid interface in m/s; W, impedance of the oscilloscope in Q
Superscript: i, directional

Subscripts: ¢, calculated results; exc, excimer laser; 7, liquid silicon;
m, measured results; qz, quartz substrate; s, solid silicon; A, spectral
quantity

Greek symbols:

o, absorptivity; AT, interfacial superheating temperature,
AT = Tin — T in K; ¢, emissivity; 0, polar angle; @, angle of light
incidence; 4, wavelength in um; p, density in kg/m?; 7, transmissivity
of optics; ¢, Azimuthal angle

face superheating temperature and the interface velocity
reveals the melting kinetic relation during the high-power,
short-pulse laser-induced phase-change processes.

PACS: 44.10. + i; 64.70.Dv; 79.20.Ds

Excimer lasers, having pulse durations between 10 and
30 ns and operating at ultraviolet wavelengths, have been
at the forefront of laser research in the past decade. The
development of new excimer-laser-based applications
continues to progress at a rapid pace. The most notable
research applications utilize the excimer laser as an energy
source in surface treatment and in pulsed laser deposition
of a variety of novel thin films. To improve the quality of
the process, control of the temperature field induced by
the excimer-laser beam becomes crucial. Development of
robust, in situ, non-contact temperature measurement
techniques is necessary for advancing laser-assisted mater-
ial processing methods. On the other hand, it has been
shown [1] that the physical phenomena are much more
complicated when the incident laser energy density is
sufficient to cause material removal. The exact mechanism
of energy coupling between the laser and the target mat-
erial in the laser ablation process remains unclear.
The surface temperature measurement is an important
issue for the fundamental study of the laser—material
interaction.

Several techniques have been developed to obtain the
transient temperature field during pulsed laser processing.
A classical time of flight measurement was used to
measure the lattice temperature of bulk crystalline silicon
during pulsed ruby laser heating [2]. In this method,
the kinetic energy of particles released from the surface
of the material is measured. However, the derivation of
the temperature is based on the assumption that the
ejected particles are in a thermal equilibrium state.
Such an assumption may not be valid, particularly when
the sputtering mechanism is non-thermal. Transient tem-
perature during nanosecond pulsed laser irradiation was
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also measured using an iron-constantan thin-film ther-
mocouple [3] and a thin-film thermistor [4]. The complic-
ated sample preparation involved in these two methods
limits their usefulness for direct non-contact temperature
monitoring of materials. The optical reflectivity technique
is the most widely used method to study the pulsed laser-
induced phase transformation [5,6], and probe the
transient temperature field [ 7]. To obtain the temperature
information by the optical reflectivity method, the temper-
ature dependence of the optical properties (i.e., the com-
plex refractive index) must be known. The sensitivity of
this optical technique is reduced as the variation of the
reflectivity with temperature is decreased.

In this work, it is intended to develop a nanosecond-
time-resolution, pyrometer-type temperature measure-
ment technique for the detailed quantitative study of
pulsed laser—material interactions. The initial work is
published elsewhere [8]. The nanosecond-time-resolution
pyrometer is designed to operate in the spectral range
between 1.2 and 1.6 pm. The test sample is a thin polycrys-
talline silicon (p-Si) film deposited on a quartz substrate.
The spectral directional emissivity of the p-Si film is deter-
mined in situ, by measuring the transient directional
spectral reflectivity and applying Kirchhoff’s law. The
measured temperature field is compared with the results of
numerical heat transfer modeling. It is noticed that the
fastest pyrometer reported in the literature operates in the
microsecond time scale [9].

The pyrometer is also used to study the solid/liquid
interface kinetic relation during the excimer-laser-induced
phase transformation. Since the melting front velocity
induced by excimer laser is on the order of meters per
second, the phase change is no longer expected to be an
equilibrium process, and the assumption of a constant,
thermodynamic equilibrium phase-change temperature is
no longer valid. Interface kinetic theory [ 10] describes the
relation between the interface superheating/undercooling
temperature and the interface velocity. Experimental
study of the interface kinetic relation requires measure-
ment of both the interface velocity and the interface tem-
perature. Direct measurement of the temperature at the
solid/liquid interface during excimer-laser-induced
melting is accomplished by using samples of suitable
structure and optical properties. In earlier work [11], the
electric conductance method was used to determine the
interface velocity and the melting process was modeled
numerically. Comparison between modeling and experi-
ment demonstrated good agreement, thus proving that
the melting front propagation can be described by heat
transfer analysis. In this work, the measured melting inter-
face temperature, combined with the calculated interface
velocity, is used to study the interface kinetic relation.

1 Description of the experimental procedure

Figure 1 shows the experimental setup for this study.
A pulsed KrF excimer laser (e = 0.248 um) is used as
the heating source. The Full-width-Half-Maximum
(FWHM) pulse duration of the excimer-laser beam is
measured to be 26 ns, using a fast silicon PIN photodiode
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Fig. 1. Experimental setup for pulsed excimer-laser processing of
p-Si films

with 1 ns rise/fall time, and a digitizing storage oscillo-
scope with 1 GHz bandwidth operated at single-shot ac-
quisition mode (1 ns time resolution). The laser pulse
energy is monitored by an energy meter which receives the
laser light reflected from a beam splitter. Pulse-to-pulse
energy variation is about 10%. The excimer-laser beam is
focused onto the sample surface in the normal direction.
A beam homogenizer is used to ensure the spatial uni-
formity of the laser beam. The variation of the laser light
intensity on the sample surface is less than 10% over the
central 90% portion of the laser beam.

The sample is a thin polycrystalline silicon (p-Si) layer
on a fused quartz substrate. The p-Si film was deposited
by low-pressure chemical vapor deposition (LPCVD), at
a temperature of 605 °C and a pressure of 300 mTorr. The
thickness of the p-Si film is 0.5 pm.

The pyrometer is designed to operate in the temper-
ature range between 1500 and 3000 K. In this temperature
range, the thermal emission is strongest at wavelengths
between 1 and 2 um, according to Wien’s displacement
law. To measure the thermal emission at nanosecond time
scale, it is important to increase the signal level and the
detection system responsivity. Germanium diodes
(EG&G Judson, J16-18A-RO1M-HS) are chosen to detect
the emission signals since the active spectral range of these
diodes extends from 0.8 to 1.8 um. The active sensing area
of the germanium diode is 1 mm?. The germanium diode
is reversely biased to obtain a 1 ns time resolution. The
electric signal from the germanium diode is recorded on
the digitizing oscilloscope.

A large solid angle is also required to achieve max-
imum energy collection efficiency. Lenses with short focal
lengths and large diameters are desirable. Two 2-in dia-
meter lenses with focal lengths of 65 mm are chosen to
image the center area of the laser-heated spot onto the
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Fig. 2. Experimental setup for transient thermal emission and
emissivity measurement

active area of the germanium diode. Low-fluorescence
fused-quartz lenses are used to minimize the excimer light-
induced fluorescence. Due to the symmetry of the arrange-
ment of the collecting optical components between the
sample surface and the germanium diode, the germanium
diode senses the thermal emission from an area
dA = 1 mm? at the center of the heated spot.

Band pass filters in the wavelength range from 1.2 to
1.6 pm, having bandwidths of approximately 0.08 pm, are
used to distinguish spectral thermal emission signals.
Thermal emission is measured at four different
wavelengths (1.2,1.4,1.5, and 1.6 um) to enhance the
measurement accuracy. The spectral transmission charac-
teristics of the filters, as well as the spectral response of the
germanium detectors, are calibrated.

To measure the temperature of the solid/liquid inter-
face during laser melting of the p-Si sample, thermal
emission is collected from the back side of the sample, as
shown in Fig. 2. The Quartz Halogen (QH) lamp is used
for reflectivity measurement as discussed below. A beam
splitter can be placed between the two focusing lenses to
form images onto two germanium diodes. In this way,
thermal emission signals at different wavelengths can be
recorded simultaneously. In the wavelength range be-
tween 1.2 and 1.6 pm, both the solid silicon and the quartz
substrate are transparent, so that their emissivity is zero
according to Kirchhoff’s law. The thermal emission from
the solid silicon film and the quartz substrate in this
wavelength range is insignificant. However, when the sur-
face of the p-Si film is melted by the pulsed laser beam, the
thermal emission from liquid silicon is detectable, since
the liquid silicon has an emissivity around 0.28 in the
near-IR. Thus, the measured thermal emission signal is
ascribed to liquid silicon. At near IR wavelengths, the
radiation absorption depth in liquid silicon is less than
18 nm. Therefore, the thermal radiation is emitted from
a thin liquid silicon layer just behind the solid/liquid
interface. The temperature derived from the measured
thermal emission is close to the solid/liquid interface tem-
perature. (The effect of a temperature gradient within the
18 nm absorption depth on the emitted radiation intensity
is discussed later.) The temperature of the moving
solid/liquid interface is measured in the experiment. The
maximum melting depth achieved is less than 0.4 pm,
which is more than five orders of magnitude smaller than
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the focal lengths of the lenses (f'= 65 mm). The effect of
the interface movement on the energy collection (i.e. depth
of field effect) is therefore entirely negligible.

To obtain temperature information from the measured
thermal emission, the temperature dependence of the spec-
tral emissivity is required. The emissivity varies with
temperature, wavelength and surface conditions. The
emissivity of a real sample surface can be much different
from the reported literature data obtained for “ideal”
surfaces under strictly controlled experimental conditions.
In this work, the emissivity of the sample is independently
measured. Figure 2 also illustrates the experimental setup
for measurement of the transient reflectivity during pulsed
excimer-laser heating. The temporal evolution of the
emissivity can be obtained from transient reflectivity
measurement (see the next section). In the transient reflec-
tivity measurement, a 100 W QH lamp is used as the light
source. The light from the QH lamp is focused onto the
sample surface by two lenses. The reflected portion of this
beam is refocused by lenses onto the germanium diode
and recorded by the oscilloscope. Band pass filters (the
same as those used in the thermal emission measurement)
are used to measure the reflectivity at different
wavelengths. The measured reflectivity signal also in-
cludes the thermal emission from the sample. Two
measurements are taken at each wavelength and laser
fluence, the first of thermal emission only (with the QH
lamp off) and the second of the simultaneously recorded
thermal emission and reflection. The reflectivity is ob-
tained by subtracting the thermal emission signal from the
combined signal. The room temperature absolute reflec-
tivity is calibrated with a metallic mirror (ER.2, Newport)
which has a reflectivity greater than 97% at near-IR
wavelengths. In order to eliminate the effect of the laser
energy instability, the fluence of each laser shot is meas-
ured. The experimental data are accepted when the meas-
ured laser fluence is close to the desired value. The surface
of the sample shows little change from shot-to-shot for the
laser fluences used in this experiment.

2 Theoretical background

The derivation of temperature from thermal emission
measurement is based on Planck’s blackbody radiation
intensity distribution law [12]:

e — 27TC1
P Bexp(Co/AT) — 1

(1)

In the above expression, ¢, is blackbody emissive power,
A is wavelength, T is temperature, and C; and C, are
blackbody radiation constants. The strong UV radiation
of the excimer laser could trigger fluorescence from optical
components. The effect of the fluorescence in the experi-
ment is examined (see below), and is found to be negli-
gible.

The detector collects thermal radiation through a solid
angle (0; to 6,, ¢, to ¢,) and over a wavelength
bandwidth (4; to 4,). In fact, the voltage signal recorded
on the oscilloscope, V, represents an integration of the
thermal emission in this solid angle and wavelength band,
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modified by the emissivity of the material, the transmis-
sion of the optical components, and the detector spectral
response:

720242

V=W/r || |¢

71011

(10,0, T) €)DD) e (A T)dp d0OdAdA. (2)

In the above equation W is the impedance of the oscillo-
scope (50 Q) 7(A) is the spectral transmittance of the lenses
and filters in the optical path; D(A) is the responsivity of
the germanium diode at different wavelengths (in units of
A/W); €34, 0, ¢, T) is the directional spectral emissivity;
and dA is the area on the sample that is sensed by the
germanium diode.

The emissivity is deduced from transient reflectivity
measurement. Invoking Kirchhoff’s law, the spectral di-
rectional emissivity is equal to the spectral directional
absorptivity:

&2, 0,0, T) = 0;(4,0,,T). )

For an opaque, non-transmitting material (such as liquid
silicon thicker than about 40 nm), the directional spectral
absorptivity can be expressed as
(40,0, T)=1—Ri(/, —0,0,T) — Ry(4, T), 4)
Where R( —0,¢, T) is the specular reflectivity and
A, T) is the diffuse reflectivity. The measured RMS
surface roughness of the samples used in the experiment
was within 50 A, implying optical smoothness. Also, the
melting 1nterface is assumed to be optically smooth. Con-
sequently, it can be argued that the diffuse reflection from
the sample surface or the melting interface is negligible
compared with the specular reflection. In this case, the
emissivity can be expressed as

—0.9.T). )

The emissivity is derived using the measured transient
reflectivity data in (5). Once the emissivity is determined
and the thermal radiation emission of the target material
is measured, the temperature can be obtained by solving
(2).

As stated previously, to enhance the measurement
accuracy the thermal emission is measured at four differ-
ent wavelengths (1.2,1.4,1.5, and 1.6 pm). The measured
voltage signals at these four wavelengths, V1.2, Vini.as
V1.5, and V16, are compared with the corresponding
calculated values from (2), V1.2, Vei.ar Ver.s, and Veq 6

&(,0,6,T)=1—R.(),

|Vm1 5

cl 2 ‘le 2 c1 2‘

|Vm1 4 C14

M(T)_|V12

cl 5| +|Vm1 6 cl 6| (6)

|Vm1 2 cl 2

In the above expression, the calculated voltages are func-
tions of the temperature 7. The temperature is determined
by minimizing the function M(T).

The transient temperature field and the velocity of the
solid/liquid interface were calculated using a one-dimen-
sional heat conduction model [11]. A front tracking algo-
rithm was constructed to calculate the melt propagation.
The interface kinetic relation was incorporated into the
numerical simulation. The calculated melt phase duration

and transient melt depth were in agreement with experi-
mental results obtained by the electric conductance
method that were also cross-checked via optical reflectiv-
ity and transmissivity probing. In this work, the melting
durations are calculated and compared with the data
determined by in situ optical reflectivity measurement.
The complex optical refractive index of the p-Si film at the
excimer-laser wavelength (1. = 248 nm) was measured
by a Variable Angle Spectral Ellipsometer (VASE),
Nexe = 1.2 +12.8. The temperature dependence of the
thermal properties is given by Touloukian [13]. For solid
silicon,

K(T) =299 x 10*AT —99)W/mK,
ps(T)

The silicon latent heat of fusion L = 1.4 x 10° J/kg.
The thermal properties of liquid silicon and fused
quartz are assumed to be temperature-independent:

C,.o(T) = (1474 + 0.17066 T/300) x 10° J/m3 K.

= 67W/mK, p, =2540kg/m®, C,.,=957.5]/kg.

K,.=14W/mK, p, =2200kg/m® C,,. = 1200]/kg.

p:qz
The optical property of liquid silicon is calculated from
Drude theory and compared with the experimental data
by Shvarev et al. [14]:

in=12+129.

3 Results and discussion

One concern in the thermal emission measurement is the
possibility of detection of fluorescence induced by the
intense UV light of the excimer laser. The sample mater-
ials tested in the experiment are known to generate
negligible fluorescence in the wavelength range of the
measurement (1.2-1.6 um). However, the optics in the
experimental setup (i.e., lenses and filters) could fluoresce
in the near-IR range, even though they are made of low-
fluorescence fused silica. A relatively low level of fluores-
cence could disturb the thermal emission spectrum and
cause an experimental error in determining the temper-
ature. To evaluate the fluorescence effect, the thermal
emission from a sample having a Cr/p-Si/quartz structure
is measured. This sample was prepared by sputtering
a 0.3 um thick chromium layer on top of the p-Si/quartz
sample. When the thermal emission is measured from the
back side of the sample, any possible excimer-laser-in-
duced near-IR fluorescence is completely absorbed in the
chromium layer (Fig. 3). This is because the optical ab-
sorption depth in chromium at near-IR wavelengths is less
than 300 A. The measured signal from the back side of the
Cr/p-Si/quartz sample is entirely a thermal emission sig-
nal. Due to light refraction, the thermal emission meas-
ured from the back side is confined within a narrower
solid angle in the substrate than in the ambient air (Fig. 3).
However, the thermal emission signal captured by the
detector is not reduced significantly, since the blackbody
emissive power in a medium having a refractive index
n> 1 is stronger by a factor of n? than that in vacuum.
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Fig. 4. Measured thermal emission signals from the back side of the
Cr/Si/Qz sample, at the laser fluence F = 0.32 J/cm?

Figure 4 shows the thermal emission signals at differ-
ent wavelengths measured from the back side of the Cr/p-
Si/quartz sample at a laser fluence of 0.32 J/cm?. It is
recalled that the signal acquired by the detector depends
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not only on Planck’s distribution function e,;, but is also
modified by the emissivity of the material, ¢',, the trans-
missivity of the optics, 7(4) , and the detector responsivity,
D(2) (2). A time delay between the start of the laser pulse
and the detection of thermal emission can be observed in
Fig. 4. This is because it takes a finite time for the back
side of the chromium film to reach temperatures produ-
cing detectable thermal emission. The temperature
reaches a maximum value approximately at the end of the
laser pulse. At the laser fluence of 0.32 J/cm?, the meas-
ured maximum temperature is about 1750 K. This tem-
perature exceeds the melting temperature of silicon
(1685 K), but is below the melting temperature of chro-
mium (2130 K). It has not been attempted to compare the
measured temperature of the Cr/p-Si/quartz sample with
numerical predictions, due to the complexity in modeling
the three thin-film layer structure, the uncertainties in the
thermal properties of the Cr layer, the unknown Cr/p-Si
interface structure and its possible effect on the thermal
boundary resistance. Prior to silicon melting, the thermal
emission emanates from the back side of chromium film,
since both solid silicon and quartz are transparent in the
wavelength range between 1.2 and 1.6 um. The thermal
emission from the solid silicon film and the quartz sub-
strate in this wavelength range is negligible. When the
silicon layer is melted, the temperature measured from the
back side of the sample is essentially the temperature of
the solid/liquid interface. Therefore the measured max-
imum temperature of 1750 K is the temperature of the
liquid layer close to the solid/liquid interface. The meas-
ured data indicate that the solid/liquid interface temper-
ature is higher than the equilibrium melting temperature.

Thermal emission signals from the front surface of the
Cr/p-Si/Qz sample are also measured and compared with
the thermal emission signals obtained from the back side.
This is done in order to evaluate the effect of possible
fluorescence from the optical components. It is found that
the emission signals from the front side of the sample
follow a Planckian distribution. The maximum temper-
ature at the chromium surface is found to be 1780 K, at
the laser fluence of 0.32J/cm?. It is expected that any
fluorescence would cause a discernible distortion of the
blackbody radiation distribution. Thus it can be con-
cluded that the fluorescence, if any, is small compared
with the thermal emission signal.

The experimental and numerical investigation of the
interface response is performed using the p-Si/quartz
sample. Thermal emission is also measured from the back
side of the p-Si/quartz sample. Figure 5 shows the transi-
ent thermal emission signals measured from the back side
of the p-Si/quartz sample at the wavelength of 1.5 um for
several laser fluences. The thermal emission (and thus the
interface temperature) reaches the maximum value several
nanoseconds after the initiation of melting. The thermal
emission measurement also yields the melting duration,
since only liquid silicon emits light in the wavelength
range between 1.2 and 1.6 um. This situation is different
from the previously discussed experiment on the Cr/p-
Si/quartz sample. In that case, the melting duration could
not be obtained from thermal emission measurement,
since the Cr film was also a thermal radiation emitter. The
length of the arrows in Fig. 5 indicates the duration of the
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Fig. 5. Thermal emission signals from the back side of the p-Si film
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excimer-laser pulses of different fluences
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melting process at each laser fluence. Comparing the ther-
mal emission signals at F = 0.55 and 0.65 J/cm?, it can be
seen that the maximum interface temperature increases
with the laser fluence. However, this trend is not observed
for laser fluences higher than 0.65 J/cm?. The correspond-
ing maximum interface temperatures at different laser
fluences are calculated using thermal emission signals at
four wavelengths (6). In addition, the effect of a temper-
ature gradient at the solid/liquid interface is considered in
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Fig. 7. Comparison between measured and calculated melt dura-
tions of the p-Si/quartz sample irradiated by excimer-laser pulses of
different fluences

deducing the interface temperature. The measured ther-
mal radiation is emitted from a near-interface liquid layer
whose thickness is only a few optical absorption depths.
Since there exists a falling temperature gradient in the
liquid layer toward the melting interface, the temperature
assigned to the measured thermal emission exceeds the
interface temperature. Defining the temperature cal-
culated from the thermal emission spectrum as the “effec-
tive” temperature, the relation between this effective tem-
perature, T, and the temperature distribution inside the
liquid film, T'(z) is approximated by:

A202¢2

[ | [ €:40,0,T)t(2)D(2) e (Terr) dp dO dAd A

A101¢1

1 Nd,y, 720292
= [ [ [ 2(1.0,,T)1(2)D(2)esn (T (2)
b 210141
x exp< — dib> d¢pd0didzdA. (7)

The left-hand side of the above equation has the form
established in (2). The right-hand side is the measured
thermal emission which originates from a liquid layer of
thickness equal to a number (N = 4) of optical absorption
depths (d,,). The z-coordinate has its origin at the
solid/liquid interface, and is directed into the liquid layer.
At the highest laser fluence of 0.95 J/cm?, the temperature
gradient at the interface (about 3.3 K/nm) leads to an
overestimation of the measured “effective” temperature by
approximately 40 K with respect to the actual interface
temperature. The effect of the temperature gradient in the
liquid layer has been taken into account in Fig. 6 that
presents the maximum solid/liquid interface temperatures
at different laser fluences.

In Fig. 7, the melting duration obtained from the ther-
mal emission measurement is compared with the numer-
ical simulation results. The comparison verifies that the
thermal emission measured from the back side of the
sample emanates from liquid silicon only. Surface optical
reflectance probing is employed to independently confirm
the melting duration measurement and also examine the
possibility that high-temperature solid silicon can contrib-
ute to the thermal emission. The surface reflectivity
measurement yields the melting duration because of the
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large increase of silicon reflectance upon melting. The
surface reflectivity and the back side thermal emission
measurement results are in close agreement. Considering
that any thermal emission from high-temperature solid
silicon would have to last much longer than the melted
phase, the possibility that the back side thermal radiation
is emitted from high-temperature solid silicon is safely
dismissed.

Figures 8 and 9 show that the calculated maximum
melt front velocities and maximum melting depths
increase with the excimer-laser fluence. Numerical calcu-
lation also predicted that the maximum surface temper-
ature does not reach the evaporation temperature
(2628 K) at the highest laser fluence used in the experi-
ment. The relation between the interface velocity and the
interface superheating temperature (Figs. 6 and 8) allows
determination of the interface response function during
the laser-induced melting process. The melting velocity
achieved is on the order of tens of meters per second,
suggesting a non-equilibrium process. The relation be-
tween the superheating temperature at the solid/liquid
interface and the solid/liquid interface velocity is often
described by interface kinetic theory [107]:

AT = CVig, ®)

where AT, is the interface superheating temperature,
Vi 18 the interface velocity, and C is a material constant.
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The measured interface superheating temperature com-
bined with the calculated interface velocity provides an
experimental study of the interface kinetics under high-
power laser irradiation. Assuming that there is a linear
relation between the interface superheating temperature
and the interface velocity at fluences lower than
0.65 J/cm? (more properly, when the interface velocity is
below 20 m/s), the response function coefficient C is deter-
mined to be about 6 K/(m/s). However, a constant inter-
face temperature is measured at laser fluences higher than
0.65 J/cm?. The interface response function, (8), is there-
fore invalid in the high laser fluence regime. When the
interface moving velocity is higher than 20 m/s, the inter-
face superheating temperature is “saturated” at about
110 K.

Thermal emission from the top of the sample is also
measured to confirm that the surface does not experience
boiling. In the case of surface evaporation, the solid/liquid
interface velocity increases only slightly with fluence; the
excess laser energy is consumed by the latent heat of
vaporization. Due to the fact that the optical absorption
depth in liquid silicon is less than 18 nm for the
wavelength range of 1.2-1.6 um, the measured thermal
emission emanates from the surface skin layer of liquid
silicon. The experimental results show that the maximum
surface temperature at the laser fluence of 0.95 J/cm? is
about 2100 K, which is well below the boiling temperature
of liquid silicon.

Bulk crystalline silicon is also used as a sample mater-
ial in this experiment. The surface temperature of a bulk
crystalline silicon (c-Si) wafer heated by the excimer-laser
light is measured. The advantage of using crystalline sili-
con as a test material is that the optical and thermal
properties are well characterized. The melting threshold of
single-crystal silicon is substantially higher than that of
the p-Si films since (a) c-Si has higher reflectivity at the
excimer-laser light wavelength, and (b) the c-Si sample
has a smaller thermal resistance compared with the com-
posite p-Si/quartz sample. At a laser fluence
F = 0.6 J/cm?, which is slightly above the melting thre-
shold fluence, the measured maximum temperature is
1900 K. The time interval within which thermal emission
is detected yields a melting duration of about 25 ns, since
only liquid silicon emits light in the wavelength range
from 1.2 to 1.6 um. The numerical calculation predicts
a maximum surface temperature of 1870 K and a melting
duration of 22 ns. At another laser fluence F = 0.9 J/cm?,
the measured maximum surface temperature is 2300 K
and the melting duration is 60 ns. Numerical calculation
for this laser fluence yields correspondingly 2210 K and
73 ns. The optical complex refractive index of c-Si used in
the calculation is 71 = 1.68 + 1 3.58 [15].

Figure 10 illustrates the transient surface reflectivity
signal of the bulk silicon sample at the wavelength of
1.5 um. The laser fluence is 0.9 J/cm? and the probing light
angle of incidence ® = 45 °. The reflectivity has a value of
0.54 at room temperature. However, the emissivity of
silicon at room temperature is zero since solid silicon is
transparent in the wavelength range between 1.2 and
1.6 pm. When the silicon sample is melted by the laser
pulse, the reflectivity increases to 0.74. The refractive in-
dex of liquid silicon was measured by Shvarev et al. (1975)
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Fig. 10. Transient surface reflectivity of bulk silicon for the
wavelength 4 = 1.5 um, at the laser fluence F = 0.9 J/cm?. The pro-
bing angle of incidence ® = 45°

in the wavelength range between 0.4 and 1.0 um. The re-
fractive index of liquid silicon at 1.5 um can be extrapolated
from their data, or estimated using free electron Drude
theory, to be 7i=7.1 +1 7.2. This value of the complex
refractive index yields a reflectivity of 0.75 at an incident
angle of 45°, which is consistent with the measured value,
0.74. The reflectivity is reduced to 0.54 when the sample
surface is recrystallized. Using (5), the emissivity of liquid
silicon is determined to be 1 — 0.74 = 0.26, at A = 1.5 um
and ® =45°. The transient reflectivity of the sample at
other wavelengths and incident angles is also measured.
However, none of the samples used in this work exhibits
strong reflectivity dependence on wavelength. The vari-
ation of the measured emissivity is within the experimental
uncertainty. This is due to the rather narrow spectral range
applied. Calculation of the optical refractive index of liquid
Si also indicates that the dependence of liquid Si emissivity
on wavelength is weak in the range of 1.2-1.6 um.

The major source of error in this experiment is intro-
duced by the low level of the transient thermal emission
signal collected at the nanosecond time scale. Thus, the
signal to noise ratio is relatively low. This affects the
accuracy in both the thermal emission measurement and
the emissivity measurement. The signal to noise ratio of
a typical signal is about 50 when the surface temperature
is maximum, yielding an error of about + 100 K in abso-
lute temperature determination. This experimental error
( 4+ 100 K) is large compared with the temperature differ-
ence between the measured temperature of the solid/liquid
interface and the equilibrium melting temperature. How-
ever, differences between thermal emission signals corres-
ponding to different laser fluences can be determined
much more accurately. Another way to obtain the temper-
ature and verify the experimental results is by comparing
the amplitudes of thermal emission signals acquired at
different laser fluences but at a fixed wavelength. Denoting
the measured thermal emission signal (i.e., the voltage
recorded on the oscilloscope) at the A; wavelength and the
laser fluence F; to be Vi (4,, F;), and the thermal emission
signal at the same wavelength and the laser fluence F, to

be V(44, F,), the temperature at the laser fluence F, can
be derived using the following equation:

Vc (}LI:FZ) _ Vm(;LlaFZ) (9)
Vc(}“laFl) Vm()‘lvFl)'

The right-hand side of the above equation is the ratio of
the measured thermal emission signals at two different
laser fluences but at the same wavelength The subscript
“c” indicates the calculation results using (2). The max-
imum temperature at the laser fluence F; (e.g,
F, =0.55J/cm? for the p-Si sample) is determined from
(6). The maximum temperature achieved at the fluence
F, can then be determined from (9). The accuracy of this
procedure is enhanced by considering multiple
wavelengths and employing the following minimization
function:

M(T) | m (41, F2) Vc(/llaFZ)| |V 42, F) Vc(/lz,Fz)|
Va1, Fy) VC(AI,F1)| Vo0, F1) Vel Fy)|
|Vm /135F2) o Vc(}“39F2)| |Vm /14aF2)_I/c(/l4aF2)
Vs, Fy)  Vels, )| |Vihas F1)  Veldgy Fy)|

(10)

Using the above equation, the difference between the
maximum temperatures at the laser fluences of 0.55 and
0.65 J/cm? is determined to be 50 K. This value is consis-
tent with the result obtained from (6). This agreement
verifies the validity of the temperature measurement,
as well as the observed superheating at the solid/liquid
interface.

4 Conclusion

A new pyrometer-type temperature measurement tech-
nique with nanosecond time resolution is developed in
this work. Transient spectral thermal emission signals in
the wavelength range of 1.2-1.6 pm are measured in situ
to determine the transient temperature of the material.
The temperature measurement range is from about 1500
to 3000 K, with an accuracy of about =+ 100 K. Improv-
ing the accuracy of the measurement technique hinges
upon the availability of highly sensitive detectors. This
temperature measurement technique can be applied to
study the transient surface temperature during the pulsed
laser interaction with materials.

Transient temperature at the solid/liquid interface
during pulsed excimer-laser-induced melting is measured
to study the interface response function. It is found that
the temperature at the solid/liquid phase-change interface
is higher than the equilibrium melting temperature. When
the laser fluence is low (lower than 0.65 J/cm?), the mater-
ial constant in the interface kinetic relation of the p-Si
sample used in this experiment was determined to be
6 K/(m/s). The interface superheating temperature has
a maximum value of 110 K when the laser fluence is
higher than about 0.65 J/cm?.
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